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ABSTRACT

Building and optimizing biosynthetic pathways in engineered cells holds promise to address societal needs in
energy, materials, and medicine, but it is often time-consuming. Cell-free synthetic biology has emerged as a
powerful tool to accelerate design-build-test-learn cycles for pathway engineering with increased tolerance to
toxic compounds. However, most cell-free pathway prototyping to date has been performed in extracts from
wildtype cells which often do not have sufficient flux towards the pathways of interest, which can be enhanced
by engineering. Here, to address this gap, we create a set of engineered Escherichia coli and Saccharomyces cer-
evisiae strains rewired via CRISPR-dCas9 to achieve high-flux toward key metabolic precursors; namely, acetyl-
CoA, shikimate, triose-phosphate, oxaloacetate, a-ketoglutarate, and glucose-6-phosphate. Cell-free extracts
generated from these strains are used for targeted enzyme screening in vitro. As model systems, we assess in vivo
and in vitro production of triacetic acid lactone from acetyl-CoA and muconic acid from the shikimate pathway.
The need for these platforms is exemplified by the fact that muconic acid cannot be detected in wildtype extracts
provided with the same biosynthetic enzymes. We also perform metabolomic comparison to understand
biochemical differences between the cellular and cell-free muconic acid synthesis systems (E. coli and S. cerevisiae
cells and cell extracts with and without metabolic rewiring). While any given pathway has different interfaces
with metabolism, we anticipate that this set of pre-optimized, flux enhanced cell extracts will enable prototyping
efforts for new biosynthetic pathways and the discovery of biochemical functions of enzymes.

1. Introduction

design-build-test-learn cycles and a constant battle between the evolu-
tionary drive of cells to grow and the engineered capacity to over-

Sustainable biomanufacturing practices often employ engineered
cells to produce both specialty and commodity chemicals (Ekas et al.
2019; Liu and Nielsen 2019). To engineer cells, multiple approaches are
used. These approaches include designing and tuning DNA cassettes to
balance heterologous enzyme expression levels, selecting the best en-
zymes for the desired chemistries, and modifying native metabolic
pathways to channel flux towards the desired product, among others.
Workflows aimed at these goals are often slowed by time-consuming

produce a compound through rewiring (Karim and Jewett 2016).
While cell-based, high-throughput screening approaches can aid in
efforts to engineer cells (d’Oelsnitz et al., 2022; Li et al., 2020; Liu et al.,
2018; Rogers et al. 2016; Tenhaef et al., 2021; Wehrs et al., 2020), the
use of cell-free pathway prototyping strategies has recently emerged as
an approach to speed up metabolic engineering design-build-test-learn
cycles (Bergquist et al. 2020; Bowie et al., 2020; Dudley et al., 2020;
Karim and Jewett 2018; Liew et al., 2022; Moore et al., 2023; O’kane
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et al., 2019; Rasor et al., 2022; Vogeli et al., 2022). Cell-free approaches
enable rapid screening of hundreds of pathway combinations in a matter
of weeks, rather than months or years (Bogart et al., 2021; Karim and
Jewett 2018; Lim and DongKim, 2019; Rasor et al., 2022). Cell extracts
derived from E. coli are even able to predict pathway performance in
non-model organisms like Clostridium autoethanogenum to down-select
promising enzyme combinations for in vivo testing (Karim et al., 2020;
Liew et al., 2022; Vogeli et al., 2022).

To date, nearly all examples of cell-free prototyping utilize wildtype
cell extracts (Dudley et al., 2020; Karim et al., 2020; Kelwick et al., 2018;
Liew et al., 2022). While this approach can help in the functional
characterization of heterologous pathways, the net carbon flux towards
certain pathway precursors in these wild-type cell-free reactions can be
inherently limited. However, this is not the case for in vivo systems
wherein extensive strain engineering is typically conducted to both
detect and improve metabolite production. Moreover, numerous in vivo
studies have shown that the variations of native metabolism alone from
distinct host organisms can lead to significant differences in the pro-
duction of biosynthetic pathways (Deaner et al. 2018; Gambacorta et al.,
2020; Papagianni 2012; Yi and Alper 2022).

Strain rewiring is particularly useful for energy-intensive or highly
regulated pathways where the carbon flux is significantly altered in
production strains to compensate for significant metabolic burden (Wu
et al., 2016). For example, biochemical products derived from the shi-
kimate pathway (including muconic acid (Curran et al., 2013), alkaloids
(Khatri et al., 2020; Milne et al., 2020; Srinivasan and Smolke 2020),
and dopamine (Fordjour et al., 2019; Galanie et al., 2015)), require large
investments of carbon and energy bound by strict metabolic regulation
(Averesch and Kromer 2018).

Rerouting carbon flux through enzyme overexpression and/or tran-
scriptional rewiring has become commonplace in biochemical produc-
tion, but testing enzyme variants in engineered cell extracts is not. In this
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work, we posit that the extract derived from a rewired background cell
will be reflective of the underlying proteome changes and thus poten-
tiate the same metabolic flux patterning. Specifically, we sought to
expand the product space and throughput of cell-free biosynthesis using
extracts derived from both bacterial and eukaryotic systems. The goal
was to generate platform strains with enhanced carbon flux toward
common nodes of metabolism and then use cell extracts derived from
these platform strains to rapidly screen biosynthetic pathways consisting
of purified enzymes for high-throughput prototyping and optimization
(Fig. 1). To accomplish this, we first engineered both Escherichia coli and
Saccharomyces cerevisiae for increased flux toward 5 different metabolic
branch points. Second, cell extracts were prepared from these rewired
strains to enable accelerated pathway prototyping. Third, the approach
was explored for a single-step heterologous pathway (toward triacetic
acid lactone) and a multi-step heterologous pathway (toward muconic
acid). The former highlighted additional points of inquiry for metabolic
flux in cell-free systems relative to living cells, while the latter demon-
strated that metabolic rewiring was essential for sufficient flux to detect
the end product and that high-performing enzymes can be rapidly
identified for cellular design. Overall, this work establishes a new
concept for biochemical production, enzyme screening, and functional
genomics across diverse branches of metabolism through a suite of flux-
enhanced strains of bacteria and yeast. While any given pathway has
different interfaces with metabolism, it is anticipated that this suite of
strains along with corresponding cell extracts are collectively capable of
improving the metabolic performance of cellular production strains.

2. Materials and methods
2.1. Strains and media

The S. cerevisiae strain BY4741 was used in this study. Complete
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Fig. 1. Workflow for pathway prototyping toolkit generation and implementation. A) Cells are engineered for increased flux toward desired metabolic nodes,
then these platform strains are converted into cell extracts to perform biosynthesis in the absence of growth or viability constraints. Panels of enzyme variants were
synthesized by cell-free gene expression (CFE), purified, and then mixed with the platform extracts for metabolite synthesis from glucose. B) Metabolic map
highlighting versatile branch points for increased flux (red) and potential products (blue) for engineered strains.
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synthetic media containing 6.7 g/L of yeast nitrogen base with ammo-
nium sulfate (AMRESCO), a complete supplement mixture (CSM) with
appropriate dropout(s) (Sunrise Science Products and MP Biomedicals),
and glucose (MP Biomedicals) were used to for BY4741 cultures. CSM
with appropriate dropout(s) was added to 1 x concentration to enforce
plasmid retention according to product specifications. For seed cultures,
20 g/L of glucose was added. For in vivo fermentations, 50 g/L of glucose
was added.

The E. coli strain MG1655 was used in this study. LB media con-
taining 25 g/L of premixed LB powder (Teknova) and corresponding
antibiotics (100 mg/L of ampicillin, 50 mg/L of spectinomycin, and/or
30 mg/L of chloramphenicol) were used for the selections (additional
18 g/L of agar was added to make LB plates) and seed cultures. Rich M9
media containing M9 salt (Sigma), 2 mM MgCl,, 0.1 mM CaCl,, 1 g/L of
casamino acid (Fisher BioReagents), 0.1 g/L of leucine (Sigma), 0.3 g/L
of thiamine hydroxy acid (Fisher BioReagents), 20 g/L of glucose and
corresponding antibiotics were used for in vivo fermentations.

The E. coli cloning strain NEB 10p was used in this study to construct
plasmids. LB media and LB plates with corresponding antibiotics were
used for transformant selection and cultures for plasmid miniprep.

2.2. Cloning method and transformations

All cloning reagents including Q5 Hot Start Polymerase, T4 Ligase,
Gibson Master Mix, and various restriction enzymes were from New
England Biolabs (NEB). PCR amplifications were conducted using BIO-
RAD Thermal Cycler T100 or S1000 following the manufacturer’s
standard protocol. The primers were synthesized from Integrated DNA
Technologies (IDT). The primers’ annealing temperatures were calcu-
lated using NEB Tm Calculator.

To construct the yeast platform strains, the CRISPR rewiring systems
were built as following. The control plasmid p415-dCas9VPR was from a
previous study (Deaner et al., 2018). The rewiring plasmids were con-
structed with a 3-step cloning process. First, generation of tRNA-sgRNA
fragments was achieved via primer annealing and ligation to
pre-designed tRNA entry plasmids (Deaner et al., 2018). Second,
tRNA-sgRNA fragments were PCR amplified and the restriction sites
BsmBI was added. The tRNA-sgRNA fragments were linked into sgRNA
cassettes on a pYTKOO1 backbone (Lee et al., 2015) using GoldenGate
cloning with BsmBI-v2 and T4 Ligase. Last, p415-dCas9VPR was diges-
ted with Hpal and the sequenced sgRNA cassettes were PCR amplified
and homologs for Gibson Assembly were added via primers. Plasmid
backbone and sgRNA cassette inserts were ligated at 50 °C for 1 h using
Gibson Assembly Master Mix.

To validate the yeast platform strains, the pathway plasmids were
built as follows. The pathway genes were PCR amplified from the Joint
Genome Institute (JGI) gene library (Supplementary Table S1). Corre-
sponding restriction sites or homologs for Gibson Assembly were added
via primers. Mumberg plasmids p416 with various expression promoters
were digested with corresponding restriction enzymes overnight at
37 °C. Plasmid backbone and pathway inserts were ligated overnight at
16 °C using T4 Ligase or at 50 °C for 1 h using Gibson Assembly Master
Mix. For single gene pathways, TDH3 promoter was used to build the
expression cassette. For multi gene pathways, TPI1, PGK1, FBA1, and
CYC1 promoters were used to build the expression cassette (ranking
from high priority to low priority). The expression cassettes were then
PCR amplified with new homologs for Gibson Assembly and assembled
into one p416 plasmid. To build a yeast test strain with dual fluorescent
markers. yECitrine (YFP) and mKate2 (RFP) were cloned into TPI1 and
PGK1 expression cassettes as above and the whole cassettes were inte-
grated into the BY4741 genome (TPI1-yECitrine::trpl and PGK1-
mKate2::leu2). To achieve the integration, 500 bp homology arms were
added to the linear fragment of expression cassettes by PCR
amplification.

To construct the E. coli platform strains, the CRISPR rewiring systems
were built as follows. The control plasmid pACYC-dCas9 was built by
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inserting the dCas9 expression cassettes into the plasmid. The dCas9 was
expressed using the promoter and ribosome binding site from native
E. coli gene yccFS. The rewiring plasmids were constructed with a 3-step
cloning process. First, generation of sgRNA fragments was achieved via
primer annealing and ligation to pre-designed sgRNA entry plasmids.
This plasmid was built in this study and the guide RNAs after primer
annealing were inserted between synthetic promoter J23109 and scaf-
fold RNA to generate individual sgRNA expression cassettes. Second,
individual sgRNA fragments were PCR amplified and the restriction sites
BsmBI was added. The sgRNA fragments were linked into sgRNA cas-
settes on a pYTK001 backbone (Lee et al., 2015) using GoldenGate
cloning with BsmBI-v2 and T4 Ligase. Last, the sgRNA cassettes were
assembled into pACYC-dCas9 with Gibson Assembly after the homologs
were added via PCR amplification.

E. coli rewiring also required overexpression of the native genes.
These genes were PCR amplified and synthetic ribosome binding sites
B31 or B32 as well as the restriction sites BsmBI were added. These genes
were assembled into an expression plasmid with IPTG inducible pro-
moter pTac into a polycistronic expression system (S¢grensen and Kim-
Mortensen, 2005). To validate the E. coli platform strains, the pathway
plasmids were built as follows. The pathway genes were PCR amplified
from the JGI gene library (Supplementary Table S1). Synthetic ribosome
binding sites B31 or B32 as well as the restriction sites BsmBI were added
via primers. These genes were assembled into an expression plasmid
PCDF with the promoter from native E. coli gene Ipp into a polycistronic
expression system. To build the E. coli test strain, sSfGFP gene was cloned
as above into pCDF-Ipp expression plasmid and introduced into E. coli
MG1655. The plasmids were sequentially transformed into S. cerevisiae
BY4741 or E. coli MG1655 and maintained on selective plates to build
and validate the platform strains. The transformation protocols were as
below.

For E. coli transformations, 50 pL of electrocompetent E. coli 10p was
mixed with 50 ng of ligated DNA, Gibson Assembly reaction, or Gold-
enGate reaction and electroporated (2 mm Electroporation Cuvettes,
Bioexpress) with a BioRad Genepulser Xcell at 2.5 kV. Transformants
were shortly recovered in 1 mL of LB media, plated on LB agar supple-
mented with corresponding concentration of antibiotics, and incubated
overnight at 37 °C. Single clones were amplified in 4 mL LB media
supplemented with antibiotics and incubated overnight at 37 °C. Plas-
mids were isolated (GeneJET Plasmid Miniprep Kit, Thermo Scientific)
and confirmed by Sanger or whole-plasmid sequencing. Then the con-
structed plasmids were transformed into electrocompetent E. coli
MG1655 with 1 ng of DNA. For yeast transformations, 50 pL of chemi-
cally competent S. cerevisiae cells was transformed with 300 ng of
pathway plasmids using Frozen-EZ Yeast Transformation II Kit (Zymo
Research) according to the manufacturer’s instructions. Trans-
formations were plated on CSM with the appropriate dropout(s) and
incubated for 2 days at 30 °C.

2.3. Metabolic rewiring via CRISPR

Overall, dCas9-VPR is expressed as a dual-mode regulator under the
control of TDH3 promoter on a p415 Mumberg plasmid. On the same
plasmid, a single guide RNA (sgRNA) cassette including sgRNAs tar-
geting genomic DNAs is expressed under the control of TEF1 promoter.
gRNA sequences are provided in Supplementary Table S2. The design of
tRNA-sgRNA bricks is applied in the sgRNA cassette (Supplementary
Table S3). After being expressed, tRNAs will be cut by Rnase P and Z to
release the processed sgRNAs. For the control strains, a p415 plasmid
containing the same TDH3-dCas9-VPR but no sgRNA cassette is used.

2.4. Cell extract preparation
Extracts were prepared from 1 L cell cultures according to estab-

lished protocols with slight variations (Hodgman and Jewett 2013;
Jewett and Swartz 2004; Karim and Jewett 2018; Kwon and Jewett
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2015; Rasor et al., 2021, 2022). Materials were kept on ice at all times,
and centrifuges were held at 4 °C. E. coli MG1655 cells with portable
metabolic rewiring plasmids were grown in 2xYTPG media (16 g/L
tryptone, 10 g/L yeast extract, 5 g/L NaCl, 7 g/L KoHPOy, 3 g/L KH,POy,,
and 18 g/L glucose adjusted to pH 7.2 with KOH) from ODgg 0.08 to 0.1
before induction with 200 pM IPTG, after which they were grown for
~4 h. The cells were pelleted by centrifugation at 5,000xg for 10 min
and washed in an acetate-based buffer (10 mM Tris base (from 1 M stock
adjusted to pH 8.2 with acetic acid), 14 mM magnesium acetate, and 60
mM potassium acetate) three times, centrifuging for 2 min at 10,000xg
between washes. The washed cell pellets were flash-frozen in liquid
nitrogen, resuspended in 1 mL acetate buffer per gram of biomass, and
lysed with an Avestin EmulsiFlex-B15 homogenizer at ~25,000 psi. The
lysates were centrifuged for 10 min at 12,000xg, and the resulting su-
pernatant was flash-frozen in aliquots as the final cell extract. BL21-Star
(DE3) extract for cell-free gene expression was prepared in a similar
manner but with induction at OD 0.6 and harvest at OD 3 for more active
transcription/translation machinery.

S. cerevisiae extracts were prepared as previously described with
minor modifications (Hodgman and Jewett 2013). Cells were grown in
synthetic complete media (1.71 g/L yeast nitrogen base (Sunrise Science
Products), 5 g/L. ammonium sulfate, 20 g/L glucose, and a complete
supplement mixture with the appropriate amino acid dropouts for
auxotrophic selection) to ODgoo 6-8, pelleted by centrifugation at 4,
000xg for 10 min, and washed in a glutamate-based buffer (30 mM
HEPES adjusted to pH 7.4 with potassium hydroxide, 100 mM potassium
glutamate, and 2 mM magnesium glutamate) three times, centrifuging
for 5 min at 4,000xg between washes. The washed cell pellets were
flash-frozen in liquid nitrogen, resuspended in 1 mL glutamate buffer per
gram of biomass, and lysed with an Avestin EmulsiFlex-B15 homoge-
nizer at ~30,000 psi. The lysates were centrifuged for 5 min at 20,
000xg, and the resulting supernatant was flash-frozen in aliquots as the
final cell extract. This protocol was modified to omit the dialysis step for
preparing S. cerevisiae extracts to better preserve cofactors and meta-
bolic precursors synthesized during growth (Supplementary Fig. S5).

2.5. Cell-free biosynthesis reactions

Cell-free protein synthesis was performed by combining cell extract
from E. coli BL21-Star(DE3) with linear expression templates and the
PANOx-SP reaction formulation according to established protocols
(Jewett et al., 2008; Jewett and Swartz 2004; Rasor et al., 2022). En-
zymes were purified from cell-free protein synthesis reactions using
Strep-Tactin beads or resin (IBA Lifesciences) and subsequently dialyzed
into a buffer more similar to cell-free reaction compositions (100 mM
BisTris, 100 mM potassium glutamate, 10 mM sodium phosphate). The
enzymes were combined with cell extracts in 10 pL reactions for
metabolite synthesis in 1.5-mL microcentrifuge tubes. TAL synthesis
reactions contained 120 mM glucose, 10 mg/mL cell extract, 1 pM
enzyme, 1 mM each of ATP, coenzyme A, and NAD, glutamate salts (8
mM magnesium glutamate, 10 mM ammonium glutamate, 134 mM
potassium glutamate), and 100 mM BisTris buffer. Muconic acid syn-
thesis reactions contained 120 mM glucose, 10 mg/mL cell extract, 0.5
uM of each enzyme, 3 mM ATP and NAD, 1 mM coenzyme A, glutamate
salts (as above), and 100 mM BisTris buffer. All reactions were incubated
at 30 °C for up to 20 h prior to precipitation with trichloroacetic acid and
centrifugation for metabolite analysis. Samples were run on an Agilent
1260 HPLC with an 80:20 mixture of 0.1% formic acid in water and
acetonitrile at 0.3 mL/min on a Luna® 3 pm C18(2) 100 A LC Column.

2.6. Growth and fermentation conditions

For flow cytometry assays, the S. cerevisiae cultures were inoculated
at OD (600 nm) = 0.01 into 3.5 mL of complete synthetic media (20 g/L
of glucose). After 16 h, the fluorescence was measured using flow
cytometry. Similarly, E. coli cultures were inoculated at OD (600 nm) =
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0.01 into 3.5 mL of Rich M9 with corresponding antibiotics. After 8 h,
the fluorescence was measured using flow cytometry.

All fermentation was conducted in 14 mL culture tubes. For
S. cerevisiae fermentations, 3.5 mL of complete synthetic media (50 g/L
of glucose) was inoculated at OD (600 nm) = 0.01 for each strain. For
E. coli fermentations, 3.5 mL of Rich M9 with corresponding antibiotics
was inoculated at OD (600 nm) = 0.01 for each strain. All cultures were
incubated at 30 °C with 225 RPM shaking for 72 h. The fermentation was
conducted with three biological replicates.

2.7. Quantification of in vivo products

Samples (1 mL) were taken after fermentation and centrifuged at
16,000 g. The supernatant was filtered with a 0.2 pm sterile syringe filter
(VWR International) prior to high-performance liquid chromatography
(HPLC) analysis.

For glucose and glycerol analysis, samples were separated using an
HPLC Ultimate 3000 (Dionex) equipped with an Aminex HPX-87H ion
exclusion column (BioRad) and analyzed using the Chromeleon 7.2
Chromatography Data System (Dionex). A 10 pL injection volume was
used in an isocratic mobile phase of 5 mM H3SO4 (pH = 2) at a flow rate
of 0.6 mL/min. The column temperature was 60 °C and a refractive
index detector (RID) was used at a temperature of 25 °C. Standard curves
were prepared using D-(+)-Glucose Anhydrous (MP Biomedicals) and
glycerol (Sigma-Aldrich).

For 3-dehydroshikimate (3-DHS) analysis, a Zorbax SB-Aq column
(Agilent Technologies) was used with the same HPLC system. 0.1% tri-
fluoroacetic acid (TFA) in water or acetonitrile used as the mobile phase.
The mobile phase started with 5% organic at 0.25 mL/min for 10 min,
and was ramped from 5% organic to 100% organic, with a flowrate
being ramped to 1 mL/min over 4 min. The mobile phase ratio and
flowrate then gradually went back to the initial condition over 10 min.
The column temperature was 30 °C and the UV at 215 nm was used for
detection. A standard curve was prepared using 3-DHS standard (Sigma-
Aldrich).

For muconic acid analysis, the same Zorbax SB-Aq column (Agilent
Technologies) was used with the same HPLC system. 0.1% TFA in water
or acetonitrile used as the mobile phase. The mobile phase was 16%
organic (0.1 % TFA in acetonitrile) and 84% inorganic (0.1 % TFA in
water) with a flowrate being 1 mL/min. The column temperature was
30 °C and the UV at 215 nm was used for detection. A standard curve
was prepared using muconic acid standard (Sigma-Aldrich).

For triacetic acid lactone (TAL) analysis, an Eclipse Plus C18 column
(Agilent Technologies) was used with the same HPLC system. 1% acetic
acid in water or acetonitrile was used as the mobile phase at 0.3 mL/
min, being ramped from 5% organic to 100% organic over 30 min. The
column temperature was 25 °C and the Ultraviolet (UV) at 280 nm was
used for detection. A standard curve was prepared using >98.0% purity
TAL from TCI America.

For aspartate analysis, an Eclipse Plus C18 column (Agilent Tech-
nologies) was used with the same HPLC system. The samples were
derivatized with same volume of freshly prepared derivatization agent
(0.44 mg/mL o-phthaldialdehyde dissolved in methanol, 100 mM so-
dium tetraborate—pH 10.5, 0.44 % f-mercaptoethanol). After incuba-
tion at room temperature for 1 min, the derivatized product was
immediately via HPLC with detection wavelength set to 338 nm. Col-
umn oven was held at 25 °C with 1% acetic acid in water or acetonitrile
as the mobile phase over the course of the 30-min sequence under the
following conditions: 5-10% organic for 10 min, 10-60% organic for 5
min, 60-100% organic for 10 min, 100 to 10% organic for 1.5 min
followed by 5% organic for 3.5 min. The constant flow rate was set at
0.4 mL/min. A standard curve was prepared using >99 % purity
aspartate from Sigma.

For 5-aminolevulinic acid analysis (5-ALA), Ehrlich assay was used.
Specifically, 300 pL of sample was added to 400 pL of acetate buffer (pH
=4.7). 10 pL of ethyl acetoacetate was added and then the solution was
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boiled at 100 °C for 15min. After cooling down, 700 pL of freshly pre-
pared Ehrlich’s reagent (300 mg p-dimethylaminobenzaldehyde in 15
mL ethanol and 15 mL of concentrated HCl) was added to the solution.
After incubating at room temperature for 20min, the absorbance was
measured at 556 nm. A standard curve was prepared using 5-ALA from
Sigma.

For glucaric acid analysis, E. coli strain DH5a with biosensor pJKR-H-
CdaR (Addgene 62557) was used. 500 pL of filter-sterilized supernatant
was mixed with 500 pL of 2 x LB with 100 mg/L ampicillin and inoc-
ulated with E. coli biosensors at OD (600 nm) = 0.01. The culture was
incubated at 30 °C for 22 h and the fluorescence was measured by flow
cytometry. A standard curve was prepared using glucaric acid from
Sigma.

2.8. Metabolomic profiling

In preparation for LC-MS analysis, metabolites were extracted from
samples using 100% methanol. Briefly, cell-free lysates consisting of 20
pL media, as well as “in vivo” samples consisting of cell pellets (50-100
mg) and associated supernatant (1 mL), were frozen and lyophilized dry
(FreeZone 2.5 Plus, Labconco). Cell pellets were additionally pow-
derized by bead-beating in a Mini-Beadbeater-96 (BioSpec Products)
with a 2 mm stainless steel bead 5 s (2x). To each sample, 500 pL of
100% methanol was added, followed by a brief vortex and sonication in
an iced water bath 10 min. Samples were then centrifuged (5000 rpm, 5
min) to pellet debri, supernatant transferred to a 2 mL Eppendorf, then
dried in a SpeedVac (SPD111V, Thermo Scientific) and extracts stored at
—80 until ready for LC-MS analysis.

In preparation for LC-MS, dried sample extracts were resuspended in
100% MeOH containing isotopically labeled internal standards (5-50
uM of 13C,15N Cell Free Amino Acid Mixture, #767964, Sigma; 1 pg/
mL 2-amino-3-bromo-5-methylbenzoic acid, ABMBA, #R435902,
Sigma; 10 pg/mL 13C6-trans-trans-muconic acid, #43536, Sigma; 10
pg/mL catechol 13C7, #CLM-1520-1, CIL; 10 pg/mL 13C-trehalose,
#TRE-002, Omicron; 10 pg/mL 13C-mannitol, ALD-030, Omicron; 2
pg/mL 13C-15N-uracil, CNLM-3917, CIL; 5.5 pg/mL 15N-inosine, NLM-
4264, CIL; 4 pg/mL 15N-adenine, NLM-6924, CIL; 3 pg/mL 15N-hypo-
xanthine, NLM-8500, CIL; 5 pg/mL 13C-15N-cytosine, #294108,
Sigma; 2.5 pg/mL 13C-15N-thymine, CNLM-6945, CIL). Lysate extracts
were resuspended in 120 pL and “in vivo” pellet and supernatant extracts
resuspended in 180 pl, centrifuge-filtered (0.22 pM hydrophilic PVDF
membrane, #UFC30GV00, Millipore), then transferred to glass LC-MS
vials.

To detect metabolites with LC-MS, chromatography was performed
using an Agilent 1290 LC stack coupled to a Q Exactive HF Orbitrap MS
(Thermo Scientific, San Jose, CA). Full MS spectra were collected at
60,000 resolution in both positive and negative ionization mode, with
MS/MS fragmentation data acquired using stepped then averaged 10, 20
and 40 eV collision energies at 15,000 resolution. Mass spectrometer
source settings included a sheath gas flow rate of 55 (au), auxiliary gas
flow of 20 (au), sweep gas flow of 2 (au), spray voltage of 3 kV for both
positive and negative ionization, and ion transfer tube temperature of
400 °C.

For polar metabolites, mass spectra were collected from m/z range
70-1050, with normal phase chromatography was performed using a
HILIC column (InfinityLab Poroshell 120 HILIC-Z, 2.1 x 150 mm, 2.7
pm, Agilent, #683775-924) at a flow rate of 0.45 mL/min with a 2 pL
injection volume. Samples were run on the column at 40 °C equilibrated
with 100% buffer B (99.8% 95:5 v/v ACN:H20 and 0.2% acetic acid, w/
5 mM ammonium acetate) for 1 min, diluting buffer B down to 89% with
buffer A (99.8% H20 and 0.2% acetic acid, w/5 mM ammonium acetate
and 5 pM methylene-di-phosphonic acid) over 10 min, down to 70%
over 4.75 min, down to 20% over 0.5 min, and isocratic elution for 2.25
min, followed by column re-equilibration by returning to 100% B over
0.1 min and isocratic elution for 3.9 min.

For non-polar metabolites, mass spectra were collected from m/z

245

Metabolic Engineering 80 (2023) 241-253

range 80-1200, with reverse phase chromatography performed using a
C18 column (Agilent ZORBAX Eclipse Plus C18, Rapid Resolution HD,
2.1 x 50 mm, 1.8 pm) at a flow rate of 0.4 mL/min with a 2 pL injection
volume. Samples were run on the C18 column at 60 °C equilibrated with
100% buffer A (100% H20 w/0.1% formic acid) for 1 min, diluting
buffer A down to 0% with buffer B (100% methanol w/0.1% formic acid)
over 7 min, and isocratic elution for 1.5 min, followed by column re-
equilibration by returning to 100% A over 1 min and isocratic elution
for 1 min.

Samples consisted of 3-4 biological replicates and 3-4 extraction
controls, with sample injection order randomized and an injection blank
of 2 pL of 100% MeOH run between each sample, with the blank
replaced by an injection of internal standard mix every 3rd sample as
well as QC mix every 15 samples.

Untargeted metabolite identification was performed using a Feature-
Based Molecular Networking (FBMN) workflow for peak-finding and
putative annotation. Here, MZMine 2 (Pluskal et al., 2010) was used to
generate a list of features (unique mz coupled with retention time) and
filtered to remove isotopes, for which peak height and intensity is
calculated for each feature in each sample. Fragmentation spectra for
each feature was uploaded to GNPS: Global Natural Products Social
Molecular Networking (Wang et al., 2016) a web-based mass spec-
trometry identification tool, to generate putative compound identifica-
tions of each feature based on matching MSMS spectra with one found in
the GNPS database (Supplementary Table S6). Raw LC-MS data is
available in the MassIVE repository (https://massive.ucsd.edu/) under
accession number MSV000092596.

3. Results and discussion
3.1. Portable rewiring in S. cerevisiae and E. coli

We previously demonstrated that the metabolism of a metabolically
engineered cell is reflected in cell extracts generated from the respective
modified strain (Rasor et al., 2021). This approach increased titers and
volumetric productivities of diverse metabolites in cell-free reactions,
including 2,3-butanediol, itaconic acid, and glycerol. Here, we sought to
create platform strains with enhanced carbon flux toward common
nodes of metabolism (Fig. 1) to rapidly diversify cell-free metabolic
potential. To do so, we altered the expression level of key genes that
regulate carbon flux in central metabolism for both S. cerevisiae BY4741
and E. coli MG1655 strains using CRISPR/dCas9 systems and
plasmid-based expression. Specifically, we conceptualized that a
plasmid-based system would be preferrable due to ease of editing and
portability across strains.

For S. cerevisiae, we employed a dCas9VPR and a single-guide RNA
(sgRNA) cassette (Fig. 2A) that is suitable as a dual effector for both
repression (CRISPR interference) when being directed into the open
reading frame (ORF) and activation when directed to the promoter re-
gions of target genes (Deaner et al., 2018). To acomplish this, a
tRNA-gRNA design was applied in the sgRNA cassette (thus enabling
expression from a Pol II promoter) and assembled using a one-pot
GoldenGate cloning scheme (Zhang et al., 2019). Efficacy was vali-
dated in a strain of S. cerevisiae that expressed yECitrine (YFP) and
mKate2 (RFP) as targets for CRISPRi (Supplementary Fig. S1) and
confirmed that dCas9VPR can be used as a multi-target CRISPR inter-
ference effector to genomic genes in S. cerevisiae (Deaner and Alper
2017).

For E. coli, only CRISPR interference was used to achieve multiplexed
repression (Fig. 2C) due to the difficulty in identifying PAM sequences
within specific promoters (Bikard et al., 2013). Thus, for repression, we
built and verified an arabinose-inducible CRISPR system for multiplexed
repression in E. coli MG1655 using a similar fluorescent marker strain
(Supplementary Fig. S2). The strains were grown in LB media with or
without 1% glucose and different concentrations of arabinose (%) were
added into the media. We found there was no leaky expression of the
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Fig. 2. Multiplexed regulation and validation of platform strains. A) A single dCas9VPR effector was used to regulate gene expressions in S. cerevisiae strains for
upregulation (green) and repression (red). The sgRNA cassette was assembled using a tRNA-gRNA design and was expressed using Pol II promoter. The primary
transcripts were processed into sgRNAs by native RNaseP/Z (Xie et al. 2015). B) S. cerevisiae platform strains were validated with different strategies. Degree of
rewiring was judged by respectively enhanced carbon fluxes compared with control strains (no sgRNA cassette). C) To construct the E. coli platform strains, selected
native genes were over-expressed (green) while dCas9 was used to repress gene expressions (red). The sgRNAs were expressed individually using synthetic promoters.
D) E. coli platform strains were validated with different strategies. Degree of rewiring was judged by respectively enhanced carbon fluxes compared with control
strains (no sgRNA cassette and no activation of genes). Data represent mean + standard deviation of n = 3 technical replicates. Histograms represent in vivo data.

rewiring system, and the induction was triggered by low concentration
of arabinose regardless of the existence of glucose (Greenblatt and
Schleif 1971). For overexpression, we introduced genetically-encoded
overexpression of native genes for increased flux.

3.2. Platform strain building and validation

Using this portable rewiring toolbox, we built platform strains in
both S. cerevisiae BY4741 and E. coli MG1655 that are rewired to re-
direct the carbon flux towards key metabolic nodes in vivo (Fig. 1).
This metabolic potential will then be “locked-in” during the cell extract
preparation and subsequent cell-free metabolism. These key metabolites
were selected on their propensity to be precursors for many desirable
bioproducts. This led to the selection of strains with enhanced flux to-
ward acetyl-CoA (AcCoA), shikimate, a-ketoglutarate (2-KG), glucose-6-
phosphate (Glu-6P), triose-phosphate (Triose-P) and oxaloacetate
(OAA). Target genes for overexpression and knockdown/deletion were
selected based on both past literature and pathway inspection (Table 1).
Both S. cerevisiae OAA strain and E. coli Triose-P strain were excluded
from the list of platform strains as we were not able to validate carbon

Table 1

flux changes in these two strains.

After completing strain construction, we assessed in vivo carbon flux
by monitoring surrogate, downstream molecules/pathways that
required precursors that were the targets of the flux enhancement
(Fig. 2). We chose to quantify the improvements based on downstream
product yields in S. cerevisiae strains (due to varied glucose consump-
tions across strains) and product titers in E. coli strains. For AcCoA
platform strains, enhanced carbon flux towards acetyl-CoA was vali-
dated by increased heterologous triacetic acid lactone (TAL) production
and rewiring led to a nearly 1.7-fold increase in TAL production over the
respective control strains for both S. cerevisiae and E. coli platforms. For
shikimate platform strains, the enhanced carbon flux was validated by
the increased production of endogenous 3-dehydroshikimate (3-DHS).
In this case, metabolic rewiring led to a 1.9-fold increase in 3-DHS
production for S. cerevisiae and a 2.2-fold increase for E. coli compared
with control strains. For S. cerevisiae Triose-P platform strains, the
enhanced carbon flux was validated via endogenous glycerol production
in yeast resulting in a 2.9-fold increase over the control strain. The
validation of corresponding E. coli strains was not feasible as there is no
endogenous glycerol production. For 2-KG platform strains, the

Gene targets to build platform strains. The platform strains with enhanced carbon flux toward key metabolites shown in Fig. 1 were designed and built with the portable

rewiring strategy.

Platform Strains Acetyl-CoA Shikimate a-ketoglutarate Glucose-6-P Triose-P Oxaloacetate
Gene targetsin S. cerevisiae ~ Upregulation PDC1, ALD6, TKL1, ARO4  PYC1/2,IDH2, IDP1, GDH2  PGlIl1, FBP1 GPD1/2 Only in E. coli
ACS1
Repression CIT2 ZWF1 GDH1 ZWF1 TDH3, ADH1/3/5
Gene targets in E. coli Over- aceEF, acs aroG (fbr) ppc, icd pgi, fbp, yagF, glpX  Onlyin S. cerevisiae  ppc
expression
Repression gltA, glcB pykAF gdhA Zwf mdh, aceE

246



X. Yietal

enhanced carbon flux was validated by increased heterologous 5-amino-
levulinic acid (5-ALA) production (Neidle and Kaplan 1993). Metabolic
rewiring supported a 7.5-fold and a 1.7-fold increase in 5-ALA produc-
tion for S. cerevisiae and E. coli platforms compared with control strains,
respectively. For Glu-6P platform strains, the enhanced carbon flux was
validated by increased heterologous glucaric acid production (Moon
etal., 2009) and resulted in a 2-fold increase in glucaric acid production
for S. cerevisiae and a 2.4-fold increase for E. coli platforms over
respective control strains. Finally, for E. coli OAA platform strains the
enhanced carbon flux was validated by increased aspartate production
(Lee et al., 2007) via recombinant expression of a native AspC enzyme
and demonstrated a 5.7-fold increase in titer in minimal M9 media
compared with the control. However, the validation for S. cerevisiae OAA
strain was hindered by the existing pool of aspartate in complete syn-
thetic media. Taken together, our rapid rewiring strategy led to a
roughly 2-fold increase in the in vivo carbon flux towards target me-
tabolites in most of the platform strains (Fig. 2B, D).

3.3. Preparation of platform extracts and cell-free biosynthesis

After validating the results of metabolic rewiring in vivo, we gener-
ated cell extracts from all 10 platform strains and the 2 wildtype controls
for use in cell-free biosynthesis. To test the underlying premise of this
work that rewired platform strains will yield more effective cell-free
extracts for pathway characterization, we selected two products for
more in-depth analysis: triacetic acid lactone as a single-step pathway
and muconic acid as a multiple enzyme pathway. For each of these
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pathway enzymes, 5-10 enzyme variants identified through BLAST
searches using literature identified pathways (see Supplementary
Table S1 for identity and cut-off thresholds) (Curran et al., 2013; Xie
et al., 2006) were synthesized through the JGI DNA Synthesis Science
Program. These genes were synthesized with a 5’ sequence encoding an
N-terminal CAT-strep-linker (the first 5 amino acids of chloramphenicol
acetyltransferase, a Strep-tag, and a glycine-serine linker) to improve
cell-free expression consistency and facilitate purification after protein
synthesis (Kightlinger et al., 2018, 2019). Next, cell-free gene expression
was performed by combining cell extract from E. coli BL21-Star(DE3)
with linear expression templates and the PANOx-SP reaction formula-
tion according to established protocols (Hodgman and Jewett 2013;
Jewett et al., 2008; Jewett and Swartz 2004; Kightlinger et al., 2018,
2019; Rasor et al., 2022). Enzymes were purified from cell-free reactions
using Strep-Tactin and subsequently dialyzed into a buffer more similar
to cell-free reaction compositions. Then cell-free metabolite synthesis
was performed by combining extracts with glucose, cofactors, buffer,
and the individual or combined purified enzymes.

3.4. Triacetic acid lactone (TAL) pathway screening

TAL is a versatile biochemical that only requires 1 heterologous
enzyme (a 2-pyrone synthase (Xie et al., 2006)) to convert central me-
tabolites into TAL (Fig. 3A), enabling a simple and exhaustive compar-
ison of the 10 engineered platform extracts and 2 background strains
from both species for their metabolic potential. Combining the purified
enzyme with each of these wild-type and platform extracts resulted in a
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Fig. 3. Cell-free TAL synthesis. A) The biosynthetic pathway for TAL requires endogenous glycolysis and 1 heterologous enzyme. B-C) The AcCoA platform extract
results in higher TAL titers than wildtype extracts for both E. coli and S. cerevisiae, respectively, and several other platform extracts also increase TAL synthesis. The
statistical significance was calculated based on wild-types using student t-test (n.s.: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001). D) Enzymes identified from
literature or BLAST result in lower TAL titers than the canonical 2-pyrone synthase in cell-free reactions with E. coli and S. cerevisiae extract. Data represent mean +
standard deviation of n = 3 technical replicates. Histograms represent in vitro data.
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range of TAL production from ~200 to 500 pM depending on the specific
extract chosen (Fig. 3B, C). This is the first known example of cell-free
metabolic prototyping of the same pathway using extracts from 2
distinct organisms. Consistent with our hypothesis, the S. cerevisiae
AcCoA platform extracts resulted in higher TAL titers than wildtype
extracts (Fig. 3B). Multiple platform extracts produced less TAL than the
wildtype as the rewiring was designed for different nodes of metabolism
while it was surprising that shikimate platform extracts supported the
highest TAL production. We did not observe statistically significant
differences in extracts from E. coli. We hypothesize that this is due to the
centrality of acetyl-CoA in metabolism, meaning that all extracts will
maintain relatively high flux through this node. Although the
S. cerevisiae shikimate platform extracts outperformed the AcCoA ex-
tracts by ~25%, our approach still demonstrates increased flux through
the desired node of metabolism.

Next, we used the extracts derived from both organisms to test the
activity of across a collection of 9 known and putative 2-pyrone synthase
mutants (Fig. 3D). In this case, we observed that only one enzyme
produced TAL (~35% of the original enzyme only in E. coli extracts).
The remaining enzymes showed 1-6% activity in both extracts. Despite
not identifying an improved enzyme, this experiment, which was carried
out in hours, demonstrated the rapid prototyping of putative 2-pyrone
synthase enzymes. In addition, the fact that 2-pyrone synthase variant
2 only displayed activities in E. coli extracts showcased that cell-free
extracts from different organism can provide more information than a
singular host.

3.5. In vivo validation of TAL pathway configurations

From the results of the in vitro testing, it was surprising that multiple
platform extracts resulted in greater TAL titers despite rewiring toward
different nodes of metabolism. At the onset, it was expected that the
AcCoA platform would have provided the highest net pathway flux
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towards TAL. To test whether these in vitro observations could be
translated in vivo, we introduced the TAL pathway enzyme into all the
S. cerevisiae and E. coli platform strains and measured TAL production
(Fig. 4A, C). For S. cerevisiae, only the AcCoA platform strains showed
increased TAL production. While the TAL production from shikimate
platform strains was on par with the control strains, a-ketoglutarate
rewiring inhibited TAL production. Similarly, in E. coli, the AcCoA
platform compared with control strains contributed to the highest TAL
titer. However, for these cells, the shikimate platform strains also
seemed to support increased TAL production.

The trend of TAL production across different platforms between the
in vivo and in vitro systems (Fig. 4B, D) in this study indicated that
cellular rewiring can be maintained and activated in the cell-free ex-
tracts. Yet, the correlation was poor as the sample size was small and
further research is required to understand how the lack of regulation in
cell-free reactions impacts metabolic flux. Next, we sought to validate
the prototyping results of 2-pyrone synthase in yeast. All variants tested
in cell-free extracts (Supplementary Fig. S3) were introduced into
S. cerevisiae AcCoA platform strains and the 2-pyrone synthase variant
resulted in highest TAL production was predicted from the cell-free
prototyping. This suggests that the cell-free platform may be particu-
larly helpful in identifying gene products that have low activity, a
feature that we have seen before (Karim et al., 2020).

3.6. Muconic acid pathway screening

To assess the impact of flux enhanced platform extracts on a more
complex pathway, we next applied our toolkit of engineered strains and
extracts for the synthesis of muconic acid from the energy-intensive
shikimate pathway. This product requires 3 heterologous enzymes to
convert the native 3-DHS intermediate into muconic acid with proto-
catechuic acid (PCA) and catechol as toxic intermediates (Fig. 5A). We
began with a set of enzymes from literature (Pa5 from Podospora
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Fig. 4. Cellular TAL synthesis. A, C) TAL production from S. cerevisiae and E. coli platform strains, respectively. The cloning for OAA-g2psl-v1 strain was not
successful and the fermentation was conducted with only 5 strains. B) Correlation of TAL production between S. cerevisiae in vivo and in vitro platforms. D) Correlation
of TAL production between E. coli in vivo and in vitro platforms. The statistical significance was calculated based on controls using student t-test (n.s.: p > 0.05, *: p <

0.05). Data represent mean + standard deviation of n = 3 biological replicates.
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Fig. 5. Applying the engineered toolkit for muconic acid pathway prototyping. A) Muconic acid is produced by 3 heterologous enzymes following glycolysis
and the shikimate pathway. B) S. cerevisiae platform extracts have significantly less flux toward 3-DHS, although engineered 3-DHS platforms still increase product
titer over wildtype. C) Combining heterologous enzymes with E. coli platform extracts shows no muconic acid production without metabolic rewiring for flux toward
3-DHS. The statistical significance was calculated based on wild-types using student t-test (n.s.: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001). D) Cell-free
muconic acid titers from a screen of enzyme variants for the conversion of 3-DHS to PCA. E) Cell-free muconic acid titers from a screen of enzymes variants for
the conversion of PCA to catechol. F) Cell-free muconic acid titers from a screen of enzyme variants for the conversion of catechol to muconic acid.

anserina, AroY from Enterobacter cloacae, and CatA from Acinetobacter
baylyi (Curran et al., 2013), the first enzyme variant for each in Sup-
plementary Table S1) and assembled these into the panel of extracts for
S. cerevisiae, observing sufficient flux through the shikimate pathway to
produce muconic acid in all extracts (Fig. 5B). The performance of
S. cerevisiae extracts was improved by omitting dialysis from the prep-
aration protocol, which retains cellular cofactors and other small mol-
ecules (Supplementary Fig. S4). The shikimate platform extract slightly
outperformed the wildtype extract and significantly outperformed the
other platform extracts. In contrast, the same set of enzymes produced
no detectable muconic acid in extract from wildtype E. coli, and signif-
icant production was only observed in the shikimate platform extracts
(Fig. 5C). This highlights the importance of tailoring cells prior to extract
preparation as well as differences between the prokaryotic and
eukaryotic cell extracts tested here.

We used the E. coli shikimate platform extract to combinatorially
screen 10 enzyme classes across the 3-step heterologous pathway (Pa5,
AroZ from Klebsiella pneumoniae, QutC from Aspergillus nidulans, or DhsD
from Debaryomyces hansenii converting 3-DHS to protocatechuic acid
(PCA); AroY, FDC from D. hansenii, Pa0 from P. anserina, and Pa4 from
P. anserina converting PCA to catechol; CatA and HQD2 from Candida

albicans converting catechol to muconic acid) and observed activity
from a small subset (Pa5, AroZ, AroY, HQD2, and CatA) (Supplementary
Fig. S5). This matrix of 32 unique enzyme combinations was built and
tested in 3 days, which is significantly faster than screening the same test
space in vivo.

The enzyme classes with demonstrated activity were investigated
further by screening enzyme variants in vitro using both E. coli and
S. cerevisiae platform extracts with enhanced 3-DHS flux. We explored 5
variants of AroZ and CatA and 10 variants of Pa5, AroY, and HQD2.
Rather than assessing the full combinatorial space (2250 unique com-
binations), we sequentially changed 1 enzyme from the best-performing
combination in our initial comparison of enzyme classes (variant 1 of
Pa5, AroY, and CatA) while holding all enzyme concentrations at 0.5
pM. Variants of Pa5 or AroZ were tested with AroY-vl and CatA-v1;
variants of AroY were tested with Pa5-v1l and CatA-v1; and variants of
CatA or HQD2 were tested with Pa5-vl and AroY-v1 to simplify com-
parisons to the initial set of enzymes. This allowed us to screen all
enzyme variants through 45 enzyme combinations built and tested in
the context of 2 unique extract backgrounds in only 5 days (Fig. SD-F).
Reactions with S. cerevisiae extracts made ~100 pM while those with
E. coli extracts made ~1200 pM muconic acid, so the results are plotted
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as relative titer for ease of comparison on the same plot. Although the
trends are qualitatively similar across the 3 steps in both organisms,
some enzymes perform much better in one organism’s extract. For
example, S. cerevisiae extracts appear more sensitive to the identity of
the second enzyme, which could be a result of differences in cofactor
regulation or other background metabolism in the extracts. This cell-free
enzyme screening method can identify both more active enzyme vari-
ants and highlight metabolic nuances in different strains, providing
deeper insights into strain design and pathway enzyme selections.

Metabolic Engineering 80 (2023) 241-253
3.7. In vivo validation of muconic acid pathway configurations

Moving forward, we aimed to validate the cell-free prototyping re-
sults of muconic acid synthesis using the platform strains engineered for
increased flux through the shikimate pathway, which were validated by
3-DHS synthesis up to 2-fold greater than wildtype cells (Fig. 2B, D). The
enzyme combinations tested in vitro were expressed with the same yeast
promoters or the same combination of E. coli promoters and ribosome
binding sites. These pathways were then introduced into S. cerevisiae and

E. coli shikimate platform strains, respectively, and muconic acid pro-
duction was measured (Fig. 6A, C; Supplementary Figs. S6A-B). The
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results displayed marked differences between enzyme variants and these
differences were consistent in various combinations. For example, in
S. cerevisiae strains, Pa5 variant 1 showed better activity compared with
variants 2 and 6, with variant 9 being the worst. Yeast strains with HQD2
variants 9 and 10 always produced more muconic acid compared with
strains with variants 2 or CatA variant 1, if the other two enzymes were
the same (Fig. 6A). Similarly, in E. coli strains, HQD2 variants 9 and 10
also led to higher muconic acid titers (Fig. 6C).

Both in vivo and in vitro muconic acid productions in S. cerevisiae
(Fig. 6B) and E. coli (Fig. 6D) were compared. The muconic acid titer was
normalized to the default configuration (Pa5-v1l/AroY-vl/CatA-vl),
which was 41.2 mg/L and 27.4 mg/Lin S. cerevisiae and E. coli shikimate
platform strains, respectively. The best two pathway configurations
(AroZ-v4/AroY-vl/HQD2-v9 and AroZ-v4/AroY-vl/HQD2-v10) were
also the best performing combinations in the E. coli cell-free reactions, in
which AroZ variant 4, HQD2 variants 9 and 10 have not been reported in
previous works to our knowledge. On the contrary, there is limited
correlation between yeast in vivo and in vitro systems. As studies showed
that the best pathway configurations informed by E. coli extracts also
worked well in vivo (Karim et al., 2020), the more complicated regula-
tory systems and organelle-based compartmentalization in yeast could
potentially reduce the transferability from in vitro to in vivo. Neverthe-
less, the pathway prototyping in S. cerevisiae extracts can contribute to
cell-free biomanufacturing where metabolic engineering in cells coupled
with in vitro reaction optimization can result in elevated titers and
productivities compared to traditional fermentations (Grubbe et al.,
2020; Rasor et al., 2021).

3.8. Metabolomic comparison between cell-free reactions and in vivo
samples

To better characterize the differences between in vivo and in vitro
systems, we used mass spectrometry-based metabolomics to study both
cellular and cell-free systems samples for both cell types. The cellular
samples were taken from cellular fermentation using either shikimate
platform strains or control strains, with or without muconic acid
pathway. The cell pellets and supernatants of cellular samples were
separated and individually analyzed. The cell-free samples were taken
from cell-free reactions using either shikimate platform extracts or
control extracts, with or without muconic acid pathway. The samples
were run thoroughly with untargeted metabolomics analysis.

A significant number of metabolite features were identified
throughout this experiment, but the vast majority did not matched
compounds in GNPS (Wang et al., 2016) the metabolomics database. As
aresult, a principal component analysis (Fig. 7A, Supplementary Fig. S7)
was used as a means to classify the various samples based on the unique
featured observed in the untargeted analysis. While the differences were
larger in cellular samples between S. cerevisiae and E. coli, the meta-
bolism of cell-free samples were more consistent. This is likely due to the
similarity in cell-free reaction composition, with high concentrations of
buffer and glutamate salts overshadowing biochemical nuances in the
extracts. This separation of cellular and cell-free metabolomics un-
derscores some of the differences seen in the examples above when
comparing in vivo and in vitro results. A more focused analysis on E. coli
extracts with muconic acid pathway revealed rather substantial differ-
ences between shikimate platform extracts and control extracts (Fig. 7B)
thus indicating a metabolism change due to the pre-optimization. This
result implies that the impact of rewiring was not limited to just a sin-
gular metabolite and instead evoked a pleiotropic effect on metabolism.
Nevertheless, these results provide a window into the distinct nature of
metabolism across these varied samples.

4. Conclusions

The portable rewiring strategy employed here allowed us to develop
a toolkit of metabolically rewired bacteria and yeast strains with
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Fig. 7. Metabolomic analysis of cellular and cell-free samples. A) Principal
component analysis (PC1 and PC3) on all samples shows tight grouping of cell-
free samples in contrast to clear differences in cellular samples. The principal
components indicated distinct metabolomic information from cellular and cell-
free systems. Within cellular samples, the metabolomic difference between
E. coli and S. cerevisiae was also significant. B) Principal component analysis on
E. coli cell-free samples with muconic acid pathway. The principal components
revealed metabolomic change after the extracts were pre-optimized.

increased flux toward common precursors in biochemical production.
Corresponding cell extracts prepared from these engineered platform
strains enable rapid prototyping of different enzyme combinations and
the assessment of uncharacterized enzymes mined from computational
tools like BLAST, as demonstrated for TAL and muconic acid production.
Both S. cerevisiae and E. coli cell-free reactions showed moderate cor-
relations to cellular TAL synthesis, but only E. coli data aligned in vivo
and in vitro for the more complex synthesis of muconic acid. These
pathways also exhibited differences in flux, with cellular rewiring more
directly impacting in vitro titers for muconic acid than for TAL. We hy-
pothesize that these differences may stem from changes in regulatory
mechanisms and compartmentalization in S. cerevisiae extracts relative
to the source strain, even for the ostensibly simple TAL pathway with
one heterologous enzyme. Likewise, it is possible that higher degrees of
metabolic rewiring may be necessary to realize flux changes for specific
products. Although more fundamental research will be necessary to
understand how differences between cells and cell extracts may impact
metabolism when complex, multi-organelle processes in eukaryotes are
isolated in vitro, the engineered toolkit of cells and extracts stands to
accelerate the understanding and development of production strains for
diverse biochemical products.
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