Metabolic Engineering 45 (2018) 86-94

Contents lists available at ScienceDirect

METABOLIC

Metabolic Engineering

journal homepage: www.elsevier.com/locate/meteng

Controlling cell-free metabolism through physiochemical perturbations )

Check for
updates

Ashty S. Karim™™%', Jacob T. Heggestad™™“' Samantha A. Crowe™"%",
Michael C. Jewett™ -1

2 Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL 60208, USA
b Chemistry of Life Processes Institute, Northwestern University, Evanston, IL 60208, USA

€ Center for Synthetic Biology, Northwestern University, Evanston, IL 60208, USA

9 Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Chicago, IL 60611, USA

© Simpson Querrey Institute, Northwestern University, Chicago, IL 60611, USA

ARTICLE INFO ABSTRACT

Keywords: Building biosynthetic pathways and engineering metabolic reactions in cells can be time-consuming due to
Cell-free complexities in cellular metabolism. These complexities often convolute the combinatorial testing of biosyn-
CFPS thetic pathway designs needed to define an optimal biosynthetic system. To simplify the optimization of bio-

Butanol synthetic systems, we recently reported a new cell-free framework for pathway construction and testing. In this
Cofactors . . . P, .
NAD framework, multiple crude-cell extracts are selectively enriched with individual pathway enzymes, which are

then mixed to construct full biosynthetic pathways on the time scale of a day. This rapid approach to building
pathways aids in the study of metabolic pathway performance by providing a unique freedom of design to
modify and control biological systems for both fundamental and applied biotechnology. The goal of this work
was to demonstrate the ability to probe biosynthetic pathway performance in our cell-free framework by per-
turbing physiochemical conditions, using n-butanol synthesis as a model. We carried out three unique case
studies. First, we demonstrated the power of our cell-free approach to maximize biosynthesis yields by mapping
physiochemical landscapes using a robotic liquid-handler. This allowed us to determine that NAD and CoA are
the most important factors that govern cell-free n-butanol metabolism. Second, we compared metabolic profile
differences between two different approaches for building pathways from enriched lysates, heterologous ex-
pression and cell-free protein synthesis. We discover that phosphate from PEP utilization, along with other
physiochemical reagents, during cell-free protein synthesis-coupled, crude-lysate metabolic system operation
inhibits optimal cell-free n-butanol metabolism. Third, we show that non-phosphorylated secondary energy
substrates can be used to fuel cell-free protein synthesis and n-butanol biosynthesis. Taken together, our work
highlights the ease of using cell-free systems to explore physiochemical perturbations and suggests the need for a
more controllable, multi-step, separated cell-free framework for future pathway prototyping and enzyme dis-
covery efforts.

Liquid-handling robotics

1. Introduction

Building and optimizing biosynthetic pathways in cells offers pro-
mising solutions to problems in energy and medicine but is often time-
consuming (Keasling, 2012, 2010; Nielsen and Keasling, 2016). This is,
in part, because pathway construction involves designing and tuning
DNA cassettes to balance heterologous enzyme expression levels, se-
lecting the best enzymes for the desired chemistries, and engineering
native metabolic pathways to channel flux towards the desired product
(Nielsen and Keasling, 2016; Paddon and Keasling, 2014). In addition,
enzyme candidates from databases (like BRENDA, (Chang et al., 2015)

METACYC (Caspi et al., 2014), etc.) containing thousands of enzyme
variants with available kinetic data must be selected and tested. How-
ever, with even the most informed selection process, it may be that the
selected enzymes do not have the desired properties for a particular
biosynthesis (Lee et al., 2012; Na et al., 2010). With the current me-
tabolic engineering Design-Build-Test (DBT) cycle time being on the
order of weeks to months to test a given pathway configuration, it can
take hundreds of person-years of research and development time to test
the number of enzyme and pathway variants needed to bring a bio-
chemical to market (Paddon and Keasling, 2014; Boyle and Silver,
2012; Kwok, 2010).
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Cell-free systems provide many advantages for accelerating DBT
cycles and probing metabolism (Dudley et al., 2015; Morgado et al.,
2016; Dong et al., 2015). For example, the open reaction environment
allows direct monitoring and manipulation of the system to study
pathway performance. As a result, many groups have used purified
enzyme systems to study enzyme kinetics and inform cellular expres-
sion (Dudley et al., 2015; Bogorad et al., 2013; Zhu et al., 2014). Re-
cently, the Liao group showed that cell-free pathways could be used as a
tool to successfully develop a non-oxidative glycolytic pathway that
maximizes carbon utilization in Escherichia coli whole cells (Bogorad
et al., 2013). Despite advances in purified enzyme systems, crude ly-
sates are becoming an increasingly popular alternative to build bio-
synthetic pathways because they inherently provide the context of na-
tive-like metabolic networks (Karim and Jewett, 2016; Dudley et al.,
2016; Hold et al., 2016; Bujara et al., 2011).

The presence of native metabolic enzymes and cofactor regenera-
tion in crude lysates (Jewett and Swartz, 2004) allows for observations
of metabolic interactions with biosynthetic pathways, which is limited
in purified systems (Dudley et al., 2015). For instance, the Panke group
has shown that DHAP can be made in crude lysates and real-time
monitoring can optimize production (Hold et al., 2016; Bujara et al.,
2011). In addition, our group has shown that 2,3-butanediol (Kay and
Jewett, 2015), mevalonate (Dudley et al., 2016), n-butanol (Karim and
Jewett, 2016), and more complex products (Goering et al., 2016) can be
constructed in crude lysates with high productivities (> g/L/h). In
these systems, removing cell growth requirements reduces the com-
plexity of the metabolic reactions that could interact with the expres-
sion of a biosynthetic pathway while maintaining native energy meta-
bolism active. Crude lysates also have the capability to construct
biosynthetic pathways by expressing enzymes directly in vitro by cell-
free protein synthesis (CFPS) (in vitro transcription and translation)
(Karim and Jewett, 2016; Goering et al., 2016).

Producing chemicals and testing biosynthetic pathways via crude
lysate metabolic engineering is quick and efficient. In our recent work
(Karim and Jewett, 2016) with the CoA-dependent n-butanol pathway
(Fig. 1A), we developed a cell-free framework to study metabolic
pathways. In our framework, cell-free cocktails for synthesizing target
small molecules are assembled in a mix-and-match fashion from se-
lectively enriched crude-cell lysates containing pathway enzymes either
from heterologous overexpression prior to lysis (Fig. 1B) or from direct
in vitro production by CFPS (Fig. 1C). Incorporating CFPS as a means of
enzyme production reduces the time to build pathways and test het-
erologous enzymes. However, coupling CFPS with crude extract mixing
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for building biosynthetic pathways (CFPS-ME) underperforms in the
context of n-butanol production titers, yields and productivities as
compared to the mix-and-match pre-enriched lysates (CFME) approach.

It would be beneficial if we could probe how native metabolism and
heterologous pathways interact in crude lysates through physiochem-
ical alterations both to understand why CFPS-ME underperforms and to
increase the utility of the cell-free platform to study cellular metabolism
and biosynthesis. We would be able to study how enzymes might sy-
nergize with each other and identify ratios of enzymes (Dudley et al.,
2016) necessary for optimal pathway performance. We could learn
which regimes of metabolism in cell-free might mimic or relate to
cellular environments. Additionally, we could probe enzyme inhibition
mechanisms by manipulation of the physiochemical environments.

In this work, we set out to demonstrate the ability to probe bio-
synthetic pathway performance through physiochemical parameters,
using cell-free n-butanol synthesis as a model. The key idea was to show
that we could rapidly explore and influence cell-free pathway perfor-
mance by varying unique combinations of substrates, cofactors, salts,
buffers, etc., in crude extract-based cell-free biotransformations. We
specifically carried out three distinct case studies focused on how by-
products evolve over the time of a reaction. First, we wanted to de-
monstrate that such studies could be enabled using robotic liquid-
handling systems to access combinatorial design space that exceeds
typical pipelines pursued in cells. By testing 40 different reaction con-
ditions in one day, we identified NAD and CoA as the two most im-
portant parameters controlling cell-free n-butanol biosynthesis and
improved titers 9.3 + 2.3 fold as compared to our starting conditions.
We then generated cofactor landscape maps that identify optimum
cofactor ratios for pathway performance. Second, we wanted to rigor-
ously study why and how we might mitigate the underperformance of
CFPS-coupled crude-lysate metabolic systems to better understand how
these systems can be used to rapidly prototype biosynthetic pathways.
Third, we wanted to show that different energy sources could be used to
fuel CFPS and cell-free n-butanol production to relieve phosphate
toxicity. Taken together, our results show that cell-free systems enable
combinatorial and modular assembly of pathways to improve pathway
performance using well-defined experimental conditions. They also set
the stage for the development of a multi-step, separated CFPS-coupled
cell-free metabolic engineering framework for controlled enzyme and
biosynthetic pathway study.

Fig. 1. A schematic for cell-free expression of a n-
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Fig. 2. Liquid-handling robotics guide physiochemical optimizations of cell-free n-butanol metabolism. (A) Design of liquid-handling robotic reaction set up is shown. (B) The
fitness of each unique physiochemical condition is represented as concentration of n-butanol after 24 h incubation at 30 °C. Each bar corresponds to the physicochemical conditions in the
order listed in Supplementary Table 1. Error bars represent average error of technical replicates with n = 2. The black bar represents base case condition. Based on (B), the concentration
of CoA was varied between zero and five mM and the concentration of NAD was varied between zero and ten mM. The concentrations after 24 h incubation at 30 °C of (C) n-butanol, (D)
lactate, and (E) acetate were measured. The average concentration of three technical replicates was graphed.

2. Material and methods
2.1. Bacterial strains and plasmids

Both E. coli DH5a and NEB Turbo™ (NEB) were used for plasmid
preparation. E. coli BL21(DE3) (NEB) was used for protein over-
expression and for preparation of all extracts. A modified version of
pET-22b (Novagen/EMD Millipore), used in previous studies (Karim
and Jewett, 2016; Kay and Jewett, 2015), was used for all constructs for
in vivo overexpression of proteins. For in vitro expression of proteins, the
pJL1 vector was used. Carbenicillin (100 ug ml~') was used with the
PET vector system and kanamycin (50 pg ml~ 1) was used with the pJL1
vector system. Propagated constructs were purified using an EZNA
Plasmid Mini Kit (Omega Bio-Tek). All plasmids used in this study were
used in our previous studies (Karim and Jewett, 2016).

2.2. Cell extract preparation

E. coli BL21(DE3) cells were grown in 2 X YTPG media (16 g1~!
tryptone, 10 g 17! yeast extract, 5g1~ ! NaCl, 7 g1~ ! potassium phos-
phate monobasic, 3 g1~ ! potassium phosphate dibasic, 18 g1~ ! glu-
cose). These cells were cultured at the 50 ml scale in 250 ml baffled
tunair shake flasks (IBI Scientific, Peosta, IA) and at the 1 L scale in a
37 °C incubator with shaking at 250 rpm. When cells reached ODggo =
0.6-0.8, the cultures were induced with 0.1 mM IPTG. After induction
cultures were grown for 4 h at 30 °C when plasmid expression was re-
quired and grown to ODggo = 3.0 for plasmid-less extracts. Antibiotics
were not used during cell growth. The cells were harvested by cen-
trifugation at 8000g at 4 °C for 15 min and were washed two times with
cold S30 buffer (10 mM Tris-acetate (pH 8.2), 14 mM magnesium
acetate, and 60 mM potassium glutamate). After final wash and cen-
trifugation, the pelleted wet cells were weighed, flash frozen in liquid
nitrogen, and stored at — 80 °C. The thawed cells were suspended in
0.8 ml of S30 buffer per 1 g of wet cell mass. In order to lyse cells by
sonication, thawed and suspended cells were transferred into 1.5 ml
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microtube and placed in an ice-water bath to minimize heat damage
during sonication. The cells were lysed using a Q125 Sonicator
(Qsonica, Newtown, CT) with 3.175 mm diameter probe at frequency of
20 kHz and 50% of amplitude. The input energy (Joules) was mon-
itored and 830J was used for 1.4 ml of suspended cells Kwon and
Jewett (2015). The lysate was then centrifuged at 12,000g at 4 °C for
10 min. All of prepared cell extracts were flash frozen in liquid nitrogen
and stored at — 80 °C until use. Quick-Start Bradford protein assay kits
(Bio-Rad) were used to measure the total protein concentration of each
extract with a bovine serum albumin standard.

2.3. CFME reactions

Reactions were carried out in 1.5 ml Eppendorf tubes at 37 °C in
25 ul volumes. Each reaction consisted of mixing five extracts, con-
taining one enzyme overexpressed each, to complete the biosynthetic n-
butanol pathway (2mgml~') along with magnesium glutamate
(8 mM), ammonium glutamate (10 mM), potassium glutamate
(134 mM), glucose (120 mM), dipotassium phosphate (10 mM, pH 7.2),
Bis Tris (100 mM), NAD (3 mM), and CoA (1.5 mM), unless otherwise
noted. Reactions were terminated by adding 5% w/v trichloroacetic
acid in a 1:1 ratio. Precipitated proteins were pelleted by centrifugation
at 21,000g for 10 min at 4 °C. The supernatant was stored at — 80 °C
until analysis.

2.4. Liquid-handling robotics

An Agilent BRAVO liquid-handling robot (Agilent Technologies)
was used to carry out the reaction setup for select CFME reactions. The
liquid-handling workstation has nine plate decks and a 96-pipette tip
head movable in the x-y-z directions. The workstation was programmed
using VWorks™ Automation Control Software (BioNex Solutions, Inc.)
to pipette different arrangements of reagents. Each CFME reagent
(magnesium glutamate, ammonium glutamate, potassium glutamate,
glucose, dipotassium phosphate, NAD, ATP, and CoA) was diluted to
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five different concentrations using dH,O and stock solutions in a 96-
well plate. Each component was then pooled together into one well on a
new plate so that each well in the new plate contained all eight com-
ponents at standard concentrations except one reagent that was varied
at a time (Fig. 2A). Therefore, the new plate contained 40 wells with
one unique reagent and concentration tested in each. CFME mixed
extracts containing the full n-butanol pathway were then added to each
well. All reaction conditions set up are listed in Supplementary Table 1.

2.5. CFPS-ME reactions

CFPS reactions were performed to express enzymes involved in n-
butanol production prior to starting the CFME portion of the reactions
using a modified PANOx-SP system Jewett and Swartz (2004). A 25 pl
CFPS reaction in a 1.5 ml microcentrifuge tube was prepared by mixing
the following components: ATP (1.2mM); GTP, UTP, and CTP
(0.85mM each); folinic acid (34.0 ug ml™Y); E. coli tRNA mixture
(170.0 pg ml™1); 20 standard amino acids (2 mM each); nicotinamide
adenine dinucleotide (NAD; 0.33 mM); coenzyme-A (0.27 mM); sper-
midine (1.5 mM); putrescine (1 mM); potassium glutamate (130 mM);
ammonium glutamate (10 mM); magnesium glutamate (12 mM);
phosphoenolpyruvate (PEP; 33 mM), and cell extract (~ 12 mgml ™).
For each reaction plasmid was added at ~ 13.3 or ~ 26.6 pgml™'.
Reactions were incubated at 30 °C for 3 h. The n-butanol production
portion of the reaction was initiated by supplementing glucose
(120 mM) and additional reagents (3 mM NAD and 1.5 mM CoA final
concentrations) noted throughout the manuscript and were incubated
at 30 °C for 24 h. The final concentration of cofactors in Fig. 3 CFPS-ME
reactions was 0.3 mM NAD and 1.5 mM CoA, matching CFPS-ME re-
action conditions previously published Karim and Jewett (2016). The
total extract concentration during the n-butanol production portion of
the reaction is 10 mg ml~?, the same as a CFME reaction.

2.6. GFP quantification

Superfolder GFP (sfGFP) is a reporter protein used during CFPS from
the plasmid pJL1-sfGFP. Active sfGFP protein yields were quantified by
measuring fluorescence. Two microliters of CFPS reaction was added in
the middle of the flat bottom of 96-well half area black plates (Costar
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3694; Corning Incorporated, Corning, NY). sfGFP was excited at
485 nm while measuring emission at 528 nm with a 510 nm cutoff
filter. The fluorescence of sfGFP was converted to concentration
(ug ml™1) according to a standard curve (Hong et al., 2014).

2.7. Quantification of metabolites

High-performance liquid chromatography (HPLC) was used to
analyze glucose, lactate, acetate, and n-butanol in the reactions. The
metabolites were measured with an Agilent 1260 series HPLC system
(Agilent, Santa Clara, CA) via a refractive index (RI) detector. Analytes
were separated using an Aminex HPX-87H anion exchange column
(Bio-Rad Laboratories) with a 5 mM sulfuric acid mobile phase at 55 °C
and a flow rate of 0.6 ml min~'. Commercial standard of each meta-
bolite was used for quantification of experimental samples by linear
interpolation of external standard curves.

3. Results

The goal of this work was to demonstrate the ability to rapidly ex-
plore and influence cell-free metabolism and n-butanol synthesis by
varying unique combinations of physiochemical parameters in three
ways. First, we tested the effect of each small molecule reagent added to
the cell-free system on cell-free n-butanol production with enzymes pre-
enriched by heterologous expression (CFME) and optimized the small
molecule conditions to increase n-butanol production. Second, we
compared the metabolic profiles of our CFME system with that of the
CFPS-coupled system (CFPS-ME) and tested the individual effect of
each reagent used during CFPS on n-butanol synthesis. Third, we at-
tempted to mitigate negative effects of CFPS by using non-phosphory-
lated secondary energy substrates to fuel cell-free protein synthesis and
n-butanol biosynthesis.

3.1. Changes in NAD and CoA greatly contribute to changes in metabolism

We first carried out a series of optimization experiments to assess
the impact of small molecule solutes on CFME n-butanol biosynthesis
activity. The CFME reaction contains five mixed lysates pre-enriched
with each individual n-butanol pathway enzyme (Fig. 1B) along with
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Fig. 3. Protein synthesis alters cell-free metabolism and decreases n-butanol production. Cell-free reactions were run for 24 h at 30 °C and glucose (black), lactate (yellow), acetate
(blue), and n-butanol (orange) were measured. (A) CFME reactions are run with five extracts mixed to have all n-butanol pathway enzymes present with glucose, NAD (3 mM), and CoA
(1.5 mM). (B) CFPS-ME is run the same way with a 3 h incubation period with DNA and CFPS components prior to addition of glucose and CoA (1.5 mM). Each error bar represents
standard deviations of technical replicates with n = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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substrates, cofactors, and salts designed to mimic the cytoplasmic en-
vironment. Specifically, we explored the effects salt concentration (i.e.,
magnesium glutamate, potassium glutamate, and ammonium gluta-
mate), glucose concentration, cofactor concentration (e.g,, NAD, CoA),
phosphate concentration, and ATP concentration on n-butanol synth-
esis. While we know the approximate concentrations of each of these
components in E. coli cells (Supplementary Table 2), varying the con-
centration of these components could provide insight into pathway
operation. We used a robotic liquid-handling system to vary the con-
centrations of these eight chemical reagents (Fig. 2A). The robot first
makes serial dilutions of each of the eight components. Then, the robot
pools the reagent dilutions into 40 unique physiochemical environ-
ments (Supplementary Table 1). To initiate n-butanol synthesis, the
mixed extract is then added to each physiochemical condition. Reac-
tions are incubated at 30 °C in 96-well plates. Fig. 2B shows the amount
of n-butanol produced at 24 h in the 40 unique physiochemical condi-
tions tested. The variability in technical replicates is due to accuracy of
pipetting by the liquid-handler. In a single pass, we were able to in-
crease n-butanol titers 9.3 *+ 2.3 fold as compared to our originally
reported CFME system conditions (black bar). This result highlights the
potential power of cell-free systems to rapidly optimize pathway per-
formance.

We next set out to understand the reason for increased n-butanol
yields. We found that the top 3 conditions corresponded to high levels
of initial NAD, holding all other components constant, resulting in a
statistically significant increase in n-butanol produced (p = 0.025). On
the lower end, the four conditions that produced 0 mM n-butanol were
a result of conditions with (1) no glucose added, (2) no NAD, and (3 &
4) high levels of CoA. This analysis not only served as an important
control, because as expected n-butanol was not synthesized in the ab-
sence of glucose, but it also pointed to NAD as the most important
added reagent positively correlated with high-level n-butanol produc-
tion. Our results are consistent with the requirement of four molecules
of NADH to produce one molecule n-butanol in the pathway (Fig. 1A).
Varying amounts of CoA is also a lever to control n-butanol metabolism,
though it appeared from our initial screen that CoA levels would need
to be finely tuned.

Given the freedom of design in adjusting cell-free system compo-
nents, we further explored the synergistic effects of varying NAD
(0-10 mM) and CoA (0-5 mM) concentrations, while keeping all other
components constant, on n-butanol synthesis. This strategy allows us to
rapidly map cofactor landscapes to explore local and global optima. We
observed that pathway performance is carefully tuned, with an optimal
balance between amounts of NAD and CoA needed to achieve the
highest n-butanol values (Fig. 2C). Our results suggest that when CoA
and NAD are low, the flux through the acetyl-CoA node and the redox
driving force to n-butanol are limited. When there is too much NAD or
CoA present, flux likely is diverted to other nodes. To test this, we di-
rectly measured lactate (Fig. 2D) and acetate (Fig. 2E) production in the
CFME reactions at 24 h. Lactate produced from pyruvate and acetate
produced from acetyl-CoA, are two major by-products of cell-free n-
butanol metabolism. We observed that acetate is inversely dependent
on the starting concentration of CoA in the reaction and not dependent
as much on NAD concentration. Acetate production is probably linked
to CoA because the phosphotransacetylase and acetate kinase reactions
convert acetyl-CoA to acetate and ATP while recycling phosphate.
However, lactate has a similar optimal NAD to CoA ratio as n-butanol.
Taken together, our results show that the cell-free framework and its
barrier-free access to reaction conditions is well-suited for rapidly ac-
quiring physiochemical landscapes to assess and optimize biosynthetic
pathway performance. This joins an emerging body of literature high-
lighting the value of cell-free systems for prototyping biological systems
(Hold et al., 2016; Garamella et al., 2016; Takahashi et al., 2015; Sun
et al., 2014; Kelwick et al., 2016; Moore et al., 2017).
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3.2. Cell-free metabolic profiles are negatively affected by CFPS integration

Cell-free protein synthesis as a means of direct in vitro production of
biosynthetic enzymes for crude-lysate metabolic engineering efforts
(Fig. 1C) enables faster DBT cycle times (Karim and Jewett, 2016).
Unfortunately, we observed in our previous work that the yields of n-
butanol in CFPS-ME reactions were lower than in CFME reactions
(where biosynthesis enzymes are made in cells before extracts are
made) (Karim and Jewett, 2016). We thus set out to exploit the flex-
ibility afforded by in vitro systems to modulate physiochemical condi-
tions for systematically studying these differences and to demonstrate
the ease of studying pathway performance in cell-free systems. Detailed
quantification revealed how changes in glucose, lactate, acetate, and n-
butanol varied for CFME (Fig. 3A) and CFPS-ME (Fig. 3B) over the
course of a 24 h reaction at 30 °C. We observed three distinct regimes:
(i) 0-3h, (ii) 3-9 h, and (iii) 9+ h. During the first regime, there is a
“lag” phase where glucose is consumed and metabolism starts up,
making NADH. During the second regime, all metabolites are produced
at a constant rate. The metabolite profiles level off during the third
regime.

Several differences between the cell-free metabolite profiles of
CFME and CFPS-ME are notable. The two systems consume glucose at
similar rates, but CFPS-ME systems produce n-butanol at ~ 25% of the
titer of CFME systems. Additionally, lactate is produced and then con-
sumed while acetate slowly increases after maximal lactate titer is
achieved over the course of the CFME reaction. Whereas in CFPS-ME
reactions, acetate and lactate are both only produced. Given the re-
duction in n-butanol yields, we wanted to understand the potential
causes for the different metabolic profiles that arise when CFPS is used
to make biosynthetic enzymes by directly accessing the physiochemical
levers of the cell-free system. We know from our optimizations using
liquid-handling robotics (Fig. 2) that NAD and CoA are critical to
pathway performance, so it was not surprising that when we compare
the original CFPS-ME system (Karim and Jewett, 2016) (Fig. 3B) with a
CFPS-ME system containing the CFME-optimized NAD and CoA con-
centrations, we see an improvement in overall n-butanol production
(Supplementary Fig. 1). However, increasing NAD concentrations still
results in n-butanol production at ~ 80% of the titer of CFME systems.
Therefore, we decided to further explore how CFPS might be affecting
biosynthetic performance by directly accessing the physiochemical le-
vers of the cell-free system.

To produce proteins of interest, CFPS systems harness an ensemble
of catalytic components necessary for energy generation and protein
synthesis from crude lysates of cells. These activated catalysts act as a
chemical factory to synthesize and fold desired protein products upon
incubation with essential substrates, which include amino acids, nu-
cleotides, DNA or mRNA template encoding the target protein, energy
substrates, cofactors, and salts. We hypothesized that the differences we
observed in Fig. 3 arose from either (i) changes in the extract that result
from protein production or (ii) physiochemical components (which
differ than those needed for biosynthetic pathway operation alone). To
test which part was responsible, we performed CFME reactions without
CFPS, with CFPS small molecule reagents alone, and with a complete
CFPS system for sfGFP production prior to the addition of glucose and
cofactors (activating n-butanol production) and incubation for 24 h at
30 °C (Supplementary Fig. 2). The idea was to understand the impact on
cell-free metabolism with and without synthesis of a protein that would
not affect the n-butanol biosynthesis pathway. We found that n-butanol
is produced at the same rate and titer in both cases, suggesting that the
CFPS reagents alone (or their metabolic byproducts) are most likely the
causative factor to the observable metabolic differences.

We then increased the resolution of our study by testing the effect of
each of the small molecule CFPS components individually on metabo-
lism (specifically the effect on glucose consumption as well as acetate,
lactate, and n-butanol production) (Fig. 4A). The small molecules un-
ique to CFPS and not involved in CFME can be categorized into three
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classes: (1) components involved in transcription-translation (e.g.,
amino acids, nucleotides), (2) components that mimic the cytoplasm
(e.g., putrescine, spermidine), and (3) components that modulate me-
tabolism (e.g, phosphoenolpyruvate (PEP), oxalate). We assessed the
impact of supplementing CFME n-butanol synthesis reactions with
components from each of these classes at increasing concentrations. The
addition of transcription-translation substrates (nucleotides and amino
acids, respectively) at 1X CFPS concentrations decreases n-butanol
production by ~ 20% as compared to the standard CFME reaction
(Fig. 4B). The ‘cytomimicry’ components, spermidine and putrescine,
decrease n-butanol synthesis levels by ~ 18% at 1X CFPS concentra-
tions and remain at these levels at higher concentrations of spermidine
and putrescine (Fig. 4D). In contrast, the metabolites involved in energy
regeneration, oxalate and PEP, greatly reduce n-butanol production
(Fig. 4C). These trends are supported by corresponding levels of lactate
and acetate (Supplementary Fig. 3). As a potent inhibitor of phos-
phoenolpyruvate synthetase, we suspect that oxalate impacted the
metabolic network around pyruvate and PEP to redirect flux resulting
in lower levels of n-butanol. While each component tested influences n-
butanol synthesis, during CFPS-ME these components exist at < 0.5X
concentrations during the reactions and likely do not individually cause
drastic effects on n-butanol synthesis.

While PEP at < 0.5X concentrations seems to not be detrimental, we
know that PEP is used as a secondary energy source to regenerate ATP
for energizing protein synthesis causing the concomitant release of free
inorganic phosphate. We wanted to therefore test the effect of inorganic
phosphate as we also know that phosphate can inhibit translation by
sequestering magnesium (Anderson et al., 2015) and could be deleter-
ious to n-butanol synthesis as it does have an effect on glycolysis
(Calhoun and Swartz, 2005). To test this hypothesis, we evaluated the
addition of 0-80 mM inorganic phosphate in the form of potassium
phosphate to our glucose-driven CFME n-butanol biosynthesis system at
the start of the reaction (Fig. 4E). We observed that n-butanol
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production has a phosphate optimum between 10 and 20 mM phos-
phate added to the system, but that high concentrations that would be
representative of the CFPS-ME system (i.e., > 30 mM) were inhibitory
relative to the optimum (~ 15% reduction). These observations re-in-
force previous studies that have shown that inorganic phosphate, when
operating glycolysis, is a key component for optimizing cell-free sys-
tems (Calhoun and Swartz, 2005; Jewett et al., 2008). In sum, our
analysis suggests each of the CFPS reagents together cause the reduc-
tion in n-butanol synthesis and that accumulated phosphate from PEP
could be a major player in altering metabolism. By leveraging the
ability to probe each physiochemical reagent afforded by the cell-free
system we are able to parse individual and synergistic effects of phy-
siochemical conditions on metabolism.

3.3. Non-phosphorylated energy sources decrease phosphate accumulation
and shed light on the pH dependence of n-butanol synthesis

Readily altering physiochemical parameters gave us the ability to
optimize n-butanol production in a cell-free system as well as observe
differences between two cell-free systems (CFME and CFPS-ME) corre-
lated with the addition of CFPS reagents. One result we observed was
that phosphate is accumulated in CFPS-coupled systems (Fig. 4E). This
is due to the catabolism of PEP during CFPS. While the addition of PEP
and each CFPS small molecule reagent contributes to productive pro-
tein synthesis, many alternative energy sources have been used to fuel
CFPS such as glucose, pyruvate, and polysugars (Calhoun and Swartz,
2005; Jewett et al., 2008; Wang and Zhang, 2009; Caschera and
Noireaux, 2015, 2014; Knapp et al., 2007). We hypothesized that al-
ternative non-phosphorylated secondary energy sources for CFPS, in-
stead of PEP, might mitigate the detrimental effect of phosphate on n-
butanol metabolism. We tested five energy sources for CFPS during
CFPS-ME each at varying metabolic nodes away from acetyl-CoA (PEP,
pyruvate, glucose, maltose, and maltodextrin) (Supplementary Fig. 4).
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Unsurprisingly, PEP is the best energy source for protein synthesis,
which makes sense because the physiochemical reagents in our CFPS
system have been optimized for use with PEP. Additionally, PEP is the
only source that accumulates > 10 mM phosphate in the system as it is
a direct phosphate donor. Further optimization of reagents could be
useful for CFPS-ME using these alternative energy sources.

Being able to quickly adjust new reagents in cell-free systems, we
next tested the same five energy sources as the sole substrate to fuel
CFME n-butanol synthesis (Fig. 5A). We observed that 33 mM pyruvate
and PEP are unable to produce n-butanol (Fig. 5B-C), likely because
their conversion does not provide enough NADH driving force that
would normally come from glycolysis to make n-butanol. Using 33 mM
glucose, maltose, and maltodextrin produce n-butanol with similar
profiles but at different rates (Fig. 5D-F). This makes sense because
each substrate is similarly catabolized during glycolysis, but maltose
and maltodextrin must first be broken into glucose monomers. In ad-
dition, 33 mM maltose and maltodextrin is essentially twice as much
carbon substrate as 33 mM glucose which likely plays a role in the
difference between the n-butanol synthesis rates.

We can also compare alternative energy substrates by observing
accumulated phosphate and corresponding pH levels (Fig. 6). Using
PEP for CFME accumulates the most phosphate with pyruvate and
maltodextrin also accumulating phosphate (Fig. 6B). These systems all
produce the least amount of n-butanol and further support the need to
maintain low phosphate levels. Most interestingly, the pH of the system
correlates with the amount of n-butanol that is produced (lower pH's
correspond with higher n-butanol titers) (Fig. 6C). This correlation
could be due to low pH being beneficial for n-butanol synthesis or due
to the increase in amount of energy metabolized (polysugar substrates)
leading to increased n-butanol synthesis and thus lower pH. It is im-
portant to note that the compounds tested differ greatly in the amount
of carbon supplied as substrate and metabolized as already mentioned.
In addition, higher concentrations (120 mM) of glucose correlate with a
decrease in pH indicated by black X's in Fig. 6C, which makes sense as
more glucose means four-times more carbon and therefore a more ac-
tive metabolism. However, in congruence with previous reports of
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Clostridium metabolism, n-butanol production is optimal below pH of 7
(Yu et al., 2015; Dusséaux et al., 2013; Lutke-Eversloh and Bahl, 2011),
suggesting that the low pH may indeed be beneficial for n-butanol
synthesis. For CFME, using alternative buffers could alleviate limita-
tions in n-butanol production. For CFPS, pH 7-8 is optimal for protein
synthesis (Jewett and Swartz, 2004). Together these results shed light
on the essential physiochemical limitations of CFPS-ME for n-butanol
synthesis only accessible by the physiochemical levers of crude-lysate
systems. Moreover, they suggest that separating protein synthesis from
n-butanol biosynthesis, a two-pot system, might improve pathway
performance and its study.

4. Discussion

In this study, we present an approach to use crude extract-based
cell-free systems to study biosynthetic pathway performance by phy-
siochemical perturbations. First, we explored the backdrop of physio-
chemical parameters important for n-butanol production using liquid-
handling robotics, which enabled physiochemical landscapes to be
mapped for optimizing pathway performance. This optimization im-
proved cell-free n-butanol synthesis yields and demonstrates a gen-
eralizable strategy to inform biosystems design by modulating meta-
bolism dynamics. Second, we compared and modified cell-free
metabolic profiles in biosynthetic systems derived from (i) mix-and-
match crude lysates where enzymes are made in cells prior to lysis
(CFME) and from (ii) CFPS-coupled systems where enzymes are made
post-lysis (CFPS-ME). This taught us that the physiochemical com-
plexity of an all-in-one CFPS-ME system inhibits n-butanol production
and that physiochemical conditions play a major role in directing me-
tabolism. Third, and to alleviate phosphate inhibition, we tested the
impact of using non-phosphorylated energy substrates on cell-free
pathway performance. We observed that CFME reactions fueled by PEP
and pyruvate had higher accumulated phosphate levels and higher pH's
(~ 8) as compared to reactions with glucose, maltose, and maltodextrin
(~ 7). While this correlation between pH and n-butanol synthesis is
noteworthy, the causal relationship is still unfounded. Whether using
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33 mM maltose rather than 33 mM glucose, which is effectively twice as
much carbon, would result in more n-butanol synthesis because of a
lower pH or more n-butanol because of the increase in carbon supplied
and catabolized is an open question. Luckily, our framework would
allow manual adjustment of pH, carbon substrate, and by-products
during reactions to test the causal nature of these types of relationships.
Taken together, the modular nature of our approach is poised to facil-
itate multiplexed, automated study of biosynthetic pathways to inform
systems design.

Having demonstrated the utility of modifying and controlling the
physiochemical environment for cell-free biosynthetic systems, we in-
terestingly found that lower system pH corresponded with increased n-
butanol levels consistent with optimal pH's for n-butanol synthesis in
native producers (Yu et al., 2015; Dusséaux et al., 2013; Lutke-Eversloh
and Bahl, 2011). With this in mind and the flexibility to alter the
physiochemical background, future work will focus on mimicking the
cellular environment during different phases of growth to study
pathway performance. For example, Clostridium undergo a biphasic
metabolism during acetone-butanol-ethanol (ABE) fermentation. First
the bacteria grow exponentially during the acidogenesis phase of me-
tabolism. Then the bacteria enter stationary phase which corresponds
with a switch to solventogenesis. These two phases represent two dif-
ferent metabolic profiles, pH's, and pathway operations. Just as we al-
tered the physiochemical conditions of the cell-free systems to change
the profiles of n-butanol, acetate, and lactate, one could imagine
changing the physiochemical environment to mirror acidogenesis and
solventogenesis to more accurately reflect pathway behavior. This
could provide a more robust analysis of pathway dynamics to inform
how pathways of enzymes operate during different bacterial growth
regimes.

There are several applications of cell-free systems that the ability to
control the physiochemical environment would facilitate. Most notably
are the use of cell-free systems to study cellular metabolism, screen
biosynthetic pathways for cellular metabolic engineering, and develop
cell-free biomanufacturing platforms. The tools and analysis performed
in this work lays the groundwork to both rapidly prototype biosynthesis
for in vivo use and to optimize pathways for in vitro use. Towards these
applications it is important to have a robust and reliable cell-free
setup. While there is variability of biosynthesis due to the accuracy of
liquid-handling robotics, these systems are highly reproducible. Cell-
free protein synthesis systems routinely perform well across lysates
made from separate E. coli cultures (Kwon and Jewett, 2015). Across
the separate sets of mixed lysates (made from separate cultures of E.
coli), the variability in n-butanol production after 24 h is insignificant
(Supplementary Fig. 5). Cell-free systems would thus be able to hold up
to the strains of high-throughput testing as well as stable biomanu-
facturing. Recent work from the Bowie laboratory, for example, shows
the robust ability to control cofactor and redox balance for
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biomanufacturing (Opgenorth et al., 2016; Opgenorth et al., 2017).
These works and the study we present here show how managing the
physiochemical environment can facilitate metabolic engineering ef-
forts.

Physiochemical manipulability makes cell-free metabolism highly
controllable. We can use this feature to alter metabolism, tune and
recover differences between cell-free biosynthetic systems, and poten-
tially mimic different growth phase metabolisms and non-model or-
ganisms. While CFPS-coupled crude-lysate biosynthetic systems offer
the best cell-free route to accelerate metabolic engineering DBT itera-
tions, an important conclusion from our work is that there exists a di-
chotomy between the optimal physiochemical conditions for CFPS and
those for biosynthetic pathway operation. This suggests that CFPS-
coupled biosynthetic systems would be more powerful prototyping
tools if multi-pot, phosphate-minimal, pH-controlled systems were de-
veloped. Looking forward, we expect to see the development of cell-free
biosynthetic systems developed as multiple “unit operations” that can
be individually optimized and assayed gaining precise control over
biosynthetic pathway construction. This concept of “unit operations”,
borrowed from chemical engineering, would offer even greater control
over protein and metabolite synthesis allowing for better discernment
of variation in metabolism due to changes in enzyme, making possible
high resolution strategies to prototype biosynthetic enzymes and
pathways to speed up metabolic engineering DBT cycles.
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