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Genetically engineered host bacteria have an extensive history for the production of
specific proteins including the synthesis of single enzymes for the modification of
compounds produced for industrial purposes by biological or chemical processes.
Such processes have been developed largely through the process of discovery. The
ability to assemble multiple enzymes into synthetic pathways is a new development
aided by the synthetic biology approach of constructing and assembling suitable
enzymes into pathways that may or may not occur in Nature to provide a high-
impact platform for bio-manufacturing of chemicals, biofuels and pharmaceuticals.
Industry has depended on chemical catalysts because of the known constraints
experienced frequently with biological catalysts but when high stereochemistry, mild
synthesis conditions and environmentally friendly processes are significant, application
of enzymes is preferred, especially in the case of drug synthesis where enantioselectivity
is important. However, many whole cell production processes are beset by toxicity
problems, metabolite competition, the production of side products, sub-optimal enzyme
ratios and varying temperature optima. As a result, a cell-free biocatalysis allows the
manipulation of substrate ratios, provision of regenerated cofactors and adjustment of
high energy flux ratios that are difficult or impossible to control in whole cell synthesis. We
discuss here the construction of cell free biocatalytic pathways as added free enzymes
or multi-enzyme modules that may contain heterologous catalysts. We examine the
status of applications leading to commercialisation, emphasizing the importance of
economical cofactor regeneration. Nevertheless, problems remain, particularly protein
post-translational modifications including glycosylation, phosphorylation, ubiquitination,
acetylation, proteolysis, etc. The National Renewable Energy Laboratory and Pacific
North West Laboratory have published lists of top value-added chemicals from biomass
that include glucaric acid. There have been few reports on the combination of synthetic
biology and cell-free protein synthesis to set up pathways for these valuable intermediate
compounds. This observation is despite the existence of at least one large scale
but specialized cell-free production of antibody conjugates. This review will provide a
description of one successful attempt at the cell-free production of glucaric acid and will
evaluate progress for other key intermediate and platform chemicals.

Keywords: cell-free biocatalysis, cell-free synthesis, multi-enzyme cascades, in vitro biocatalysis, synthetic
biology, pathway design
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INTRODUCTION

The presentation of the European Commission’s Circular
Economy Strategy and Strategic Plan in 2014 and Action Plan
in 2015 have generated considerable discussion of the place, role
and relationship of the Circular Bioeconomy as discussed in
detail by Carus and Dammer (2018) and for a number of other
individual and mainly agricultural industries such as forestry
(DeBoer et al., 2020), ethanol production (Erickson, 2018),
plastics (Blank et al., 2020); textiles (Aznar, 2019) and animals
(Horton, 2019) along with many other examples. The circular
bioeconomy requires absolute carbon efficiency and eventually, a
move away from fossil feedstocks on which the chemical industry
depends, largely crude oil and other fossil resources such as
carbon and energy feedstocks. The contribution of biocatalysis
to sustainable chemistry as part of the circular bioeconomy
and the new ability to develop enzymatic transformations to
fit new design parameters has been reviewed in depth by
Sheldon and Woodley (2018). The energy industry may move
to mixed carbon sources including conventional substrates
(molasses and starch) and to non-conventional feedstocks
such as CO,, methane, glycerol, agricultural and urban waste
streams including CO; and plastic wastes using biotechnological
approaches (reviewed comprehensively by Clomburg etal., 2017).
The question of “How can synthetic biology and cell free
synthesis contribute to the aims of the global bioeconomy?”
needs to be posed.

Enzyme technology plays an important role in synthetic
biology and biomanufacturing (Bornscheuer et al., 2012; Reetz,
2013; Sheldon and Brady, 2018). Developments in a variety
of tools have resulted in the classical concept of biocatalysis
expanding from single enzyme reactions to the incorporation of
multiple enzymes allowing the assembly of synthetic biocatalytic
pathways (Bornscheuer, 2018; Poppe and Vértessy, 2018).
The current trend for “green” synthesis of chemicals has
resulted in an increased focus on biocatalysis as an alternative
to traditional pathways for sustainable and environmentally
responsible biomanufacturing (Swartz, 2006, 2012; Bornscheuer
et al,, 2012; France et al., 2017; Sperl and Sieber, 2018).

Enzymes are exceptional catalysts but many enzymes are
tightly regulated and have not evolved naturally to function under
most unnatural industrial conditions. Accordingly, industry has
relied heavily on chemical catalysts although the application
of enzymes is favored over conventional chemical catalysts
(Keasling et al., 2012; Bornscheuer, 2016) particularly for
biopharmaceuticals where there is a requirement for high
optical purity with one specific enantiomeric form. As a
result, single enzyme reactions have been gradually incorporated
into industrial processes to complement chemical catalysis for
enantioselective steps in a pathway. Several aspects of this
challenging field were reviewed recently (Rudroff et al., 2018) and
an expanded account of possibilities in the field is included in the
review of Petroll et al. (2019). The interested reader is referred
to a number of accounts aiming to solve specific problems and
situations encountered in the transfer of enzymes to industrial
reactions (Ye et al., 2012, 2013; DeSantis et al., 2003; Savile et al.,
2010; Bornscheuer et al., 2012; Goldsmith and Tawfik, 2017;

Gruber et al., 2017; Gumulya and Gillam, 2017; Wang et al., 2017;
Risso et al., 2018; Kelwick et al., 2020).

Industrial biomanufacturing that incorporates single enzyme
reactions use living cells (in vivo) which provide the advantage
of enzymes being produced continuously and inside physical
barriers like cell walls or internal compartments providing
protection against enzyme degradation (Bornscheuer et al., 2012;
France et al, 2017). In the case of multi-enzyme pathways
in vivo the situation is more challenging and usually results in
low yields because substrates and products may be channeled
into different cellular metabolic pathways or display toxicity to
the host cells (Guo et al., 2017). Also, the loss of recombinant
plasmids that code for pathway enzymes in hosts impairs
continuous cell-based biocatalysis (Friehs, 2004; Huang et al.,
2012). Accordingly, multi-enzyme pathways are assembled with
cell-free systems to allow the testing of an enzymatic pathway
without the need for genetic alteration of the host organism
and interference from other intracellular processes providing
flexibility and control (Cherubini, 2010; Schmidt-Dannert and
Lopez-Gallego, 2016; Taniguchi et al., 2017; Zhang et al., 2017;
Wilding et al., 2018).

CELL-FREE ENZYME SYNTHESIS AND
PROTOTYPING

Background

The use of multiple enzymes in a cell-free context has been
available and practiced in the form of conventional cell-free
synthesis (CFS) for over 40 years (Nirenberg and Matthaei, 1961;
Devries and Zubay, 1967; Zubay, 1973). However, the rapid
advance and development currently witnessed with synthetic
biology has opened new possibilities for cell-free biocatalysis.
Cell-free expression of proteins can be accomplished when all
of the components necessary for RNA translation in vitro are
present. The historical background of this field has been reviewed
extensively and they will not be discussed here. However, the
interested reader is referred to Swartz, 2006, 2012; Chong,
2014; Jewett et al, 2008; Yang et al, 2012; Whittaker, 2013:
Rosenblum and Cooperman, 2014; Karim and Jewett, 2016; and
Silverman et al., 2020 for further information. Although CFS was
not considered as a suitable technology for large-scale protein
production, Swartz and colleagues (Voloshin and Swartz, 2005)
and Sutro Biopharma' have reported high productivity with
selected proteins at the hundred liters scale. The original CFS
system was based on a crude cell lysate which was rapidly depleted
of energy (e.g., ATP) and amino acids. In addition, the crude
extract lysate was susceptible to macromolecular degradation by
native proteases. The Swartz group refined the lysate system to
address the issues of toxicity, transport limitation, cell membrane
effects and also supplied alternative energy sources to overcome
the problems encountered by the original system (summarised
in Swartz, 2006, 2012). Another system was developed by
Shimizu et al. (2005) using 32 purified factors for all aspects
of protein synthesis allowing the production of enzymatically

!l www.sutrobio.com
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active proteins. This system is now available as PURExpress (New
England Biolabs) and although it is suitable for small scale protein
production the cost of the components prohibit its application for
large-scale protein production.

We have concentrated on cell free protein synthesis. We
do not review other high value compounds and substrates
such as hydrogen and bioelectricity. The interested reader will
find accounts of applications and potential commercialisation
prospects in the account from the US Department of Energy,
Office of Energy Efficiency & Renewable Energy. (2018) and
Shi et al. (2018), as well as many other papers and books
on these topics.

Advantages of Cell-Free Enzyme

Synthesis

Recently, the scope and principles of CFS have been expanded
by Karim and Jewett (2016) and comprehensively reviewed
by Silverman et al. (2020). Karim and Jewett suggested a
framework for biosynthetic pathway development based on
CFS-driven metabolic engineering. The framework enabled
the optimisation of a pathway comprised of 17 enzymes
by using heterologous enzymes from Clostridium beijinkerii,
C. acetobutylicum and Treponema denticola. These enzymes
were used to supplement the native Escherichia coli enzymes
for the production of n-butanol from glucose (Karim and
Jewett, 2016). This study demonstrated that the cell-free protein
expression simulated the in vivo system and its potential for
prototyping biocatalytic pathways faster and easier than using
metabolic engineering. This mode of development has been
emphasized in the recent description of the cell-free styrene
biosynthesis platform that brought about the conversion of
L-phenylalanine to styrene using carefully titrated phenylalanine
ammonia lyase to produce the intermediate trans-cinnamic
acid, which was treated with ferulic acid decarboxylase to give
styrene along with ammonia and carbon dioxide as side products
(Grubbe et al., 2020).

Examples of synthetic cell-free pathways based on enzymes
or culture lysates are given in Table 1 of this review. Most of
these pathways use simple and renewable substrates like glucose
or starch and have shown to reach theoretical conversion yields
of nearly 100%. Several of the intermediates or products in these
pathways are central carbon metabolites (e.g., pyruvate) and
most of them would have been channeled into the cell’s own
metabolism if the reaction was performed in vivo. Moreover,
often these reactions are performed at temperatures higher than
37°C which may be limiting in vivo while many products like
terpenes (Korman et al., 2017) and isobutanol (Guterl et al., 2012)
are produced at the concentrations that would be toxic to cells.

Cell-free biocatalysis has become an intrinsic part of the
synthetic biology revolution and in this context it has been
referred to lately as cell-free synthetic biology. However, it is
important to emphasize that assembling multi-enzyme functional
biocatalytic pathways using enzymes from different organisms is
not a simple exercise and requires a deep understanding of all
parameters that might affect enzyme activity and stability under
different operational conditions.

Prototyping

Several research groups over the last decade have taken advantage
of the use of CFS to overcome barriers such as the cell wall
and the fact that the usual microbial systems carry on with
growth as expressed by a number of metabolic pathways in
addition to the pathway of interest. The development of the
field and the advantages the prototyping process offers has
been reviewed in depth recently (Silverman et al., 2020). Cell-
free systems have long been used as single enzyme approaches
for the improvement of yields of particular biochemicals.
Recently, there has been emphasis on multi-enzyme complexes
in cascades in the development of pathway engineering and
it is clear that the rapid rise of synthetic biology owes much
to the controllable cell-free environment, the ability to direct
substrates toward the desired product and the facility with
which superior combinations of often heterologous enzymes
can be assembled. These issues have been reviewed in detail
recently and the reader is referred to Jewett et al. (2008);
Carlson et al. (2012), Gan and Jewett (2014), Hodgman and
Jewett (2013), Karim and Jewett (2016, 2018), Kelwick et al.
(2016), Moore et al. (2017b), and Silverman et al. (2020). Further
descriptions of pathway developments (for example, Dudley
et al, 2019, 2020 with limonene and isoprenoid synthesis).
There is the possibility of the synthesis of products that have
been prototyped with freeze-dried protein synthesis components
(Pardee et al,, 2016; Pardee, 2018) as well as opportunities
offered for the design and engineering of systems from the
bottom up in prototyping procedures as part of the design-
build-test cycle. Cell-free synthesis prototyping has been confined
largely to E. coli as a model organism and takes two forms.
The PURE system relies on purified cellular components (108
in total, Shimizu et al, 2001) and is available commercially
(New England Biolabs) but its high cost has prevented scale
up. Its main use is in small scale prototyping (Moore et al.,
2017b). A less expensive route is to employ crude cell lysates
where the results are scalable into high volume fermentations
(Zawada et al.,, 2011; Cai et al,, 2015) coupled with inexpensive
energy sources and an awareness of the problem of diversion
of at least some of the target product into other reactions. The
question of the applicability of CES to the production of certain
typical products has been roughly evaluated by Silverman et al.
(2020) and shown to be related to the cost price of the bulk
chemical produced by whole cell fermentation on one hand
and the production of bio-pharmaceuticals and vaccines by

CFS on the other.
A recent preprint from the Jewett group (Kriiger et al., 2020)

describes the use of prototyping for optimisation of protein yield
of a non-traditional but industrially relevant Clostridial host
as judged by luciferase bioluminescence. The cell free system
allowed rapid examination of a number of metabolites, pathways
and energy regeneration systems which were shown to vary
substantially from the standard E. coli conditions. They also
showed how the system could be used for increasing expression
of protein synthesis for the selected gene in C. autoethanogenum,
with the possibility of adaptation and optimisation of the
prototyping system for improvement of yields by solventogenic
and cellulolytic Clostridia.
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TABLE 1 | Cell-free enzyme pathways reported for the production of biofuels or high value chemicals from different substrates.

Substrate Product Enzymes? Reaction Reaction Production Production  References
temperature (°C) time (h) yield titre (mM)
(% mol/mol)
Monomeric
CO» Malate 17 30 1.5 CO, fixation rate: 0.5 Schwander et al., 2016
(CO, fixation) 12 pM min— 1P
COp, NHg Citrulline 3 40 2 >95 7.5 Alissandratos et al., 2019
Glycerol Pyruvate 3 50 24 93.2 9.3 Gao et al,, 2015
R-Acetoin 5 50 24 85.5 4.4
5-Deoxy-5-ethyl-D-xylulose 4 37 24 57¢ 43 Schoevaart et al., 2000
D-Fructose-1,6-biphosphate 5 22 24 28 2.84 Hartley et al., 2017
D-Fagomine 4 20 30 69 69 Babich et al., 2011
D-Fagomine 3 20 1209 70 30 Babich et al., 2012
D-Fagomine 3d 23 24 83-98 8.3-9.8 Hartley et al., 2019
D-Sorbose, D-Allulose 5 30 24 57.6 78.7 Liet al., 2020
Glucose Hydrogen 14 37 NA 48mMh-1P NAe Luetal., 2015
Ethanol 6 50 19 53 28.7 Guterl et al., 2012
Isobutanol 9 23 57 10.3
n-Butanol 16 50 7 82 3.5 Krutsakorn et al., 2013
2,3-Butanediol 3f 37 30 64 910 Kay and Jewett, 2015
n-Butanol 5 30 30 50 40 Karim et al., 2020
Cysteine 11 40 12 52.5 10.5 Hanatani et al., 2019
L-Lactate 10 50 10 100 12 Ye et al., 2012
L-Lactate 10 70 3 100 2.2 Ninh et al., 2015
L-Lactate 5 50 8 90 48.2 Xie et al., 2018
Glucose Malate 10 50 4 60 2.8 Ye et al., 2013
Mevalonate 3 37 20 46.9 119 Dudley et al., 2016
Limonene 27 25 168 88.3 91.7 Korman et al., 2017
a/B-Pinene 103.9 106.4
Pinene 169 37 12 104.7mgL~"h~'P 9.2 Niu et al., 2020
Fatty acids:
decanoic, lauric, myristic 30 37 4 9.3h 30mgL~""  Liuetal, 2017
and palmitic acids
Polyhydroxybutyrate 19 RT/ 30 94 57 Opgenorth et al., 2016
50 86 93.8
Glucose-1- Glucaric acid 6 85/40 10 35.2 14.1 Petroll et al., 2020
phosphate
Glucuronate  a-Ketoglutarate 5 25 5 92 515 Beer et al., 2017
Xylose Hydrogen 13 50 30 96 NA Martin del Campo et al., 2013
Myo-Inositol 11 70 6 96 16.1 Cheng et al., 2019
D-xylose D-1,2,4-butanetriol 4 37 40 48 57.5 Gao et al., 2019
Formaldehyde Dendroketose 5 30 40 86 5.7 Yang et al., 2018
Mannose ¥ L-lactic acid 4 50 18 30.3 4.4 Kopp et al., 2019b
D-Methionine  L-methionine 4 30 3 100 1.2 Findrik and Vasi¢-Racki, 2007
Dimeric
Lactose Pyruvate 2-3 30 7 97.9 20.3 Lietal, 2017
(Racemic) Acetoin 5 92.7 9.8
Acetaldehyde 4 66.9 13.6
Cellobiose Hydrogen 13 32 150 93.3 NA Ye et al., 2009
Sucrose Cellobiose 3 60 10 62.3 62.3 Zhong et al., 2017a
Myo-inositol 4 50/70 108 98 48 Zhong et al., 2017b
Glucaric acid 7 30 72 75 34.8 Su et al., 2019
Raffinose 4 30 96 39 72.4 Tian et al., 2019
Stachyose 5 30 84 11 22.5 Tian et al., 2019
Trehalose 3 37 24 8 6.62 Jung et al., 2013
Sucrose, cellodextrins 3 45 3 92 409 L1 Zhong and Nidetzky, 2020
Glucose
(Continued)
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TABLE 1 | Continued

Substrate Product Enzymes? Reaction Reaction Production Production References
temperature time (h) yield (% titre (mM)
(°C) mol/mol)
Polymeric
Cellopentaose Hydrogen 14 32 150 68 NA Ye et al., 2009
Corn stover’ Hydrogen 14 40 78 100 2.3mMh~"? Roliin et al., 2015
Amylose Myo-inositol 4 90 6 96 81 Fujisawa et al., 2017
Soluble starch 5 90 4 73 58
Potato 5 90 6 139/146 57/61
Maltodextrin D-Tagatose 3 50 24 208.7 Wichelecki, 2018
Maltodextrin Myo-inositol 6 70 48 98 54.9 You et al., 2017
5 70 48 76 527.3
Maltodextrin Fructose-1-6-bisphosphate 4 70 7 22.5 125 Wang et al., 2017
Maltodextrin, Laminaribiose 4 50 24 64.5 179 Sun et al., 2019
Glucose
Chitin Pyruvate 14 70 5 42 2.1 Honda et al., 2017
Whey UMP, D-Tagatose/D-Fructose 3 60 45/53 1049 Torres and Batista-Viera,
GloNA, L=Th=16m 2019
polyphosphate Uridine 5’-diphospho- 5 40 2 ~ 100 0.89g Mahour et al., 2018
N-acetylglucosamine L="h-1h

Updated from Petroll et al., 2019 2018 Elsevier Inc. @ Number of enzymes in the pathway. © Expressed as pathway productivity. © From L-glycerol-3-phosphate.
9 Continuous-flow biocatalysis. © NA; not available. © 10 glycolytic enzymes endogenous to host E. coli used and with 3 heterologous enzymes in a fed batch system.
9 Addition of lysates containing individually overexpressed enzymes. ' Sum of all fatty acids. ' RT; room temperature. | Monomer equivalents.  From Spent coffee grounds
(SCG). ! Contains about 3% cellulose and 21% xylan (Aden et al., 2002). ™ Pathway productivity for D-tagatose only.

APPLICATIONS AND SCALE UP

While the metabolic engineering field has traditionally centered
on cell-based production, cell-free systems in the form of multi-
enzyme biocatalysts have developed as an alternative system
in which a mixture of enzymes and cofactors support the
conversion of a substrate into a product. Construction of
pathways in a cell-free environment allows for more flexibility
and engineering freedom and cell-free pathway engineering is
developing toward a truly synthetic approach for metabolic
pathway design. In the design space, the only limitations
are set by stoichiometry, thermodynamics and influence of
the intermediates and cofactors brought into or produced
within the system. Therefore, cell-free approaches enable
the implementation and combination of pathways found in
nature, pathways with novel enzymes and pathways with
novel chemistries.

Cell-free synthesis has served as a platform technology for
a number of biotechnology and synthetic biology procedures
and the literature is replete with reviews and papers describing
its utilization (for example, Rosenblum and Cooperman,
2014; Smith et al., 2014; Khambhti et al., 2019; Rolf et al,
2019; Tinafar et al., 2019). This phenomenon may be linked
to its ability to synthesize proteins that are difficult to
produce with whole cells but also its uses in rapid pathway
prototyping, allowing accelerated selection of advantageous
mutants (comprehensively reviewed by Karim and Jewett, 2016,
2018). Cell-free synthesis has been central to diagnostic assays
based on CRISPR-cas9 and its adaptations for field use in
epidemic situations (see Marshall et al., 2018; Pardee, 2018)

as well as protein microarrays, microchips and miniaturization
(summarized in Rolf et al., 2019; Ayoubi-Joshaghani et al,
2020). For the interested reader, a comprehensive review
of the field is provided by Swartz (2018) but in general,
most applications have been at the level of the bench and
the commercialisation of the process has lagged behind the
academic science.

Substrates for Biomass Transformation

Enzymes and cofactors are mixed together in cell-free
biocatalysis to achieve the conversion of a substrate into a
final product (Sheldon and Woodley, 2018; Wilding et al.,
2018). In an industrial context, several challenges must be
met by cell-free biocatalysis in order to be competitive with
established chemical practices. They include robustness and
efficiency of the biocatalytic system, self-sufficiency of cofactor
requirements and resistance to inhibitory side products
(Schmidt-Dannert and Lopez-Gallego, 2016). Coupling the
activities of several enzymes and cofactors into cascade
reactions have been implemented to address the necessary
demands for the potential industrial application of cell-free
biocatalysts (Figure 1). Cell-free biocatalysis using multi-
enzyme cascades have been designed in the last decade to
assemble complete central metabolic pathways e.g., glycolysis
(Krutsakorn et al., 2013; Korman et al, 2017), TCA cycle
(Sokic-Lazic and Minteer, 2009) and fatty acid biosynthesis
(Yu et al., 2011). Cell-free biocatalytic systems have been used
in the assembly of natural and synthetic pathways for the
production of relevant chemicals including alcohols (Guterl
et al, 2012), polymers (Opgenorth et al., 2016), terpenes
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FIGURE 1 | Schematic illustration of selected in vitro synthetic pathways assembled for different monomeric and polymeric substrates. (A) Synthetic enzymatic

pathway for cell-free conversion of mannose obtained from spent coffee grounds into lactic acid. Enzymes are in bold, reduced cofactor in red. AldT, aldohexose

dehydrogenase; ManD, mannonate dehydratase; KDGA, 2-keto-3 deoxygluconate aldolase; LDH, lactate dehydrogenase; G3P, glyceraldehyde-3-phosphate;
(Continued)
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FIGURE 1 | Continued

1-phosphate. Adapted from Cheng et al. (2019).

DHAP, dihydroxyacetone phosphate. Adapted from Kopp et al. (2019b). (B) Non-fermentative cofactor-free enzymatic pathway for the inositol synthesis from starch.
Enzymes include aGP, a-glucan phosphorylase; PGM, phosphoglucomutase; IPS, inositol-1-phosphate synthase; IMP, inositol monophosphatase. Chemical
compounds are G1P, glucose 1-phosphate; G6P, glucose 6 phosphate; 1P, inositol 1-phosphate; Pi, inorganic phosphate; Gic, glucose; (Glc)n, starch or
maltodextrin with the number of degree of polymerization of n; ATP, adenosine triphosphate; ADP, adenosine diphosphate. Adapted from You et al. (2017).

(C) Synthetic enzymatic pathway for the synthesis of myo-inositol from D-xylose. Enzymes are XI, xylose isomerase; XK, xylulokinase; RPE, ribulose 5-phosphate
epimerase; RPI, ribose 5-phosphate isomerase; TK, transketolase; TAL, transaldolase; TIM, triose phosphate isomerase; ALD, fructose- bisphosphate aldolase; FBP,
fructose 1,6-bisphosphatase; PG, phosphoglucose isomerase; IPS, inositol 1-phosphate synthase; IMP, inositol monophosphatase. Key metabolites include Xu5P,
xylulose 5-phosphate; G6P, glucose 6-phosphate; Ru5P, ribulose 5-phosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate; G3P, glyceraldehyde
3-phosphate; E4P, erythrose 4-phosphate; DHAP, dihydroxyacetone phosphate; F16P, fructose 1,6 bisphosphate; FEP, fructose 6-phosphate; 11P, inositol

(Korman et al., 2017) and sugar fermentation and oxidation
(Guterl et al., 2012; Xu and Minteer, 2012; Opgenorth et al., 2016;
Zhu and Zhang, 2017).

So far, multi-enzyme biocatalysis has relied heavily on
substrates obtained from refinery (glucose) or fermentation
processes (glucose-6-phosphate) (Woodward et al., 2000; Guterl
et al,, 2012; Ye et al., 2012; Krutsakorn et al., 2013; Dudley
et al., 2016; Liu et al, 2017; Zhu and Zhang, 2017). The
concept of a circular economy is based on waste minimisation,
valorisation and recycling (Imbert, 2017) and as such, the
utilization of waste as substrate is central for developing
sustainable biomanufacturing processes. Demand from national
and international organizations as well as increasing public
environmental and socio-economic concerns have shifted the
attention to the use of renewable waste as a source of substrates
for biocatalysis (Koutinas et al., 2014; Bilal and Igbal, 2019).
Diverse waste streams which include agricultural, industrial
and municipal wastes are rich in carbohydrates, proteins
and lipids, making them a potential feedstock for enzymatic
processes to produce high value bioproducts. Biopolymers like
cellulose, hemicellulose, lignin and starch have been recognized
particularly as substrates for biofuel production (Pleissner and
Lin, 2013). However, recent studies have shown that the
conversion of biomass waste into bulk chemicals is 3.5 times less
expensive than converting it into biofuels (Tuck et al., 2012).

An estimated 140 billion m® tons of biomass wastes
are generated annually from agriculture (United Nations
Environment Programme [UNEP], 2015). While the
average agricultural biomass contains approximately 50-
60% cellulose/hemicellulose and 15-25% lignin (Kenney et al.,
2013) less attention has been given to other natural sources of
polysaccharides including marine polysaccharides and plant
gums (Mukherjee and Gupta, 2015). An estimated 1.3 billion
tons of food are wasted globally each year (Food and Agriculture
Organization [FAO], 2011). UNEP in partnership with the FAO
are focused on reducing food waste by 50 per cent by 2030
(United Nations Environment Programme [UNEP], 2018).
Food processing results in the production of wastes in the
form of liquids, solids, or semi-solids. Many food industries
utilize large quantities of water in sanitation, cleaning and
cooking processes and generate effluents that contain diluted
organic compounds, nitrogen and fats. Examples include potato-
processing wastewater, fruit residue sludges, whey from dairy
manufacturing, bakery and brewery industry effluents. On the
other hand, solid food wastes are rich in polysaccharides (e.g.,

lignin, cellulose, starch) and monosaccharides (e.g., glucose and
fructose). Examples include potato and tomato wastes, wastes
from bread production, apple and grape pomace and soybean
curd residue (Tuck et al., 2012; Hegde et al., 2018; Bilal and
Igbal, 2019). Some examples of potential renewable substrates
currently used for cell-free multi-enzymatic biocatalytic systems
are presented below and summarized in Table 1.

The corn milling process produces corn steep water as by-
product. It is rich in proteins and contains simple and complex
carbohydrates which can be converted further to racemic lactate
through Lactobacillus-aided fermentation (Hull et al, 1996).
However, many lactate-based industries demand optically pure
lactate. Several cell-free multi-enzyme pathways were assembled
by Li et al. (2017) using D-lactate oxidase, L-lactate oxidase,
pyruvate decarboxylase and catalase for the conversion of
racemic lactate from corn steep water into acetaldehyde, pyruvate
and acetoin. The pathways were designed to include stereo-
selective oxidases to produce optically pure L- or D-lactate.

In an earlier study, Rollin et al. (2015) demonstrated for
the first time the production of hydrogen directly from pre-
treated plant biomass using cell-free biocatalysis. Corn stover
was converted to xylose and glucose using acid hydrolysis
and enzymatic degradation and the sugars were simultaneously
converted to hydrogen using a cell-free synthetic pathway
assembled with more than 10 purified enzymes. A combination
of kinetic modeling, improved enzyme loading, increased
substrate concentration and reaction temperature resulted in
a 67-fold increase in productivity with a final production of
54 mmol H, L~ h™L.

Chitin is the second most abundant organic compound
on earth and is a polymer made of P-1,4-linked-N-
acetylglucosamine subunits. It is found primarily in the
exoskeleton of crustaceans and fungal cell walls (Gooday, 1990).
Worldwide, more than 6 million tons of waste containing chitin
is produced annually mainly from the crab, shrimp and lobster
industries (Yan and Chen, 2015). To address the challenge
of using a single bioreactor system that combined enzymatic
saccharification and microbial fermentation at different optimum
temperatures, Honda et al. (2017) designed a one-pot cell-free
multi-enzyme pathway for the conversion of colloidal chitin into
pyruvate. The pathway incorporated 12 thermophilic enzymes
which were produced heterologously in E. coli and obtained
after a heat treatment of the cell extract. The system combined
a chitin degradation module and a cofactor-recycling module
and produced 0.62 mM pyruvate in 5 h from 0.5 mg mL~!
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colloidal chitin at 70°C. However, the long-term bioconversion
was affected by the use of semi-purified enzyme preparations
which resulted in ATP degradation by the host enzyme(s).

Coffee is one of the world’s largest traded commodities with an
annual production of almost 10 billion kg beans (International
Coffee Organization, 2019). However, only 30% of the coffee
grounds are solubilised during coffee preparation, creating a
waste stream that primarily ends up in landfills (Fernandes
et al., 2017). Spent coffee grounds (SCG) are the primary end
product of industrial coffee production and beverage preparation
and are rich in polysaccharides, lipids and proteins (Massaya
et al, 2019). In the context of a circular economy, SCG are
an under-utilized industrial waste resource with potential of
becoming an ideal feedstock for enzymatic valorisation in the
production of fine chemicals. Reutilisation of SCG waste has
been reported for the production of biofuels (Caetano et al.,
2012; Vardon et al.,, 2013), as a source of bioactive secondary
metabolites (Ramalakshmi et al., 2009), immunostimulatory
oligosaccharides (Takao et al, 2006) and for the extraction
of phenolic compounds (Zuorro and Lavecchia, 2012). SCG
is made up of approximately 50% carbohydrates and is rich
in galactomannan, a polysaccharide containing a mannose
backbone with galactose side groups. However, only a few studies
have been undertaken specifically to utilize this component of
SCG (Campos-Vega et al., 2015). One example is the recent work
reported by Kopp et al. (2019a) who assembled a functional non-
phosphorylative synthetic pathway to convert mannose obtained
from SCG into lactic acid (Figure 1A). The cell-free multi-
enzyme pathway comprised three thermostable enzymes from
the thermoacidophilic archaeon Thermoplasma acidophilum,
including a newly identified mannonate dehydratase and a 2-
keto-3-deoxygluconate aldolase (Kopp et al.,, 2019b). The last
enzyme of the pathway, a lactate dehydrogenase from Bacillus
stearothermophilus, catalyzed the conversion of pyruvate into
lactic acid. The pathway assembled represents the shortest
known enzymatic conversion of mannose into lactic acid and
was able to produce 4.4 mM lactic acid from 14.5 mM SCG-
derived mannose.

Glycerol is a versatile non-toxic, biodegradable and recyclable
“green solvent” which is the main coproduct in the biodiesel
process. Global biodiesel production has grown steadily
in recent years with more than 30 million m® produced
in 2015 (REN21, 2017). During the biodiesel process the
transesterification reaction produces biodiesel and glycerol,
with glycerol comprising 10% of the total biodiesel generated
(Johnson and Taconi, 2007). In 2011, only 40% of the 5.1 million
tons of the glycerol produced worldwide was used and with
a global production expected to surpass 7.6 million tons by
2020, the surplus is anticipated to increase dramatically (Anuar
and Zuhairi, 2016). Consequently, currently there is an urgent
need for alternative applications for the use of surplus glycerol.
Accordingly, there is growing interest in the use of glycerol as
substrate for biocatalysis and its conversion into value-added
chemicals. One of the first cell-free enzymatic cascades for
the conversion of glycerol into pyruvate was reported by Gao
et al. (2015). The simplified synthetic pathway consisted of only
three enzymes (alditol oxidase, dihydroxy acid dehydratase,

and catalase) without the need for NADT/NADH as cofactors.
However, this initial pathway was not suitable for the production
of chemicals with higher degrees of reduction (e.g., lactate,
alanine, 2,3-butanediol and ethanol). An improved cell-free
multi-enzyme pathway was described recently for the production
of L-lactate from glycerol using four thermostable enzymes
(alditol oxidase, dihydroxy acid dehydratase, catalase and
L-lactate dehydrogenase) coupled to an NADH regeneration
system using a formate dehydrogenase. The modified system
produced 34.4 mM L-lactate from 50 g/L glycerol after 72 h at
50°C (Li et al., 2018).

Several enzymatic cascades have been reported for the
synthesis of non-natural carbohydrates from glycerol. For
example, Schoevaart et al. (2000) assembled an alternative four
enzyme pathway based on phosphorylation of glycerol with
a phytase enzyme. The one-pot enzyme reaction combined
four different enzymes; a phytase, glycerol phosphate oxidase,
catalase and fructose-1,6-biphosphate aldolase to produce
5-deoxy-5-ethyl-D-xylulose from glycerol. Starting from glycerol
and pyrophosphate, a 57% yield of 5-deoxy-5-ethyl-D-xylulose
was obtained from l-glycerol-3-phosphate. In another study,
the conversion of glycerol to dihydroxyacetone phosphate
(DHAP) was reported with a one-pot four-enzyme cascade
composed of glycerol kinase (Thermococcus kodakarensis),
acetate kinase (Mycobacterium smegmatis), glycerophosphate
oxidase (Mycoplasma gallisepticum) and catalase (Micrococcus
lysodeikticus) (Hartley et al, 2017). The cascade achieved
88% conversion of glycerol to DHAP in 1 h at 22°C. The
pathway was coupled with a DHAP-dependent fructose-1,6-
biphosphate aldolase enzyme from Staphylococcus carnosus
to produce the rare chiral sugars D-fructose-1,6-biphosphate
(3S, 4R) and 3,4-dihydroxyhexulose phosphate (3S, 4R).
D-fagomine is a naturally occurring iminocyclitol (iminosugar)
found in plants which has an antihyperglycemic effect (Asano
et al, 1994). Recently, Hartley et al. (2019) implemented
a novel approach to convert glycerol into D-fagomine
precursor using single-molecule multi-enzyme biocatalysts
that retain and recycle their cofactors (Figure 2). A three-step
cascade initially was used to phosphorylate glycerol which
was then oxidized to form dihydroxyacetone phosphate. In
the final step, D-fagomine was produced via an aldolase-
dependent reaction. This three-step cascade was integrated
into a continuous-flow reactor system that produced up to
70 ¢ L' h™! g=! D-fagomine and thus displayed higher
yields compared to previously reported chemical syntheses
(Castillo et al., 2006).

Plant biomass degradation has been reviewed at a top down
level by Schillberg et al. (2019) who address broadly the problems
associated with the production of proteins but conclude that
some plant-derived recombinant proteins are competitive in
niche areas. Wu et al. (2017) described the isolation of a potential
thermophilic cellodextrin phosphorylase that was able to use
long chain cellodextrins for the synthesis of oligosaccharides.
The potential for the production of pyruvate from glucose was
discussed as part of a general approach to the degradation of
biomass with emphasis on the growth conditions used for the
generation of the cell free extracts (Garcia et al., 2018).
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Multi-enzyme biocatalytic systems show great potential for
effectively catalyzing value-added bioconversion processes. At
the center of the biobased economy movement is the substitution
of oil-derived products with products obtained from renewable
and socially responsible resources such as plant-derived
carbohydrates, lipids from algae or waste streams. The examples
provided above are only a limited sample of waste streams and
industrial by-products that are available as potential substrates
for cell-free multi-enzyme based biomanufacturing. Any effective
utilization of these substrates will need consideration of their
chemical complexity and the ability to direct their degradation
products into a multi-enzyme system without compromising
enzyme activities and production costs.

Cofactor Regeneration Systems

Many enzymes rely on cofactors for their catalytic activity
(Zhao and van der Donk, 2003). Cofactors are low molecular
weight organic or inorganic compounds that play a major
role in cell-free biocatalysis where reactions rely on the supply
of exogenous cofactors which are expensive supplements in
industrial biocatalysis. For example, with the approximate cost
of NADH at $260 per gram and for cell-free biocatalysis to
be economically attractive, cofactors must be regenerated and
recycled (Britton et al., 2018). Accordingly, cofactor cost and
recycling have hampered the implementation of cell-free multi-
enzyme biocatalysis at the industrial level and many efforts
have been made to avoid their use (Welch and Scopes, 1985;
Opgenorth et al., 2014; Nowak et al., 2015; Honda et al., 2016;
Beer et al., 2017). The interested reader is referred to Zhao and
van der Donk (2003) and Andexer and Richter (2015) for a
more comprehensive review on cofactor regeneration and ATP
regeneration systems, respectively. Expensive cofactors also can
be replaced using synthetic NAD-based biomimetics developed
to retain the enzyme-recognition moieties and which can be
engineered to be more stable than that their natural counterparts
(Nowak et al,, 2015, 2017). A more expanded discussion on
the application of synthetic NAD-based biomimetics is provided
by Paul and Hollmann (2016).

Cell-free cofactor regeneration and recycling can be achieved
by integrating auxiliary enzymatic reactions which regenerate the
spent cofactor using an inexpensive substrate cofactor to reduce
dependency and costs. For example, NAD™ can be recovered by
adding a water-forming NADH oxidase that oxidizes NADH to
NAD™ (Geueke et al., 2003; Gao et al., 2012; Nowak et al., 2015;
Beer et al., 2017). Similarly, NADH can be recovered from NAD™
and from less expensive substrates (e.g., formate or glucose) using
a formate or glucose dehydrogenase (Van der Donk and Zhao,
2003). For ATP regeneration, the incorporation of polyphosphate
kinases, which accept inexpensive polyphosphate, can be used to
synthesize ATP from ADP or AMP in ATP-dependent reactions
(Nocek et al., 2008; Schwander et al., 2016).

It is highly desirable to use more robust thermostable
enzymes in many applications. In such conditions biocatalysis
is usually performed at temperatures above 50°C at which heat-
labile cofactors including NAD(P)H and ATP tend to degrade
rapidly. In cell-free systems, the loss of heat-labile cofactors
at these higher temperatures must be overcome by continuous

supply of exogenous cofactor resulting in a more costly process
(Ye et al, 2012; Huang et al, 2016). Several alternative
strategies have been developed to address this challenge. In
one example, a chimaeric version of the Embden-Meyerhof-
Parnas pathway was developed using exclusively thermophilic
enzymes from bacteria and archaea. In this non-ATP forming
pathway, ATP-balanced conversion of glucose to lactose was
achieved by replacing the enzyme pair glyceraldehyde-3-
phosphate dehydrogenase and phosphoglycerate kinase by a non-
phosphorylative glyceraldehyde-3-phosphate (Ye et al., 2012).
A multi-enzyme, cell-free NAD salvaging pathway was reported
which was composed of 8 thermostable enzymes produced
heterologously in E. coli. The heat-treated crude extracts were
used directly as the enzyme source and were capable of
sustaining a constant NADT concentration for 15 h at 60°C
(Honda et al., 2016).

Oxidative non-phosphorylative pathways also have been used
to circumvent cofactor dependence in cell-free multi-enzyme
biocatalysis. For example, Guterl and co-workers reported the
production of ethanol and isobutanol from glucose by assembling
a combination of the archaeal non-phosphorylative Entner-
Doudoroft (np-ED) pathway and the isobutanol and ethanol
pathways (Guterl et al. 2012). In the initial step glucose was
oxidised to pyruvate via a cofactor-balanced pathway which relied
on enzymes of the archaeal np-ED. In the second step, pyruvate
was converted to either isobutanol or ethanol depending on
the enzyme selection. While a conventional glycolytic pathway
requires 13 enzymes, as well as NADH and ATP for the
conversion of glucose to ethanol (Welch and Scopes, 1985),
the modified oxidative non-phosphorylative pathway required
only 6 enzymes and a single cofactor. Similarly, Xie et al.
(2018) used a cofactor (NADH)-balanced cell-free pathway
without ATP and only 5 thermophilic enzymes to produce
lactate from glucose via pyruvate, achieving a product yield
of ~90%. Oxidative non-phosphorylative pathways also are
available for sugars other than glucose (e.g., mannose, arabinose,
galactose, and xylose) that are abundant in biomass and thus
provide more opportunities to assemble cell-free multi-enzyme
pathways with minimum cofactor requirements. Recently, a
cell-free reaction cascade (Figure 1A) for the conversion of
mannose into lactic acid was reported based on a so far unknown
oxidative mannose metabolism from Thermoplasma acidophilum
(Kopp et al., 2019a,b). The pathway was assembled using only 4
thermostable enzymes to achieve the bioconversion and was free
of phosphorylated intermediates and cofactors.

Other strategies to overcome cofactor limitation and recycling
include the design of self-sufficient heterogenous biocatalysts
by co-immobilizing enzymes and cofactors onto solid phases
in which enzyme and cofactor remain catalytically active and
available for several reaction cycles. However, systems like these
have shown reduced enzymatic activity toward the immobilized
cofactors, limited recycling of immobilized enzymes and
cofactors, displayed low turnover numbers of immobilized
cofactors and low scalability of the overall system (El-Zahab
et al., 2008; Fu et al., 2014; Beauchamp and Vieille, 2015; Ji
et al., 2015). To overcome these limitations, Velasco-Lozano and
co-workers designed self-sufficient heterogeneous biocatalysts
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with enzymes and cofactors within the same porous microbead
(Velasco-Lozano et al., 2017). The enzymes were irreversibly
bound to the polyethyleneimine(PEI)-coated agarose microbeads
while the negatively charged cofactors were reversibly absorbed
onto the positively charged PEI attached to the microbead
surfaces. As a result of the dynamic adsorption via ion-exchange
interactions to the solid surface or porous space, the cofactors
are in a continuous association/dissociation equilibrium, with
an exchange between enzyme active sites and the microbead
surfaces, resulting in a self-regenerating system. This technique
was used to design a self-sufficient heterogenous biocatalyst
which consisted of two dehydrogenases co-immobilized with
NAD™ for the symmetric reduction of ketones with 100%
conversion yield and without the need of adding exogenous
cofactor. The application of self-sufficient heterogeneous
biocatalysts was expanded to the successful synthesis of
chiral alcohols using a NADPH-dependent ketoreductase co-
immobilized with NADPH to catalyze asymmetric reductions
without added exogenous cofactor (Benitez-Mateos et al., 2017)
and for the co-immobilization of w-transaminases and pyridoxal
5-phosphate for the enantioselective deamination of model
amines (Benitez-Mateos et al., 2018).

In another recent elegant approach, Hartley et al. (2019)
designed a single molecule biocatalyst which was composed of
three different modules (Figure 2); a catalytic module (drives
synthetic reaction), a cofactor-recycling module (regenerates
cofactor) and an immobilization module (mediates conjugation
to surface). In this strategy, all three modules were expressed
as a single recombinant protein in E. coli with each module
separated by a short amino acid spacer. This system was used
in a three-step continuous flow-reactor for the production of
D-fagomine precursor. In the reaction, glycerol was converted
via an initial phosphorylation and then an oxidation reaction
to dihydroxyacetone phosphate which served as substrate
in a subsequent cofactor-independent aldolase-catalyzed aldol
addition reaction. The combination of this single-molecule
multi-enzyme biocatalyst and the continuous flow-reactor system
resulted in up to 70 g L= h=! g-1 of D-fagomine precursor.

In a circular economy, utilization of organic wastes as
substrates is central for developing sustainable biomanufacturing
processes. Similarly, avoidance of unfavorable cofactor
dependency, which might result in more costly processes,
is critical for the competitiveness of cell-free biocatalysis against
established practices.

Cell-Free Enzyme Pathways

Recent examples of cell-free enzyme pathways which utilize from
3 to 30 enzymes either as cell lysates or purified enzymes are
presented in Table 1. In most of the pathways, the product titres
approach their maximum theoretical yields but there are some
drawbacks such as intermediates that are diverted toward other
cellular metabolites, process temperature and toxicity. We have
focussed on glucaric acid biosynthesis but the Table illustrates
how diverse this research area has become in a relatively short
time. It shows also how sophisticated some of the pathways
have become in the development of complex enzyme cascades.
This outcome is reflected in many areas where research has

been aimed at greener solutions to energy production, plastic
pollution, upgrading of waste materials and replacement of
petroleum-based products by biologically based ones of a value-
added nature. One trend that is apparent has been the use of
thermophilic enzymes in many pathways to take advantage of
the robust nature of these proteins. We review below some of the
many publications on relevant cell-free approaches to some of the
problems indicated and acknowledge that we have not included
many papers that are also significant.

Production of glucaric acid has attracted attention since being
named as a top value-added chemical from biomass by the
United States Department of Energy as it has shown value as a
therapeutic agent and has a role in the chemical industry as an
intermediate in slow-release fertilizers, biodegradable polymers
and detergents. Most glucaric acid is produced by nitric acid
oxidation of glucose and attempts at whole cell fermentative
production by E. coli and yeast have not been economically viable
(Moon et al., 2009; Gupta et al., 2016). A cell-free synthetic
pathway was described by Su et al. (2019) that used seven
enzymes in a one-pot reaction at a moderate temperature in
the production of glucaric acid from 50 mM sucrose, producing
35 mM glucaric acid in 70 h (75% molar yield) (Figure 3A).
The kinetic parameters of the rate- limiting enzyme, myo-inositol
oxygenase (MIOX) were compared from various biological
sources and the one from Arabidopsis thaliana was reported
to have the highest specific activity. They used the addition
of 10% NaOH in fed-batch mode to maintain the stability of
enzymes which could be further improved via immobilization.
Glucaric acid synthesis decreased when concentrations of over
50 mM sucrose were used or after 24 h when additional MIOX
supplementation was required. The pathway used NOX (NADH
oxidase, EC 1.6.3.1) enzyme for cofactor regeneration.

Petroll et al. (2020) reported the cell-free enzymatic
production of glucaric acid from glucose-1-phosphate with
a titre of 14.1 mM using free enzymes and 8.1 mM using
immobilized enzymes with a total reaction time of 10 h in a two-
pot reaction system incorporating a cofactor regeneration system
(Figure 3B). The highest productivities, 0.30 g h~! L~! for free
enzymes and 0.170 g h=! L=! for immobilized enzymes, so far
were reported for glucaric acid production using a synthetic
enzyme pathway. The two-pot reaction was necessary because
of the comparative thermal instability of the Mus musculus
MIOX, the Fulvimarina pelagi uronate dehydrogenase and the
Lactobacillus rhamnosus NADPH oxidase enzymes as part of the
synthetic pathway.

Thaore et al. (2020) have published a techno-economic
and a life cycle analysis of the production of glucaric acid
from corn stover by oxidation of glucose and showed at least
in silico, that a commercially competitive product could be
produced in each pathway. Azeotropic concentration at a low
temperature of the glucaric acid was proposed for the enzymatic
pathway to overcome the occurrence of D-glucaro-1,4-lactone
but Petroll et al. (2020) demonstrated that it could be converted
to glucaric acid by a simple heat treatment under alkaline
conditions (Figure 3B).

A number of other systems utilizing synthetic biology,
multi-enzyme biocatalysis and cell-free synthesis aimed at the
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FIGURE 3 | Schematic representation of glucaric acid (GlucA) synthesis using multi-enzyme pathways. (A) GlucA production from sucrose using mesophilic
enzymes. SP, sucrose phosphorylase; PGM, phosphoglucomutase; IPS, inositol 1-phosphate synthase; IMP, myo-inositol monophosphatase; MIOX, myo-inositol
oxygenase; UDH, uronate dehydrogenase; NOX, NADH oxidase; P;, inorganic phosphate. Production of inositol by IMP produces P; which is recycled in the first
step of the reaction. Adapted from Su et al. (2019). (B) Production of GlucA from glucose-1-phosphate (G1P) using a two-batch reaction of the upper and lower
pathway. Mainly thermophilic enzymes were selected for the pathway. Enzyme concentrations are shown in U mL™", MIOX was pre-activated with Fe and Cys;

(Continued)

Frontiers in Energy Research | www.frontiersin.org

12 August 2020 | Volume 8 | Article 193


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Bergquist et al.

Cell-Free Biocatalysis

FIGURE 3 | Continued

the immobilized NAD+ regeneration system (Nox-L) and conversion of glucaro-1,4-lactone to GlucA are shown. Enzymes carrying a silica-binding peptide (L) were
immobilized onto zeolite while MMMIOX was used as free enzyme. PGM-L, phosphoglucomutase; IPS-L, myo-inositol-3-phosphate synthase; IMP-L,
inositol-1-monophosphatase; LUdh, uronate dehydrogenase; Nox-L, NADH oxidase; MmMIOX, myo-inositol oxygenase; G16BP, glucose 1,6-bisphosphate; RT,
room temperature. Reproduced with permission from Petroll et al. (2020) 2018 Elsevier Inc.

production of several intermediates and precursors have been
described. We review an incomplete range of these systems
and their applications. Terpenes are a large class of industrially
relevant substances that have found uses such as flavors,
fragrances vitamins and pharmaceuticals. Many are plant-
derived and suffer from low yields in nature. Both E. coli
and Saccharomyces cerevisiae have been engineered genetically
to produce a variety of mono-, di, and sesqui-terpenes but
the yields necessary for commercial success have not been
achieved, partially due to toxicity barriers (reviewed by Korman
et al,, 2017). A cell-free system was constructed consisting of
27 enzymes for the conversion of glucose to monoterpenes
such as pinene, limonene and sabinene with the concurrent
regeneration of NADPH and ATP. Conversion yields of more
than 95% and titres of more than 15 g L™! were achieved
(Korman et al., 2017). The pathway was constructed from
enzymes of the glycolytic pathway feeding acetyl-CoA into the
8 pathway as well as some auxiliary enzymes to regenerate
cofactors. Different mono-terpenes were produced by using
alternative terpene synthases in the final step of the combined
pathways. The enzymes were cloned and expressed individually
using His-tags and combined in suitable ratios for maximal
synthesis as an example of multi-enzyme catalysis. The synthesis
of limonene from glucose continued for at least 5 days until the
glucose was exhausted.

A simplification in the production of limonene was reported
by Dudley et al. (2019) who used a mixture of cell-free lysates
from E. coli each containing a single over-expressed enzyme
in the pathway using mevalonate as substrate and then using
glucose plus native enzymes in the extracts to convert glucose to
mevalonate plus the similar addition of lysates containing three
additional enzymes. The crude lysates supported the complex
biochemical metabolism involved and the general approach has
promise for construction and characterisation of other pathways.
Using a similar approach, Moore et al. (2017b) described the one-
pot synthesis involving a purified five enzyme cascade from the
substrate tyrosine to the valuable chemical raspberry ketone as
the result of balancing the key cofactor, coenzyme A, to give an
economically valuable yield unobtainable in whole cell catalysis
with E. coli and S. cerevisiae.

Pinene production was reported to be improved by a
combinatorial approach using tolerance, evolution and
modular coculture engineering using a cell-free system that
was constructed using the upstream module from E. coli strain
MEVI and the downstream module from E. coli strain PINE
(Niu et al., 2020). On scale-up it was found that the surface area
to volume ratio altered cell-free synthesis of pinene. The titre
obtained was lower than that of Korman et al. (2017) but the
productivity was 18% higher. The fed batch mode could not
be used to increase pinene production due to the formation of

precipitate in the cell-free reaction system but immobilization of
the crude lysate may enhance its production.

An early attempt at the simple in vitro production of the
next generation fuel, n-butanol, was reported by Krutsakorn
et al. (2013) who took advantage of the thermostability of
enzymes from common thermophiles when expressed in the
mesophilic host E. coli which allowed partial purification by
exposure to high temperatures. They designed a heterologous,
oxygen-insensitive pathway for the direct conversion of glucose
to n-butanol by producing sixteen catalytic modules that were
balanced for consumption and regeneration of ADP and ATP
and NAD+ and NADH with flux optimisation for each enzyme.
Most enzymes were cloned from Thermus thermophilus but
others were from archaea such as Thermococcus and Pyrococcus
with a weak point (in retrospect) being the use of a Sulfolobus
dehydratase in the 3-hydroxybutyryl-CoA to crotonyl-CoA step.
However, when optimized, the pathway produced n-butanol at a
molar yield of 82%.

The replacement of fossil fuels in the production of high value
chemicals was examined by Sutiono et al. (2020) with reference
to cell-free bio-transformations of D-glucose and glycerol to
pyruvate as a precursor for alcohols, amino acids and other
building blocks. They concentrated on the slow dehydration step
of D-glycerate to pyruvate catalyzed by Sulfolobus solfataricus
previously incorporated into enzyme cascades and searched for
alternative enzymes with higher activities, finding two distinct
enzymes with greater activity and higher turnover numbers than
the enzyme from S. solfataricus. Replacement of this enzyme by
the dehydratase from Paralcaligenes ureilyticus led to a 10-fold
increase in total production at 92% theoretical yield and was
compatible with glycerol as a substrate eliminating a bottleneck
with the enzyme cascade. This research demonstrated again the
value of combining heterologous enzymes (plus several auxiliary
enzymes) in a synthetic cascade to provide greater yields of the
final product which were enabled by multi-enzyme catalysis using
partially purified catalysts.

Other researchers have focused on assembling enzymatic
catalytic cascades from natural and non-natural sources for the
conversion of waste products into value-added biochemicals
or precursors. For example, a cell-free reaction cascade was
constructed to convert spent coffee grounds into lactic acid
(Kopp et al., 2019a). Four thermostable enzymes were combined
in a one-pot reaction which gave an initial yield of 44 mM
lactic acid with scope for further improvement (Figure 1A
and see section “Substrates for Biomass Transformation”).
Biologically based bioplastics to replace those derived from
petroleum have been a source of interest for many research
groups. Kelwick et al. (2018) described an E. coli-based cell-free
system for the production of polyhydroalkanoate (PHA) plastics
from whey permeate in an enzyme cascade with constitutive
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phaCAB operon products, P-galactosidase and acetyl-CoA
provided by glycolysis and aided by a plasmid carrying T
RNA polymerase. The authors note that the biodegradable PHA
plastics are more expensive to produce than the petroleum-
sourced products and suggested that the system proposed
would be valuable at the microplate level in the search for
more efficient producer combinations (see section “Cell-Free
Enzyme Pathways”).

The commodity chemical 2,3-butanediol (2,3-BD) has
applications in the manufacture of several products including
inks, perfumes, explosives, polymers, paint, flavorings, and
pharmaceuticals. It is difficult to synthesize 2,3-BD chemically
as a single chiral form so that biological pathways that produce
only one isoform are preferred. Kay and Jewett (2015) developed
a pathway for the production of 2,3-BD from pyruvate in
three steps that required only NADH as cofactor. They created
strains of E. coli with heterologous pathways for 2,3-BD from
pyruvate using bacterial crude cell lysates containing all enzymes
necessary for the conversion. Recent advances in purified
cell-free systems enabled a continuous supply of reducing
equivalents and ATP, producing high titres but they might not
be sustainable economically (Korman et al., 2014, 2017). The
crude lysate of the engineered E. coli reached 82 g L™! titre in
a 30 h fed-batch mode with 11.3 g L~! h™! peak volumetric
productivity (Kay and Jewett, 2015). They identified conditions
tolerated by the crude lysate of E. coli but toxic to whole cells
such as antibiotics, polar solvents and pre-treated biomass
hydrolysates. Although polar solvents affected enzyme stability
in the biosynthetic reaction, the rate of 2,3-BD production is
better than in the equivalent E. coli strains. Lower hydrophobic
compounds had better tolerance at a greater fraction of total
volume than the live E. coli strains. Pre-treated biomass
hydrolysate samples were used in place of glucose and showed
a 25% decrease in response to lignocellulose-derived toxins
and lignocellulose-derived toxins like p-coumaric and ferulic
acid, 5-hydroxymethyl-2-furaldehyde (HMF), coumaroyl and
feruloyl amides were tolerated better by cell-free systems rather
than intact cells. The conversion of cellodextrins from biomass
into high energy phosphorylated oligosaccharides such as
glucose-1-phosphate and glucose-6-phosphate in stoichiometric
amounts was reported by Meng et al. (2018) using a three-
enzyme cascade of a cell-free phosphorolytic enzyme system.
They demonstrated the production of high concentrations of
inositol from cellodextrins and showed that the cell-free system
was not affected by toxins that limited production in whole cells
of E. coli.

Problems of Scale-Up in Cell-Free
Synthesis

Cell-free synthesis systems and pathways have been used
extensively in the research and developmental areas but once
the isolation of an improved form of the enzyme or pathway
has been generated, commercial amounts usually are produced
in vivo by traditional methods (reviewed in The Economist,
2017a,b; Rolf et al., 2019; The Economist, 2019). Only rarely
have the results been published of scale up experiments. For

example, Fujiwara and Doi (2016) achieved production of green
fluorescent protein at the 9 liter level at 0.5 mg mL™! with
the expectation that the procedure could be scaled up to
hundreds of liters. Researchers at Sutro Pharma Inc (South
San Francisco, CA, United States) reported the linear scalability
of their procedure to 100 L at a yield of ~0.7 mg mL~! for the
synthesis of human granulocyte-macrophage colony-stimulating
factor (Zawada et al., 2011). This development provides the cost-
effective opportunity for the production of human therapeutic
proteins and further scale up may not be essential [reviewed
by Ogonah et al. (2017)].

The biotransformation of starch to myo-inositol at an
industrial scale was reported by You et al. (2017). Myo-inositol
is widely used in the pharmaceutical, cosmetic and food and
feed industries and is produced mainly by chemical hydrolysis of
phytate with accompanying problems of waste disposal, substrate
and product isolation costs. Accordingly, the more “green”
approach used partially purified hyperthermophilic enzymes to
construct a multi-enzyme module that could convert starch to
myo-inositol in a one pot reaction (Figure 1B). The catalytic
cascade was composed of four enzymes from archaea and
was supplemented by two other hyperthermophilic enzymes
and was shown to be scalable to a 20,000 L reactor (You
et al, 2017). A similar approach but involving some different
sources of enzymes from hyperthermophiles was employed
to catalyze synthesis of myo-inositol from sucrose (Zhong
et al., 2017b). They developed a thermal cycling cascade
using the less temperature-resistant sucrose phosphorylase
immobilized on cellulose carrying magnetic nanoparticles. The
cascade consisted of four enzymes without auxiliary factors
and achieved a high molar yield of 0.98 mol of product
per mol of sucrose. This study appeared to be a laboratory-
based proof of concept and there was no report of large scale
production as in the previous account from this group. In
a recent study, Cheng et al. (2019) produced myo-inositol
from D-xylose, an abundant sugar in lignocellulose biomass.
They constructed an NAD(P)-free cascade involving eleven
enzymes from hyperthermophiles that converted the 5-carbon
ring of the substrate to the 6-carbon ring of the product,
with the promiscuity of Thermotoga maritima xylulokinase
allowing replacement of ATP by polyphosphate for xylulose
phosphorylation (Figure 1C). The conversion efficiency from
xylose to inositol was 96.6% at 70°C and the authors suggested
that the enzyme cascade could be incorporated into the
co-production of a value-added biochemical by biorefineries
involved in ethanol production.

COMMERCIALISATION

A number of start-up companies have been set up in the cell-
free synthetic biology space. We have evaluated them as far as
possible from information on their web sites, where available.
In addition, there are a number of mature companies that are
present but most are contributing in the Information Technology
(IT) area, in library production and screening and the provision
of components to the start-ups in their discovery and laboratory
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demonstration areas. For example, the collaboration between
Labcyte?, Arzeda’ and TeselaGen® and Twist Bioscience® has
provided integration of leading technologies in DNA synthesis,
liquid handling, and software for protein design as components
for an assembly line for workflow in start-up companies.
Genomatica® has described the production of 1,4-butanediol in
whole cell catalysis with E. coli (Yim et al., 2011; Bugard et al,,
2016; Culler, 2016) but has tested and endorsed the use of
cell-free extracts (termed TX-TL reactions) as a discovery and
screening program. However, they have a number of products
such as 1,3-butylene glycol, polyamide intermediates, and long
chain chemicals developed for partners that have not moved to
commercial-scale use of cell-free protein expression. Another
major player is Sutro Biopharma (already referred to), who
have been producing antibodies for cancer treatment in the
form of conjugates using their system XpressCF+ to incorporate
a non-natural amino acid, resulting in a protein that can be
conjugated to one or more chemicals of interest in a site-
specific manner to give homogenous single-species protein-drug
conjugates. XpressCF+ has been used to make Sutro’s clinical
ADC products, STRO-001 and STRO-002, in which a cytotoxin
is conjugated to an antibody containing non-natural amino acid
by cell-free synthesis reported to be at the 1,000 liter scale’.

Tierra® have developed multiple cell-free systems representing
and including Gram-positive, Gram-negative, and eukaryotic
species. They have combined their multiple cell-free systems with
automation, metagenomics, and reiterative learning. Tierra claim
that they can scale production of particular proteins from the
micro-scale (WL or pg) to testing scale (mL or mg). The most
promising commercial proteins are claimed to be producible at
the (L or kg) scale but no details were provided and they appear
to be largely in the discovery phase.

Greenlight Biosciences’ have focused on RNA interference
(RNAi) where an RNA molecule stops genes from being
expressed, interfering with their message, as applied to
agricultural pest control. The RNA-based solution is applied
to a plant to silence specific genes in the pest which is killed
while the plant stays healthy and there is no negative impact
on the environment. Greenlights sprayable, double-stranded
RNA solution can be used in agriculture to control pests
(insects, weeds and fungi) in a highly specific manner. It has
been produced by depolymerising RNAi by a nuclease, the
products phosphorylated by thermophilic nucleotide kinases
and then polymerised into double-stranded RNA using a DNA
template coding for the desired protein. The procedure can be
programmed to produce single or double-stranded RNA that
can be used to combat plant pathogens (Blake et al., 2017).
One product has been tested in field trials where the Colorado

Zwww.labcyte.com

3www.arzeda.com

*www.teselagen.com

Swww.twistbioscience.com

Swww.genomatica.com

7www.economist.com/leaders/2017/05/04/the-remarkable-promise-of-cell-free-

biology
8www.tierrabiosciences.com
Swww.greenlightbiosciences.com

Potato Beetle is active, and efficiency has been confirmed in
laboratory and greenhouse insect-feeding assays. While their
first RNA product targets an insect larva, the flexibility of RNA
technology has allowed the building of a pipeline of products
other pest and disease problems facing farmers. All of the
necessary thermophilic enzymes can be produced in a single
E. coli recombinant and all reactions occur in a cell-free melange
although they are not formerly organized into a cascade. In
addition, GreenLight has been reported as utilizing its Cell-Free
Bioprocessing platform to develop other RNA-based products.
For example, GreenLight, is using its own E. coli cell-free system
to produce industrial quantities of an undigestible analog of
ribose for use in zero-calorie beverages and claims it can make
thousands of liters of solution of this sugar at a time.

Several start-ups are pursuing CRISPR-Cas-based diagnostic
tests (Sherlock Biosciences”’; Mammoth Biosciences'')
although the reactions to prepare the components only fit
the description of being multi-enzyme reactions (Chiu, 2018).
Arbor Biosciences' is another new company whose aim appears
to be the provision of tools for the discovery phase to other
companies or partners and its capabilities are largely directed
toward laboratory-based outcomes. Aralez Bioscience!? uses
a cell-free system but with only a single class of enzyme that
can perform condensation of a substituted indole with a f-
hydroxy amino acid, such as serine or threonine, to produce
an enantiopure tryptophan analog with water as the only by-
product. In addition to indoles, the enzymes accept nitrogen and
sulfur nucleophiles to make other classes of non-canonical amino
acids. Cell-free synthesis has extended to membrane proteins that
represent up to 60% of all pharmaceutical targets and Synthelis’
proprietary cell-free technology"” has been specifically designed
to overcome production limitations, providing a large amount of
functional membrane protein imitating a living cell environment.

Most research activity has been centered on E. coli but
other systems have been developed including S. cerevisiae,
various Streptomyces species, Bacillus subtilis, Gluconacetobacter
hansenii, CHO cells, and HeLa cells to promote sulfide-
bond formation, protein folding and other post-translational
modifications (Hodgman and Jewett, 2013; Brodel et al., 2014;
Kelwick et al., 2016; Li et al., 2017; Zhou et al.,, 2017). The
broad picture for CES in the production of biotherapeutics
has been reviewed by Ogonah et al. (2017) who conclude
that CFS may provide a nimbler system suited to distributed
manufacture of single dose therapeutic proteins than traditional
cell-based platforms.

Whether cell-free biotechnology can fully replace the
current fermentation process that relies on genetically modified
organisms for producing chemicals is arguable. Fermentation is
an accepted and established industrial technique and has been
used by humans for at least 12,000 years. However, current
advances in cell-free biotechnology implies that for some
applications the utility of the biological cell may be exhausted.

10yyww.sherlock.bio

Usyww.mammoth.bio
2arborbiosciences.com

B www.synthelis.com
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CONCLUSION AND PERSPECTIVES

Cell-free protein expression has been revitalized over the past
several decades by a number of technical advances since the
early demonstration that whole cell integrity is not required
for transcription and translation to occur (comprehensively
reviewed in Katzen et al., 2005; Lu, 2017; Bowie et al., 2020;
Silverman et al., 2020 and a number of other contributions). The
current literature is also replete with top-down and bottom up
suggestions on the way forward for CFS in the synthesis of bio-
commodities (for example, Lu, 2017; Arbige et al., 2019; Bowie
etal., 2020; Libicher et al., 2020). There are many valuable reviews
that summarize the status of multi-enzyme arrays and cascades
and their possible immobilization all mention the perceived
advantages of CFS (for example, Katzen et al., 2005; Smith et al.,
2014; Guo et al., 2017; Sperl and Sieber, 2018; Chemla et al,
2019; Hwang and Lee, 2019; Tinafar et al., 2019; Bowie et al.,
2020; Giannakopoulou et al., 2020; Silverman et al., 2020). In all
cases, considerable faith has been put in the prospect of present
and future genetic manipulations to improve the performance of
various proteins.

Most of the successful proof of concept reports have used
enzymes sourced from thermophiles by discovery techniques
and it is implied that they could be improved by judicious
genetic engineering. This proposition may be true for directed
evolution at the cost of substantial amounts of time and effort but
most research is based on acceptance of the Classical Model of
enzyme activity and inactivation as taught from undergraduate
years. Recent results and the proposal of a new model aiming to
explain the effect of temperature on enzyme activity may improve
our understanding of enzymes in many areas including enzyme
prospecting, enzyme engineering and enzyme production in a
bioreactor. Little emphasis has been placed on the Equilibrium
Model since its postulation (Daniel et al., 2001, 2010; Daniel
and Danson, 2013) which predicts quite a different behavior
of enzymes compared to the Classical Model, particularly in
biotechnological applications where yield is a major factor
(Eisenthal et al., 2006). It is highly desirable for many applications
that the enzyme should be thermostable, particularly if recovery
and repeated use are envisaged. The widely used Classical Model
assumes that an increase in temperature results in increased
enzyme activity until a temperature is reached or exceeded where
activity is lost due to enzyme (protein) denaturation. This model
is challenged by the Equilibrium Model which accounts for loss of
enzymatic activity as temperature increases and before complete
thermally induced protein denaturation (Peterson et al., 2004;
Eisenthal et al., 2006; Daniel and Danson, 2010, 2013; Daniel
et al., 2010). The model is based on the notion that the more
flexible active site of an enzyme will be affected by increased
temperatures before the whole protein is denatured. Accordingly,
the model assumes an intermediate enzyme species which is
catalytically inactive but non-denatured. Based on the existence
of this inactive intermediate, the Equilibrium Model introduces
the new thermal parameter T'eq, which represents the temperature
at which the concentration of the active and inactive forms of
the enzyme, are equal (Peterson et al, 2004). In the Classical
Model, the determination of the temperature optimum (T,p)

of an enzyme relies directly on the length of the assay because
thermal denaturation is time dependent (Eisenthal et al., 2006).
As such, any change in the length of the assay will directly affect
the apparent temperature optimum of the enzyme. Based on the
Equilibrium Model, both the thermal stability and activity (via
Teq) need to be considered for screening of new thermostable
enzymes rather than by selecting only for thermal activity. The
Classical Model rightly continues to be used to analyze the
performance of enzymes and may assist in the improvement of
enzymes as appropriate but the results of the Daniel-Danson
group have made it clear that increased thermostability cannot be
viewed in isolation where improved performance is required for
an enzyme and the Equilibrium Model provides a second way in
which temperature affects enzyme activity, probably at the active
site. Although stable enzymes are important in CFS, it should
be noted that so far, the results for their stability improvement
have been disappointing in general (as they have not included T,
considerations, as discussed in Daniel et al., 2010; Lee et al., 2013)
and the observation of increased stability but decreased activity
has been a frequent (and usually unpublished) outcome although
there are some successes (e.g., Shakeel et al., 2019).

The particular advantage of CFS in overcoming many of the
constraints experienced with whole cell enzyme production has
been emphasized by most commentators. However, when one
examines the frequently used example of biomass (of several
varieties) as a substrate for biofuels and commodity chemicals
there is little evidence of scale up. In the experiments of the
production of myo-inositol, there was the report of production
at a 20,000 L level (You et al., 2017), but apart from the results
reported by Sutro Inc on the production of biotherapeutics at
the hundreds of liters scale, most research findings are at the
laboratory bench level. If biomass is to be the substrate for
biofuels, enzyme requirements are in the thousands of liters class
to be economically competitive with fossil fuel-derived products.
Accordingly, a concerted research effort is required to increase
scale up and to shift from batch to continuous synthesis.

Other areas of significance in lowering the cost of protein
production include establishment of a highly efficient cofactor
system for energy regeneration and wider examination of
the use of RNA-derived solutions for areas other than pest
control. Other promising developments are the formation
of a large self-replicating synthetic genomes as plasmids to
enable the synthesis of multiple proteins as a self-replenishing
translational-transcriptional system (Libicher et al., 2020) and
improved immobilization of enzymes in cascades with low-
cost matrices and without the necessity of chemical reactions
that lead to (partial) inactivation. Earlier research encompassing
microporous agarose beads and enzyme immobilization by either
metal coordination or aldehyde chemistry are reviewed by
Lopez-Gallego (2019) but other simpler and effective approaches
have been suggested (Care et al, 2015). There seems to
be a considerable time gap between demonstration on the
laboratory bench and commercial acceptance, demonstration and
production, at least in part because of the material cost of scale
up. It would appear that successful CFS prototyping experiments
finally end up back in whole cell fermentations which are more
familiar to commercial biotechnology.
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Another emerging future trend is the development of enzymes
with genetically encoded unnatural amino acids (reviewed by
Burgener et al., 2020; Drienovska and Roelfes, 2020 and also see
Yu et al., 2018) and put into practice by Zhou and Roelfes (2020)
who inserted a non-natural amino acid at the catalytic site of
the transcription factor LmrR and with a complex containing
copper, was able to activate reaction partners in the Michael
addition reaction which creates carbon-carbon bonds. These
experiments are single enzyme reactions at present but there is
discussion on their incorporation into enzyme cascades which
will probably include CFS.
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