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From its start as a small-scale in vitro system to study funda-
mental translation processes, cell-free protein synthesis quickly
rose to become a potent platform for the high-yield produc-
tion of proteins. In contrast to classical in vivo protein expres-
sion, cell-free systems do not need time-consuming cloning
steps, and the open nature provides easy manipulation of reac-
tion conditions as well as high-throughput potential. Especially
for the synthesis of difficult to express proteins, such as toxic
and transmembrane proteins, cell-free systems are of enor-

Introduction

Cell-free protein synthesis (CFPS) has become a fast-growing
research area with high potential for industrial protein produc-
tion.l" The basic principle of cell-free systems was introduced
by Eduard Buchner, developed not primarily to synthesize pro-
teins but to convert sugar to ethanol and carbon dioxide in
yeast extract.”? More than 60 years later, Nirenberg and Mat-
thaei developed a CFPS system based on Escherichia coli, pri-
marily to study translational processes.” This system paved the
way for the multitude of sophisticated CFPS systems that are
available today.

CFPS systems can be distinguished in many ways, for exam-
ple, the organism from which they are prepared. Various cell-
free systems are available, originating from Archaea, prokar-
yotes, fungi, plants, insects, and mammals. In most cases, the
basic principle of the cell-free reaction is the same. Crude ex-
tracts are generated from cultured cells and depleted of en-
dogenous DNA and mRNA, and the lysate is subsequently sup-
plemented with energy components and free amino acids. The
translational process is initiated by the addition of a suitable
template (linear or circular DNA or mRNA),*! and carried out
at an appropriate temperature for the chosen system. Reaction
mixtures that are supplemented with DNA templates are re-
ferred to as “coupled reactions”, where transcription and trans-
lation are performed simultaneously; reactions supplemented
with purified mRNA are termed “linked reactions”. The origins
and the manufacturing processes of the crude cell extracts
lead to significant differences in terms of the quality and quan-
tity of the de novo synthesized protein. CFPS conditions differ
from protein to protein to account for protein complexity, fold-
ing, and post-translational modifications. Different cell-free re-
action formats have been developed, from classical batch reac-
tions with short reaction times, limited protein yields, but easy
handling and scalability,” to more complex dialysis systems
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mous interest. The modification of the genetic code to incor-
porate non-canonical amino acids into the target protein in
particular provides enormous potential in biotechnology and
pharmaceutical research and is in the focus of many cell-free
projects. Many sophisticated cell-free systems for manifold ap-
plications have been established. This review describes the
recent advances in cell-free protein synthesis and details the
expanding applications in this field.

known as continuous-flow cell-free (CFCF)” and continuous
exchange cell-free (CECF)®*? Prolonged reaction lifetime and
higher protein yield (up to several mgmL™") are achieved by
integrated dialysis systems.” CFPS systems are of growing in-
terest particularly for the in vivo production of difficult-to-ex-
press proteins, such as toxic and membrane proteins, because
internal cell metabolism does not have to be preserved and no
cellular barriers restrict the translation control."®' In contrast
to living cells, CFPS systems can be easily adapted and modi-
fied by the addition of a multitude of supplements, such as
chaperones,'" radioisotope labels,™ nanodiscs,”"® and micro-
somes."®'” Therefore, CFPS is easily adaptable to the transla-
tional requirements of a particular target protein, and the syn-
thesis conditions can be adjusted for a desired subsequent an-
alytical setup. Moreover, because of the simple handling of lig-
uids and the easy scalability of cell-free reactions, novel auto-
mated high-throughput systems are being developed.®2"4

In addition, the absence of the cellular membrane allows the
synthesis of modified proteins with statistically as well as site-
specifically embedded non-canonical amino acids®®*?*' Methods
have been developed with tRNA chemically and enzymatically
connected to non-natural amino acids, and specifically de-
signed tRNA/tRNA-synthetase pairs have been added with the
corresponding free non-natural amino acids.**?! This research
field is highly beneficial in the pharmaceutical context and
might lead to novel therapeutic concepts based on bioconju-
gate chemistry.

In this review we present the diversity of CFPS systems with
a focus on their future, their potential, and their applications in
bioproduction.

Prokaryotic Cell-Free Systems
E. coli extracts

One of the first CFPS systems was based on E. coli cell ex-
tracts,” and developments of this system have aimed at en-
hancing the yields of de novo synthesized proteins. The direct
connection between protein yield and reaction life-time has
led to the development of reaction methods that remove in-
hibitory byproducts such as inorganic phosphates by continu-
ous flow or passive dilution (CECF system).” Efficient ATP re-
generation for energy-consuming protein synthesis reactions
was a challenging task. Usually, energy regeneration was per-
formed by supplementation with the high-energy phosphate
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compound phosphoenolpyruvate (PEP). However its rapid deg-
radation into pyruvate and inorganic phosphate by phospha-
tases in the lysate resulted in the development of alternative
ATP regeneration systems,” such as the use of glucose-6-phos-
phate as the secondary energy source.”® However, the initial
protein yield with glucose-6-phosphate-dependent energy re-
generation was substantially lower than comparable synthesis
with the PEP/pyruvate kinase system.?® After pH stabilization
and optimization of the phosphate concentration, the protein
yields in cell-free translation reactions using glucose and glu-
cose-6-phosphate were equivalent to those by PEP reactions.
The relative product costs were reduced by factors of 2.2 (glu-
cose-6-phosphate) and 2.4 (glucose).”” The search for an ideal
sugar as an energy source was picked up again in 2007. In-
stead of glucose-6-phosphate the glycolysis intermediate fruc-
tose-1.6-bisphosphate was applied to a cell-free reaction, and
because of the cheaper energy source, the cost of the synthe-
sized protein was reduced.” Nevertheless, as well as the es-
tablished creatine and acetate kinase systems, PEP-based sys-
tems are still widely used in cell-free systems.”*=" In addition
to optimization of the energy regeneration system over the
past 40 years, several attempts have been made to improve
the quality of the translation components: purified soluble
components,®? purified precharged aminoacyl-tRNAs, purified
translation factors,®® and purified aminoacyl-tRNA synthetas-
es® have been developed. The most successful improvement
was achieved by Shimizu et al. in 2001 by using fully purified
recombinant proteins for translation.*™ This system is known
as PURE (protein synthesis using recombinant elements). Addi-
tion or subtraction of translation components can direct pro-
tein synthesis in a desired direction. For example, the reduc-
tion of release factor one (RF1) resulted in highly efficient in-
corporation of non-canonical amino acids into the protein by
using amber stop codons.***” The presence of RF1 in cell ex-
tracts often leads to truncated proteins that are prematurely
terminated at the amber stop codon UAG.®® Non-canonical
amino acids can be used to incorporate post-translational
modifications at particular positions in a protein. In this con-
text Chalker et al. clicked an N-acetyl glucosamine to an intro-
duced azido tag.”® Post-translational modifications for func-
tional proteins are hugely restricted in E. coli cell-free systems,
as only limited modifications are possible.

The lack of a natural membrane impedes the synthesis of
membrane proteins. Various synthesis methods have been es-
tablished to enhance the correct folding and solubility of trans-
membrane proteins. These include supplementation with
membrane-mimicking structures such as micelle-forming deter-
gents, nanodiscs, liposomes, or exogenous microsomes.“** |n-
itially, the synthesis of membrane proteins in the absence of
membrane-mimicking structures resulted in a precipitated
product with steady yields."” With these systems, additional la-
borious protein purification and re-solubilization is necessary
in order to obtain soluble membrane proteins. In addition, this
procedure can negatively influence the protein’s characteris-
tics.* To circumvent the refolding problem, detergents were
screened for suitability during protein synthesis. Brij and
Tween derivatives, as well as DDM, Digitonin, and Triton X-100
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were identified to fit with cell-free systems and to form mi-
celles at defined concentrations in order to enclose the mem-
brane protein.”*® However, some detergents can interfere with
downstream analysis and therefore have to be displaced. Im-
proved membrane protein folding and functionality has been
achieved by a hydrophobic artificial environment composed of
nanodiscs and liposomes. Nanodiscs consist of a phospholipid
bilayer surrounded by membrane scaffold proteins.*¥ Nano-
discs provide several advantages, including increased stability
of integrated membrane proteins. Because of the randomly ori-
entated incorporation into the bilayer, membrane-embedded
proteins are accessible from both sides of the nanodiscs. Nano-
disc technology is as a powerful tool for measuring quantita-
tive binding affinities and kinetics for membrane proteins inter-
acting with their ligands. However, the random orientation of
membrane proteins is often a limitation of nanodiscs in certain
cases, for example, when studying transporter proteins. Pro-
cesses such as the regulated passage of solutes, including ions
and small molecules, across lipid bilayers cannot be easily
studied in nanodiscs. For functional studies including trans-
porter assays and ion channel characterization, membrane pro-
teins are usually incorporated into liposomes.*" However the
passive integration of membrane proteins in liposomes again
results in a randomly orientated incorporation of these pro-
teins, so only a proportion of the embedded proteins display
correct functionality. Cell-free synthesis of membrane proteins
is still a challenging task in E. coli extracts, although significant
progress has been made (reviewed in refs. [45]and [46]). Even
a multi-subunit protein complex such as the F,-F,-ATP synthe-
tase was successfully assembled by a liposome-containing cell-
free system.””” One of the most notable achievements regard-
ing the high-yield synthesis of cytotoxins in E. coli extracts is
its technically feasible scalability.*® In 2011, Murray and co-
workers demonstrated CFPS of the multi-disulfide-bonded pro-
tein  GM-CSF (granulocyte-macrophage colony-stimulating
factor) with yields of 700 mgL™" in reaction volumes of up to
100 L™ This scalability enables the industrial cell-free produc-
tion of disulfide-bonded proteins. Moreover, because of the
open nature of cell-free systems, transcription and translation
factors as well as folding components can be optimized and
engineered to result in a highly productive system.

Archaeal extracts

The first archaeal cell extracts were developed to study the ef-
fects of different antibiotics on the archaeal translational ma-
chinery.” New insights into the translation mechanism were
gained by investigating the ribosomal subunit assembly in cell
extracts based on sulfur-dependent thermophilic Archaea.”” In
1993, Ruggero et al. reported a linked CFPS system working at
high temperatures,®" as the translationally active extracts were
derived from the extreme thermophilic Sulfolobus solfataricus.
Another coupled cell-free transcription-translation system,
based on cell extracts prepared from the hyperthermophilic
Thermococcus kodakaraensis was introduced by Endoh et al. in
2006.°? Initial protein vyields were comparatively low
(1.3 pgmL"),* but after optimization of lysate preparation, re-
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action mixture composition, and genetic modification of the
T. kodakaraensis ~strain, protein vyields increased to over
100 ugmL™" in a 30 min batch reaction.®® Systems based on
archaeal cell extracts are of outstanding interest for the synthe-
sis of thermostable proteins, which might need the high trans-
lation temperatures (up to 80°C) for correct protein folding.
Additionally, high temperatures in coupled transcription-trans-
lation reactions might have a beneficial effect in reducing
translation inhibition by mRNA secondary structures.

Eukaryotic Cell-Free Systems
Protozoan extracts

The characteristics of protein synthesis in cell-free extracts of
protozoa have been investigated since the end of the
1950s.°°8 The initial aim of these studies was examination of
the translation process. Cell-free systems with ribosomes isolat-
ed from various protozoan organisms (Tetrahymena pyrifor-
mis,®* Crithidia oncopelti®**® Paramecium aurelia,”” Entamoe-
ba histolytica®®) were investigated to characterize the incorpo-
ration efficiency of amino acids depending on buffer supple-
ments, pH, energy sources, cation concentrations, and supple-
mentation with spermidine or other compounds” More
recently, a cell-free system based on the protozoa Leishmania
tarentolae®® was established, in order to understand and char-
acterize parasitic proteins and their influence on parasitic bio-
genesis.® Because transcription and translation initiation
mechanisms differ between organisms, parasite protein expres-
sion was often inefficient when using conventional in vivo pro-
tein synthesis systems. In comparison to other eukaryotic cell-
free systems, cultivation, upscaling, and extract preparation of
L. tarentolae is usually less expensive, and the synthesized pro-
teins show better solubility in comparison to proteins synthe-
sized in E. coli lysates.®™ Two noteworthy advantages of L. tar-
entolae extracts are enhanced translation initiation (with a spe-
cial RNA sequence) and the presence of identical splice leader
sequences on all endogenous mRNAs.®? A special polymeric
RNA sequence, SITS (species-independent translation initiation
sequence), consists of a long unstructured polymeric extension
and three short stem hairpins®® that support the assembly of
the ribosomal subunits as well as the scanning the start
codon.™ Furthermore, the addition during extract preparation
of a single antisense oligonucleotide that binds to the splice
leader sequence leads to near-complete suppression of endog-
enous mRNA translation,® thereby facilitating translation of
exclusively exogenous mRNA encoding the gene of interest.
With this optimization, Alexandrov and co-workers synthesized
a nearly complete set of Rab GTPases with yields of up to
30 ugmL™" as well as a functionally active heterodimeric farne-
syl transferase by using PCR-based DNA templates.®” Despite
these advantages, the system has only been used to study
a limited number of proteins. Additionally, it is still an open
question as to which types of post-translational modification
can be realized in protozoan cell-free systems. With further op-
timization steps, including for higher production yield and
large-scale lysate production, the PCR-based protein synthesis
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in L. tarentolae might be suitable for high-throughput analysis
in the near future.

Fungal Extracts
Yeast extracts

Extracts from Saccharomyces cerevisiae ideally combine the
characteristics of high-yield protein synthesis and the ability to
form correctly folded proteins. In addition, yeast extracts facili-
tate the formation of post-translational modifications, such as
glycosylation.®™ Thus, the significant drawbacks of eukaryotic
CFPS systems, such as relatively low protein yield (in compari-
son to E. colj), quite expensive extract preparation, and small
reaction volumes might be tolerated. Yeast extracts based on
S. cerevisiae were developed in the 1970s.%7%® In the following
years, the extracts were used to improve the general under-
standing of eukaryotic translation initiation,’*®’® thus leading
to the identification of cap-dependent translation initiation.”"
In recent years several optimization strategies have increased
the protein synthesis rate in yeast extracts: extract prepara-
tion,”? optimization of cultivation conditions,” template opti-
mization,”¥ substrate replenishment, and byproduct removal”!
during CFPS. Huge efforts have been invested to introduce
a novel energy regeneration system into yeast-based CFPS."®
As for the E. coli system, the rapid production of phosphates
from high-energy compounds such as phosphoenolpyruvate,
creatine phosphate, and acetyl phosphate has an inhibitory
effect on CFPS. Moreover, these high-energy compounds are
expensive and resulted in limited industrial application.””
Studies have proven that the use of glucose in combination
with phosphate, as alternative energy source, results in more-
efficient ATP production in comparison to standard energy
sources such as creatine phosphate and phosphoenolpyru-
vate.” Moreover, the accumulation of inhibitory phosphates
was avoided. By using this novel energy system, protein yields
of up to 3.64 pgmL~" active luciferase were obtained. Despite
the fact that protein yields were low in comparison to the cre-
atine phosphate and creatine kinase system (approximately
8 ugmL )" the relative costs per microgram of protein was
lower by 16%.7% Further optimization might render the yeast-
based cell-free system a potent candidate for industrial protein
production, as S. cerevisiae is already a highly productive in
vivo bio-manufacturing platform.”

Plant Extracts
Wheat germ extracts

Wheat germ extraction development started in 1973 when
Roberts and Paterson identified an efficient translation mecha-
nism with tobacco mosaic mMRNA”” in wheat germ. After sever-
al optimization procedures, including the adjustment of mag-
nesium, potassium, and amino acid concentrations,”®”? as well
as the integration of an adequate energy regeneration system,
the wheat germ extract is now a well-established eukaryotic
cell-free system. Reaction life-time and productivity of the cell-
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free wheat germ system was increased by the introduction of
a dialysis system to facilitate removal of inhibitory by-prod-
ucts.”) Nevertheless, in comparison to E. coli lysate, the extract
preparation procedure is more expensive because of the inhib-
itory effect of nucleases and proteases in the endosperm: sev-
eral washing steps of wheat germ embryos are needed for
complete removal of inhibitory enzymes.®™™ With this setup,
Endo and co-workers prepared a highly translationally active
and stable lysate; it produced up to 10 mg of green fluores-
cent protein (GFP) in a 1 mL reaction volume with a steady
supply of mRNA over two weeks. A highly productive cell-
free wheat germ protein synthesis system was developed.”?"
For this system, protein yields of the model protein GFP
ranged from 1.6 mgmL (batch) to 20 mgmL (dialysis) of wheat
germ extract.”” Despite various high-throughput applications
for the wheat germ system, the functionality of synthesized
proteins is a key aspect for downstream analysis. Because of
the extract preparation method, which includes a gel filtration
step, low-molecular-weight components are eliminated from
the resulting extracts.” These include co-factors that might be
relevant for certain enzymatic activities. An analysis of the lipid
and metal composition of a commercially available wheat-
germ extract was performed by Goren and Fox.™" They dis-
covered that the iron concentration in the wheat germ extract
was approximately 50-fold lower than the amount needed for
the cell-free-synthesized desaturase, thus resulting in a limited
assembly of the functional complex. In addition, removal of
the endoplasmic reticulum (ER) during extract preparation
hampers several post-translational modifications. Therefore
only restricted modifications are possible (excluding glycosyla-
tion). The missing compartment can be mimicked by the addi-
tion of microsomes or liposomes: the addition of microsomes
from dog pancreas was a common method to supplement
wheat-germ extract.®? Because of the laborious preparation of
these microsomes and the required animal material, synthetic
microsomes (e.g., liposomes) are currently favored. A problem
that often occurs in cell-free systems is the requirement for di-
sulfide bridges in proteins such as antibodies. The presence of
the redox agent dithiothreitol (DTT) in the initial extract pre-
vents the formation of disulfide bridges. This limitation was
overcome in wheat-germ extracts by exploiting the open
nature of cell-free systems. By reducing the DTT concentration
and adding protein disulfide isomerase the formation of disul-
fide bonds was supported, thereby facilitating the production
of a functional single-chain antibody variable fragment
(scFv).®¥ Later on, this approach was enlarged by adding re-
duced and oxidized glutathione to create an even better envi-
ronment for the formation of disulfide bonds. With the men-
tioned modifications, the successful synthesis of disulfide
bonded proteins can be applied to other cell-free sys-
tems.*®°7 A wheat-germ system was also employed for the
production of malaria proteins, in order to discover novel vac-
cine candidates.®®’ On-chip protein synthesis has been per-
formed with wheat-germ extracts. The synthesized protein was
tagged and thereby directly bound to a detector during CFPS.
This method was used to study binding kinetics and enzyme
activity.®™ Overall, the wheat-germ system represents one of
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the most advanced eukaryotic systems, with applications in
protein screening, engineering, and analysis.

Tobacco BY-2 extracts

Another plant-based eukaryotic system that was established
during the last 15 years is based on tobacco BY-2 cells.®*¥ |n
contrast to the four to five days required for the wheat-germ
extract preparation procedure, tobacco cells are only treated
for four to five hours to obtain translationally active lysate.
Only a few evaluations of the tobacco system exist. The initial
results suggested a promising system that could compete with
the wheat-germ system. A first look at post-translational modi-
fications indicated that glycosylations and disulfide bond for-
mation are possible, thereby resulting in the synthesis of
a functionally active full-size antibody.”” Nevertheless further
optimization steps, scale-up, and functional analysis of more
complex proteins are essential to obtain a robust protein pro-
duction system.

Insect Extracts
Spodoptera frugiperda extracts

The baculovirus expression system constitutes one of the most
efficient in vivo protein production tools.”” Most of the pro-
teins synthesized in this system were functional (antigenically
and immunogenically similar to their native counterparts). This
is mainly attributable to the properties of the insect system,
which is able to carry out several post-translational modifica-
tions. Based on the promising evidence for protein production
in insect cells, a cell-free system derived from cultured Spodop-
tera frugiperda cells was developed.”°® In this system, the ER
is not fully removed during the gentle lysate preparation pro-
cedure. Rather, the remaining structures rearrange themselves
into well-defined microsomes. As a result, the insect cell ex-
tract contains endogenous microsomes that are translocation-
ally active and provide a nearly natural lipid membrane for
protein translocation and embedding"®®® Moreover, post-
translational modifications can be achieved without the re-
quirement for additional enzymes and cofactors. Modifications
such as peptide cleavage,® lipidation,® glycosylation,®*'®
phosphorylation,”” and disulfide bond formation®'” have
been reported. These covalent modifications, such glycosyla-
tion and disulfide-bond formation, are frequently present in
eukaryotic proteins and are often essential for correct protein
folding and activity.”” Translocation of proteins into micro-
somes was achieved by fusing the signal peptide of honeybee
melittin™® to the target protein."” By performing repeated
protein synthesis, the same batch of microsomes was used
multiple times, and enrichment of the target proteins in the
lumen as well as in the membrane of the microsomes was ach-
ieved."” Microsomes can subsequently be separated from the
translation mixture by gentle centrifugation, and the produced
protein can be released by treatment with mild detergents
such as n-dodecyl-B-maltosidase (DDM)."®" Furthermore the
microsomes can be converted into giant unilamellar vesicles
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(GUVs) by applying the “electroswelling process”.”™ These
GUVs can reach up to 100 um in diameter,"®**? and can be
considered as a membrane model system to study biological
processes in vitro. With these GUVs, a well-defined and cell-in-
dependent environment is formed for functional studies of in-
tegrated membrane proteins, including microscopic analysis,
interaction studies, and ion channel studies."®

Using the insect cell-free system, protein synthesis can be
carried out in batch format in two different modes: in “linked
mode” transcription and translation reactions are separated by
a gel filtration step to purify the transcribed mRNA prior to its
use in translation; in “coupled mode” transcription and transla-
tion take place simultaneously in one reaction chamber. One
advantage of the linked method is the option to adapt the re-
action temperature and salt concentrations (these differ for
transcription and translation), thereby resulting in higher pro-
tein yield. The time-saving coupled method is more convenient
and user friendly. For a long time, the insect cell-free system
was limited to batch reactions that provide fast synthesis of
the target protein. However due to the rapid depletion of
energy resources and the accumulation of inhibitory byprod-
ucts such as free phosphates, only low protein yields (in the
ugmL ' range) range were obtained."® In 2014 it was shown
that a combination of an insect cell-free translation system
with a commercially available CECF device led to a prolonged
protein synthesis reaction and a four- to fivefold increase in
produced protein (up to 60 pgmL™").®' As for the E. coli cell-
free system, labeling strategies are promising methods to in-
troduce artificial post-translational modifications. For protein
interaction studies and single-molecule analysis, functionally
active and labeled proteins are required. The commonly used
method to label targets with fluorescent proteins (e.g., GFP or
YFP) can result in changed or reduced activity of the target
due to the relatively large size of the fused proteins." An al-
ternative strategy uses modified tRNAs that are synthetically
precharged with a fluorescent non-canonical amino-acid
(ncAA). The disadvantage of this strategy is exhaustion of the
precharged tRNA pool over time. Therefore an enzymatic tRNA
charging procedure was developed, by expanding the cell-free
insect system with an orthogonal tRNA/synthetase-pair.?? The
amino-acyl-tRNA-synthetase specifically aminoacylates the
matching tRNA with the ncAA. To provide the specific aminoa-
cylation of the orthogonal tRNA, cross-reactivity has to be
avoided. Therefore the following conditions have to be fulfil-
led: 1) the orthogonal synthetase does not aminoacylate en-
dogenous tRNAs with ncAAs; 2) the orthogonal tRNA is not
recognized as a substrate for endogenous synthetases; and
3) the orthogonal synthetase does not accept standard amino
acids as substrates."* Site-directed incorporation can be ach-
ieved by introducing a stop codon (usually the amber stop
codon UAG) at a defined position in the template. A modified
suppressor tRNA that contains the appropriate anticodon (de-
coding the amber stop codon), the appropriate synthetase,
and the desired ncAA are added to the cell-free synthesis reac-
tion mixture, thereby resulting in co-translational incorporation
of the supplied amino acid into the target protein. Recently
ncAAs were incorporated in a statistical manner as well as in
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a site-specific way with subsequent fluorescent labeling of the
glycoprotein erythropoietin.”? The ion channel KcSA was real-
ized in lysates derived from insect cells."®™

Mammalian Extracts

The successful production of pharmaceutically relevant target
proteins is often based on a synthesis setup that is closely re-
lated to in vivo conditions; thus, systems have been developed
derived from cultured mammalian cells."%”'% These types of
CFPS systems show several characteristics that are beneficial
for the production of eukaryotic and especially human pro-
teins. The ability to produce proteins bearing mammalian-like
post-translational modifications (thereby exhibiting human-
protein-like structures) is the main benefit of these systems.'®
For this reason, mammalian cells have been used for the pro-
duction of eukaryotic cell-free systems.

Rabbit reticulocytes extracts

CFPS systems based on rabbit reticulocytes have been known
since the 1960s. The first protein production was demonstrat-
ed by the incorporation of radioactively labeled amino acids
into hemoglobin.""® Reticulocyte lysates were prepared from
reticulocytes isolated from rabbits that were made anemic by
injection with acetylphenylhydrazine."™ Initially, rabbit reticu-
locyte lysate was most frequently used to investigate the mo-
lecular steps of protein translation in eukaryotic organ-
isms.">" A development of rabbit reticulocyte lysate was
a system for the direct production of target proteins without
the background synthesis of endogenous proteins. Removal of
endogenous mMRNA was achieved by treating the lysate with
micrococcal nuclease, an endo-exonuclease that preferentially
digests single-stranded nucleic acids."" Because the enzyme
requires Ca’" ions, its activity can be inhibited by EGTA. Rabbit
reticulocyte lysates do not harbor intrinsic microsomal struc-
tures. As these structures are often essential for the synthesis
of functionally active membrane proteins, the lysate needs to
be supplemented with microsomes, which are required for
post-translational glycosylation and lipidated proteins as well
as for proteins with a cleavable signal peptide. Commonly, het-
erogeneous canine microsomal membranes are supplemented
to reticulocyte lysates™ for the synthesis of secreted and
transmembrane proteins. Alternatively, microsomal membranes
from various mammalian systems are added to rabbit reticulo-
cyte lysates.""®""”! The broad range of applications for rabbit
reticulocyte lysate includes protein microarray technologies,'®
protein-molecule interaction studies,"*"?" display technolo-
gies,'?*7%4 and screening technologies.

A limitation of protein synthesis systems based on rabbit re-
ticulocyte lysate is the comparatively low protein yield. Inter-
estingly, a recent study has shown that supplementation with
viral enhancers of translation, including proteins and mRNA el-
ements like internal ribosomal binding sites, increase protein
yield more than tenfold."*

125]
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Extracts from cultured CHO cells

Chinese hamster ovary (CHO) cells represent the most fre-
quently used mammalian cell-line for the in vivo production of
complex therapeutic proteins.?”’ Because of the high accept-
ance and usage of CHO cells for commercial protein produc-
tion, a cell-free system based on translationally active CHO cell
lysates was recently developed.'%®'?812 CHO-lysate-based
CFPS systems have enormous potential for the efficient and
economic production of a broad range of structurally and
functionally diverse proteins. The platform is prepared by mild
disruption of cultivated CHO cells, and contains translationally
active microsomal structures derived from the ER."* Accord-
ingly, CHO cell-free systems promote post-translational modifi-
cations including glycosylation of target proteins and co-trans-
lational insertion of membrane proteins into biological mem-
branes."” Inserted membrane proteins can be directly used
for advanced membrane protein characterization. Currently,
CHO-lysate CFPS reactions are performed in the coupled tran-
scription-translation mode, thus enabling fast and convenient
production of proteins as a basis for convenient high-through-
put screening applications."?® To overcome the key limitation
of most eukaryotic cell-free systems (i.e., low protein yield due
to limiting translational initiation), internal ribosomal entry
sites (IRES) have been used as a strategy to initiate translation.
These IRES sequence elements were integrated into the 5" un-
translated region of the DNA template, in order to initiate pro-
tein translation in a cap-independent manner. Improved pro-
tein production rate for the CHO lysate platform was achieved
by using an IRES sequence from the intergenic region (IGR) of
the cricket paralysis virus (CrPV)."*” This IRES sequence acts in
an initiation-factor-independent manner and consequently by-
passes several yield-limiting steps in eukaryotic translational in-
itiation."*"*? Interestingly, by changing the start codon AUG
to GCU, improved IRES sequence efficiency was reached in
CHO lysate.® The CHO lysate CFPS platform is also a promis-
ing system for fast and easy pre-template screening proce-
dures. In this way, DNA constructs can be analyzed in a highly
automated and parallel manner in cell-free systems prior to
their transfection into CHO cells for subsequent large-scale in
vivo production.

Extracts from cultured human cell lines

A wide range of cultured human cell lines is currently available
for research and industrial protein production."*® Originating
from almost every kind of human tissue, cell lines have been
adapted to in vivo cultivation conditions. Thus, the establish-
ment of several novel cell-free systems offering optimum con-
ditions for human protein production seems feasible. Cell-free
systems based on cultured human cells have been derived
from HEK293 cells"*¥ and Hela cells."* A CFPS system based
on Hela cell lysate is commercially available (1-Step Human In
Vitro Translation Kit; Thermo Scientific). The characteristics of
human cell-free systems are similar to those of CHO cell-free
systems. Endogenous microsomes for direct insertion of mem-
brane proteins are available in different human cultivated cell-
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lysate-based systems, and different types of post-translational
modification can be obtained"” ' A major benefit of the
human CFPS systems is the natural codon usage, thus facilitat-
ing the synthesis of high-molecular-weight human proteins."®
A promising option in extracts derived from cultured human
cell lines is the synthesis of entire viruses and virus-like parti-
cles.™ For example, a platform was developed to investigate
viral replication mechanisms as a prerequisite for the develop-
ment of anti-viral drugs."*¥ Based on human cell-free systems,
picorna viruses,** % the polio virus,"*" and encephalomyocar-
ditis virus"*'*¥ have been analyzed. Cell-free systems based
on cultured human K562 cells displayed protein yields in the
range of 20 ugmL™" in a batch mode for extracts."* Various
strategies have been applied to increase protein yield, such as
focusing on the limited translation initiation in these plat-
forms."*¥ It was found that the supplementation with K3L
(which binds to elF2a-kinases) leads to increased protein yield
by preventing elF2a phosphorylation™* ¢ Alternatively, addi-
tion of GADD34 enhances dephosphorylation of elF2a, and en-
hancement of protein synthesis was accomplished by supple-
mentation with translation initiation factors such as elF2,
elF2B, and elF4."*¥ A further increase in protein yield was ach-
ieved in factor-depleted cell lines for lysate production,™” and

by incorporation of IRES sequences into DNA templates."*"

Outlook and Summary

We have highlighted current CFPS systems and their applica-
tions as research tools for understanding translation regulation,
and their use as a potential protein production platforms
(Table 1).

Beginning with studies on the translational processes in
1960 by Nirenberg and Matthaei,”’ cell-free systems have ma-
tured into protein producing, modifying, and analyzing tools.
In the long term, well-established systems such as those based
on E. coli and wheat-germ extracts will compete with the re-
cently developed eukaryotic cell-free systems based on insect
and mammalian cell extracts. In these lysates post-translational
modifications are feasible, and improved protein folding is usu-
ally obtained.® ' Therefore, the potential to produce func-
tionally active proteins is improved significantly in the novel
eukaryotic cell-free systems. Protein folding and post-transla-
tional modifications are facilitated in tobacco-, insect-, and
mammalian-based cell-free systems because of the presence of
endogenous microsomal structures. These ER-derived struc-
tures enable co-translational translocation of de novo synthe-
sized proteins. In E. coli, rabbit reticulocyte, and wheat-germ
systems exogenous membrane-mimicking structures such as
bicelles, liposomes, nanodiscs, and microsomes are usually
supplemented (reviewed in ref. [150]). The synthesis of multi-
domain membrane proteins and their co-translational integra-
tion into liposomes is feasible and has been demonstrated in
an E. coli cell-free system for Fy-F,-ATP synthetase, and in
a wheat germ cell-free system for the human stearoyl-CoA de-
saturase complex.”*”"*" Optimization of this approach facilitat-
ed in vitro reconstitution of complex signal transduction path-
ways. An initial approach to creating a metabolic pathway was

ChemBioChem 2015, 16, 2420 - 2431 www.chembiochem.org

CHEMBIOCHEM
Reviews

presented in 2011 by Guarino and DeLisa."*? Purified glycosy-
lation components were derived from the bacterium Campylo-
bacter jejuni and implemented in an E. coli cell-free system. A
characteristic of the C jejuni strain is the incorporation an N-
linked glycosylation system that is functionally similar to those
of eukaryotes and Archaea."*® The combination of purified gly-
cosylation components with the E. coli cell-free system resulted
in the glycosylation of the model glycoprotein AcrA (100-
150 ugmL™") as well as the glycoengineered single-chain varia-
ble fragment 13-R4-GT (50-100 ugmL~")."*? The reconstitution
of additional components in cell-free systems such as the gly-
cosyltransferase,"** might result in an expanded glycosylation
pathway. Despite the advantage of endogenous membrane
structure in eukaryotic cell-free systems, improvements to pro-
ductivity and scalability are still challenging. The lower protein
yields of insect and mammalian cell-free systems are in part at-
tributable to the efficiency of translation initiation. In order to
achieve efficient translation initiation, polyadenylation and cap-
ping of mRNA are essential.'? Nevertheless, capping of mRNA
is expensive, and unbound caps negatively influence the initia-
tion factor elF-4E."* For this reason, cap-independent transla-
tion initiation as described for L. tarentolae is desirable. The in-
troduction of a structured IRES mRNA sequence™ upstream
of the target sequence is a promising strategy. By binding di-
rectly to ribosomes, the IRES sequence functions as a transla-
tion initiator. In 2013, the positive influence of the intergenic
region (IGR IRES) of cricket paralysis virus was demonstrated
for insect, CHO, and human CFPS systems.*” Efficient strat-
egies to introduce ncAAs site-specifically into de novo synthe-
sized proteins to improve proteins functionality are highly de-
sirable.™” ¥ The increasing number of well-established or-
thogonal translation systems for site-specific incorporation of
ncAAs reflects their impact on this research field."* As cell-
free systems represent “open” systems, the required additional
components, such as modified amino acids and amber sup-
pression tRNA/synthetase pairs, can easily be supplemented.
ncAA technology has been applied to mimic the post-transla-
tional modifications of eukaryotic proteins, such as in vivo site-
specific acetylation of recombinant histones by acetyl-
lysine."*” Recent applications of ncAA incorporation in E. coli-
based cell-free systems include the development of novel ther-
apeutics, polymers, and enzymes (reviewed in refs. [37]and
[161]). In particular, the cell-free synthesis of homogenous anti-
body-drug conjugates (an antigen-binding IgG coupled to
a chemotherapeutic cytotoxin) is a promising tool to generate
highly specific cancer therapeutics."® Swartz and co-workers
improved the reporter function of Gaussia princeps luciferase
by incorporation of homopropargylglycine and attaching poly-
(ethylene glycol)."® The modified luciferase exhibited a much
longer luminescence half-life. Protein engineering in E. coli cell-
free systems with ncAAs has resulted in human therapeu-
tics,"® modified enzymes,"*'% protein polymers,"*® and
novel biologics selected by ribosome display methods.'™” As
the incorporation of ncAAs into proteins in prokaryotic cell-
free systems has resulted in many successful modification of
proteins characteristics, this method was applied to eukaryotic
cell-free systems. Incorporation of an ncAA into a single-chain
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Table 1. Comparison of different CFPS systems.

Rabbit reticu-
locyte extract

CHO cell ex-
tract

(glycosylation, disulfide-bridge formation, lipida-
tion, signal peptide cleavage phosphorylation)
3. Endogenous microsomes are available

4. Direct synthesis and integration of membrane
proteins

1. Well-established system

2. Mammalian system

3. Protein synthesis in the presences of supple-
mented, heterogeneous microsomes possible
(e.g., canine pancreas microsomes)

1. Well-known and characterized cell line (often
used for pharmaceutical in vivo protein produc-
tion)

2. Contain endogenous microsomal structures
3. Mammalian post-translational modifications
4. Direct production of membrane proteins

5. Increase in protein yield by IRES-mediated
translation initiation

1. Low protein yield

2. Post-translational modifica-
tions only possible by supple-
mentation with exogenous mi-
crosomes

3. Treatment of living animals
required for lysate preparation
1. Low protein yield compared
to prokaryotic cell-free sys-
tems

2. High cultivation cost

3. Robust cell line

study biological processes

2. Engineering of proteins with integration of
non-canonical amino acids

3. Automated production of membrane proteins

1. Protein microarray technologies

2. Protein-molecule interaction studies
3. Display technologies

4. Screening technologies

1. Novel cell-free system
2. High potential for future applications

System Advantages Disadvantages Applications Refs.
Prokaryotic
E. coli extract 1. High protein yield 1. Limited post-translational 1. Incorporation of non-canonical amino acids, 7%
2. Simple cultivation and fast cell growth and modifications hence protein engineering for the development 6
lysate preparation 2. No endogenous membrane of human therapeutics, modified enzymes, pro- "
3. Cost-efficient structures for the synthesis of tein polymers, and ribosome display methods f1e4)
4, Easy genetic engineering integral membrane proteins 2. Large-scale synthesis (up to 100 L) reaction 1661
5. Well-established 3. Only native prokaryotic volume
chaperones available: eukary- 3. Industrial production of antibody-drug conju-
otic proteins might not be gates
correctly folded
Archaeal ex- 1. Extreme synthesis conditions like high temper- 1. Low protein yield 1. Synthesis of thermostable proteins 4]
tract ature, so reduced inhibition of translation by sec- i1
ondary structures in mRNA 1521
2. Synthesis of correctly folded thermostable pro-
teins
Eukaryotic
Protozoan ex- 1. Less expensive cultivation and lysate prepara- 1. Types of post-translational 1. High-throughput analysis by PCR-based CFPS !
tract tion modifications not well known 63
2. Good scalability 2. Less used or established fo4)
3. High solubility of synthesized proteins 3. Low protein yield o1l
4. Enhanced initiation of translation by addition
of a special RNA sequence
Yeast extract 1. Ability to perform post-translational modifica- 1. Low protein yield 1. Production of virus like particles for anti-viral ~ !
tions 2. No mammalian-like post-  drug research 7
like glycosylation translational modifications 2. Production of bioethanol and (S)-L-acetoxyal- 27
2. Simple and fast cultivation of cells for lysate kan-2-ol in cell-free bioreactors 73
preparation 74
3. Well-known in vivo system, so established 4
methods for cell engineering available
Wheat germ 1. Highly productive cell-free system, so high 1. Laborious and expensive 1. Production of malaria proteins to characterize ~7*”
extract yield of complex proteins lysate preparation novel vaccine candidates 14,831
2. Systems available for synthesis of disulfide- 2. Limited post-translational 2. On-chip protein synthesis 86l
bridged proteins modifications possible 3. High-throughput applications 81
3. Correct folding of many protein types, so high 3. No endogenous membrane 4. Production of monoclonal antibodies against 2%
solubility of proteins structures GPCRs 173l
4. Well-known system 4. Low protein yield compare 5. Investigation of translational processes (con- 7
to prokaryotic and wheat formation analysis of ribosomes)
germ systems
Tobacco BY-2 1. Fast and easy lysate preparation procedure 1. Limited evaluations of the  Novel cell-free system 87
extract 2. Glycosylation and disulfide-bridge formation system are available High potential for future applications 188)
are possible 2. Contain endogenous amino 1891
3. Yield comparable to wheat germ extracts acids, so difficult to obtain 1201
good protein yield
Insect cell ex- 1. Easy and fast lysate preparation 1. High cultivation costs 1. GUV formation for membrane protein model ~ ©*'%4
tract 2. Post-translational modifications are possible to 195,971
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Table 1. (Continued)

System Advantages Disadvantages Applications Refs.

Extract from 1. Optimal environment for correct folding and

high-molecular- weight proteins tive cells)

1. Low protein yield compared 1. Investigation of viral replication mechanisms;

cultured assembly of human proteins to prokaryotic cell-free sys- development of antiviral drugs [

human cell 2. Contain endogenous microsomal structures tems [143,144]

lines 3. Human-like post-translational modifications 2. High cultivation cost [136,142]
possible 3. Laborious cultivation tech- 1107,138)
4. Adapted codon usage to facilitate synthesis of nologies are necessary (sensi- 1130]

[135]

[129]

antibody fragment and into the potassium channel KcsA was
achieved in an insect-cell free system®'0"'%) |n addition,
structural changes to flavin-mononucleotide-binding protein
were achieved by the incorporation of ncAAs into a wheat
germ cell-free system."*® The incorporation of ncAAs bearing
a fluorophore has been employed to analyze protein—protein
interactions, ligand-binding studies by FRET, and structural
conformational changes."’®'"" In addition to the therapeutical
and analytical approaches, a highly investigated field is the in-
dustrial large-scale cell-free production of proteins. Scaling up
cell-free batch-based reaction systems might be limited in cer-
tain cases: decreasing protein yield with increasing reaction
volumes caused by an altered surface-to-volume ratio, thus re-
sulting in a reduction in hydrophobic surface area.'”? As a solu-
tion to this problem, a thin film was added to the semi-contin-
uous cell-free reaction, in order to provide a hydrophobic sur-
face to facilitate protein synthesis and folding: protein yield
did not decrease with increasing reaction volume.’? Wheat-
germ and E. coli systems are already used as cell-free produc-
tion platforms for vaccines and new therapeutics against ma-
laria®>®¥ and human parainfluenza virus type 3,1’
for cytokines and antibodies.!*® %%

The manifold diversity and increasing number of novel cell-
free systems clearly illustrate the high potential of CFPS. The
broad range of current applications in research and industrial
protein production show the high applicability of CFPS sys-
tems. Moreover, the efficient production and characterization
of proteins that are difficult to express in living cells (e.g., toxic
proteins, several membrane proteins, some post-translationally
modified proteins) might provide novel functional and phar-
macological insights.
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