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Developing cell-free protein synthesis
systems: a focus on mammalian cells

Sophisticated cell-free protein synthesis (CFPS) systems have been developed as an
alternative to recombinant expression in cultured cells. In this review, we present
advances in the field of mammalian-based CFPS by highlighting recently established
systems derived from mouse fibroblasts, HeLa, hybridoma, CHO and K562 cells. We
further highlight ongoing challenges in the field of mammalian-based CFPS, such
as the optimization of already established platforms and the development of novel
systems in order to further increase protein yields and reduce manufacturing costs
while facilitating the synthesis of a huge number of biologically active target proteins.
Advances in mammalian-based CFPS shall expand the number of future applications
of CFPS in the area of pharmaceutical research and development.

Cell-free protein synthesis (CFPS) repre-
sents an alternative to cell-based expression
as it dramatically improves the development
of engineered proteins. CFPS systems utilize
the translation machinery preserved in cell
extracts in combination with supplemented
amino acids, RNA polymerase, salts and
nucleoside triphosphates to produce a pro-
tein of interest (Figure 1). The advantages of
CFPS over recombinant protein production
in cultured cells have been described in pre-
vious articles [1-3] and will not be discussed
here. Instead, we would like to highlight
the particular potential of cell-free systems
derived from mammalian cells.

Mammalian cell extracts offer a biochemi-
cal environment that is closely related to liv-
ing human cells. By contrast, the protein
synthesis and modification machinery pres-
ent in lysates derived from Escherichia coli,
insect cells or wheat germ does not necessarily
enable the production of human-like recom-
binant proteins. Thus, the use of mammalian
cell extracts is superior for gaining deeper
insight into human regulatory networks in
particular processes needed for protein syn-
thesis. Furthermore, mammalian-based CFPS
offers a better acceptance of human genes as
templates for the synthesis and correct folding
of complex and multimeric human proteins.
These proteins often require the formation of

co- and post-translational modifications, such
as glycosylation, phosphorylation and lipid
modification, in order to achieve their appro-
priate conformation and thus their functional
activity. In this respect, the use of mammalian
cell extracts is advantageous, as protein glyco-
sylation and lipid modification are currently
limited to CFPS based on mammalian and
insect cell lysates [4-7]. Since it can be assumed
that co- and post-translational modifications
in CFPS depend on the primary cells, mam-
malian cell extracts favor the generation of
more human-like proteins. Last but not least,
mammalian-derived CFPS systems can serve
as a powerful tool for the time-saving evalu-
ation of plasmid-based expression templates
prior to an upscaled protein production in
cultured mammalian cells. Some conceivable
applications of this method are the evalua-
tion of gene-specific mutations, the analysis of
purification tags including their terminal posi-
tion, the optimization of the encoded gene’s
codon composition and the investigation of
signal peptides.

Advances in mammalian-based CFPS
Rabbit reticulocyte lysates (RRL) have been
used for CFPS since the 1950s and are cur-
rently the most popular source for eukary-
otic CFPS [1,8-10]. Besides the RRL [9.11-12],
extracts from Ehrlich ascites cells [13,14],
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Microsomal membranes: Vesicle-like structures re-
formed from the endoplasmic reticulum during the process
of cell lysate preparation.

Linked system: Transcription and translation reaction is
separated by an intermediate mRNA purification step.

HeLa cells [15,16], CHO cells [17,18] and mouse L cells [19]
have been prepared as a research tool to study mRNA
translation. Transfer of proteins across membranes was
investigated by adding canine pancreatic microsomal
membranes to the translationally active extracts [20-23].
This led to a deeper understanding of basic biological
processes, such as protein translocation, the impact of
signal recognition particles [22], protein glycosylation
and signal peptide cleavage [23]. Meanwhile, transloca-
tion-competent microsomes have been derived from a
wide variety of additional tissues, such as rat liver [24],
sheep pancreas [25], hen oviducts (26] and Drosophila
melanogaster embryos [27]. Finally, the use of rough
microsomes derived from canine pancreas has become
the preferred choice for protein translocation studies
in RRL [28-30].

Nevertheless, the use of these conventional CFPS
systems has several drawbacks. One main limitation is

Optimization of

reaction conditions

Nucleoside triphosphates

RNA polymerase

their short lifetime resulting in low yields of only up to
a few micrograms target protein per milliliter of reac-
tion mixture. Another drawback is the obvious fact that
co- and post-translational processing can only be per-
formed after supplementing microsomal membranes to
the cell extracts and preparation of these rough micro-
somes requires ethically questionable sacrifice of ani-
mals [2021]. Therefore, the use of recently established
lysates derived from cultured insect cells and mamma-
lian cells is preferred, as these extracts already contain
endogenous microsomes derived from the endoplasmic
reticulum of the cultured cells. An emerging number of
publications illustrate the application of these cell-free
systems for the synthesis of co- and post-translationally
modified proteins [5,31-35].

Various CFPS systems based on cultured mamma-
lian cells have been developed in the past decade in
order to address drawbacks such as high manufactur-
ing costs, variations in translational activity depend-
ing on lysate batches and the ethically questionable
preparation of RRL as it requires the sacrifice of
rabbits (Table 1).

Zeenko and coworkers have established a linked CFPS
system based on cultured mouse embryonic fibroblasts
exhibiting a mutation in the eIF2a gene [6]. Phosphor-

Construction of a
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Figure 1. Development of cell-free protein synthesis systems based on extracts from cultured mammalian cells. The development
includes the preparation of mammalian cell extracts, the optimization of reaction conditions and the construction of a suitable
expression construct.
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Table 1. Cell-free protein synthesis systems derived from mammalian cells. Protein yield was

determined based on cell-free synthesized active firefly luciferase.

Cell extract Mode of operation
CHO cells Coupled

Hela cells Linked

Hela cells Linked/coupled
Hybridoma cells Linked

K562 cells Coupled

Mouse fibroblasts Linked

Rabbit reticulocytes Linked/coupled

NA: Not available.

Yield (ug/ml) N-glycosylation Ref.
49 Yes [32]
NA NA [15]
NA Inefficient (36,37
NA Yes [5]
21 Yes [7]
20 Yes [6]
1-5 No [9]

ylation of the initiation factor elF20l during transla-
tion reaction has been reported as a limiting step in
the achievement of higher protein yields [5). In this
context, lysates derived from mutated fibroblasts avoid
the insufficient translation initiation caused by phos-
phorylation of the initiation factor elF20 on Ser51,
resulting in a 30-fold increased translational efficiency
compared with wild-type extracts. Protein synthesis
based on these fibroblast extracts is active for at least
2 h, generating up to 20 pg/ml firefly luciferase [6].
Furthermore, the established CFPS platform has the
potential to perform signal sequence processing and
N-linked glycosylation.

Mikami and coworkers have developed a cell-free
translation system based on HeLa cells that is con-
figured in a linked mode of operation, meaning that
transcription and translation reactions are separated
by an intermediate mRNA purification step [36]. For
enhanced protein synthesis levels, the HeLa cell extract
is supplemented with translation initiation factors
(eIF2, elF2B, elF4) and translational regulators, such
as the nuclear protein import factor p97. The linked
mode of operation was later transferred to a coupled
reaction mode [37]. Coupled systems are often favored
as they save user’s time and effort, require reduced
manufacturing costs due to the avoidance of gel filtra-
tion columns for mRNA purification and are easily
applicable in automated devices. In the coupled system
derived from Hela extracts, cost-intensive capping
of mRNA was replaced by cap-independent transla-
tion based on the encephalomyocarditis virus internal
ribosomal entry site (IRES) or the hepatitis C virus
IRES. As glycosylation of target proteins was very
inefficient using HeLa cell extracts, a hybridoma-based
in vitro translation system that enables N-linked gly-
cosylation has been additionally developed by Mikami
and coworkers [5]. Hybridoma cell extracts have been
described to be superior to HeLa cell lysates in terms
of glycosylation efficiency, the synthesis of membrane-
associated proteins as well as the cleavage of signal pep-

tides. The authors have reported an increased protein
synthesis in both, HeLa and hybridoma cell extracts by
adding the recombinant factors GADD34 and/or K3L
that diminish phosphorylation of elF2a [5]. Addition-
ally, the batch-based CFPS system derived from HeLa
cells was transferred to a continuous mode of operation
for obtaining higher yields of the desired protein.

A novel high-yield CFPS system based on trans-
lationally active lysates from CHO cells has been
recently reported [32]. The coupled CFPS platform
uses an IRES from the intergenic region (IGR) of the
cricket paralysis virus (CrPV) that functions with-
out the need for any limiting initiation factors, such
as elF2a. IGR IRES elements have been previously
reported to even increase translational efficiency if
the amount of functional initiation factors is limited
(38.39]. The cap-dependent decrease of protein synthe-
sis by elF2a. phosphorylation under stress conditions,
for instance, enhances IGR IRES-mediated transla-
tion owing to the increased availability of 40S ribo-
somal subunits [39,40]. The combination of the CrPV
IGR IRES-based expression vector and the CHO
cell extract enables the production of up to 50 pg/
ml active firefly luciferase within 4 h 32]. In addition,
the CHO cell extract contains translocationally active
microsomes that are capable of performing glycosyl-
ation, as has been demonstrated by the analysis of
human erythropoietin. These microsomes can further
be used for the embedment of membrane-spanning
proteins into the lipid bilayers for advanced functional
studies. As the CrPV IGR IRES has been shown to

function efficiently in a broad range of eukaryotic cell

Coupled system: Combination of transcription and
translation in one reaction compartment.

Internal ribosomal entry site: A highly structured RNA
sequence found within the 5" untranslated region of
viral genomes or cellular mRNAs that functions to recruit
ribosomes for the initiation of translation.
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Bio-orthogonal: Refers to any chemical reaction that
occurs without interfering with native biochemical
processes in cell-based and cell-free systems.

lysates, a human K562-derived CEPS system has been
developed based on CrPV IGR IRES-mediated trans-
lation [7]. The coupled CFPS platform enables the syn-
thesis of up to 21 pg/ml active firefly luciferase, the
formation of N-glycosylation and the embedment of
membrane proteins for downstream functional char-
acterization [7].

In the last decade, CFPS systems derived from pri-
mary mouse keratinocytes [41,42], HeLa cells [15.43],
Krebs-2 ascites cells [44] and HEK293F cells [45] have
been developed to provide biochemical tools for the
investigation of basic biological processes in spe-
cific types of cell lysates. For instance, Bergamini
and coworkers have established an in vitro transla-
tion system derived from HelLa cells in order to study
translation of mammalian and viral mRNAs in a
mammalian-like environment [15]. The linked Hel.a-
based CFPS system has been successfully applied
for investigating the effect of the poly(A) tail on the
translation of picornaviral RNAs from three different
classes of IRES [46]. Subsequently, the utilized in vitro
translation system has been modified to an efficient
factor-depleted platform providing a powerful tool
for the investigation of translational control [47]. This
CFPS system is based on RNA interference-mediated
knockdown of the factor of interest prior to cell extract
preparation and thus overcomes limitations regarding
the availability of specific antibodies as well as the co-
depletion of proteins associated with the factor under
study.

Ongoing challenges

In the past decade, substantial progress has been made
in the development of novel mammalian-based CFPS
systems. However, there are still limitations that are
currently in the focus of research and developmental
efforts. Ongoing challenges in the field of mamma-
lian-based CFPS are the optimization of already estab-
lished platforms and the development of novel systems
in order to enable even higher protein yields and lower
manufacturing costs while facilitating the synthesis of
a huge number of biologically active target proteins.
A better understanding of the biological processes
taking place in the individual CFPS reaction might
enable the improvement of the technology. For
instance, expensive energy regenerating agents,
RNase and protease inhibitors as well as polymer-
ases currently supplied to eukaryotic lysates could
be replaced by cheaper ones in order to lower man-

ufacturing costs. Increased protein yields might
be achieved by optimizing reaction conditions and
transferring batch-based CFPS reactions to continu-
ous dialysis systems [336,37.48]. The challenge of syn-
thesizing correctly folded proteins, in particular pro-
teins with co- and post-translational modifications,
might be addressed by advanced cell extract prepa-
ration procedures, optimized reaction conditions as
well as the supplementation of the lysates with the
appropriate chaperones. Furthermore, mammalian
cell extracts holding an appropriate oxidizing envi-
ronment enable the formation of disulfide bonds in
cell-free-produced proteins, as has been demonstrated
for §f21-based CFPS [49.50]. Target proteins could be
engineered in a desired manner by making use of the
open accessible nature of the CFPS reaction. In this
context, bio-orthogonal systems provide a promising
tool for the incorporation of chemoselective reactive
amino acids into synthesized proteins at defined posi-
tions by expanding the genetic code. These amino
acids can subsequently be modified in a desired
manner by the addition of a corresponding reaction
partner, resulting in novel characteristics of the tar-
get protein. Several bioorthogonal and chemoselec-
tive reactions have been identified and applied in
cell-based [s1,52] as well as cell-free systems [31.53-54]
in recent years. The copper(I)-catalyzed azide alkyne
cycloaddition, based on the click chemistry concept,
is one prominent example of such a chemoselective
reaction [54-56]. In general, characterization of cell-
free synthesized proteins by mass spectrometry and
additional analytical methods will assist in achieving
the above-mentioned goals.

Future perspective

Technical advances in mammalian-based CFPS will
obviously expand the number of applications of CFPS
in the field of pharmaceutical research and develop-
ment (Figure 2). In this review, we provide an insight
into some prospective applications.

Just-in-time protein production using high-
throughput technologies

High-throughput protein synthesis platforms for drug
screening are becoming increasingly important. To
date, mostly conventional expression systems based
on intact cells are applied for protein-based drug dis-
covery. However, the use of CFPS platforms may be
advantageous to cell-based methods as it enables the
parallel synthesis of different target proteins directly
from PCR-based templates without time-consuming
cloning procedures [57-59]. In this way, ligation of the
DNA template to a linearized plasmid, transforma-
tion, selection of colonies harboring the desired plas-
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Review
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Figure 2. Cell-free synthesis of pharmaceutically relevant proteins. Advanced mammalian-based cell-free protein synthesis systems
already contain endogenous microsomes derived from the endoplasmic reticulum of the cultured cells. These systems can be used for
the synthesis of pharmaceutically relevant proteins, such as difficult-to-express proteins (e.g., toxic proteins, membrane proteins),
post-translationally modified proteins (e.g., disulfide-bonded proteins, glycoproteins) and proteins with advanced biochemical

properties.
Modified with permission from [33].

mid, cultivation of positive colonies, plasmid isola-
tion, sequencing, cell transfection and cell cultivation
for protein production can be avoided. High-through-
put CEPS methods are further favored by short reac-
tion times and their potential for miniaturization and
automation [60,61]. These benefits turn CFPS into a
valuable tool to speed up the entire process and prod-
uct development timeline. Thus, mammalian-based
CFPS is a promising alternative to conventional cell-
based expression methods as it dramatically acceler-
ates the development and manufacture of proteino-
genic pharmaceuticals, for example, antibodies, as
well as the production of novel targets, for example,
viral surface proteins, for early-stage pharmacological
validation.

Difficult-to-express proteins

Despite many promising aspects of cell-based recom-
binant protein production, CFPS platforms are the
system of choice for the synthesis of pharmaceutically
relevant proteins that are not physiologically tolerated
by an intact cell, such as toxic proteins [62], certain
membrane proteins [63-66], proteolytically sensitive
proteins and unstable proteins [1]. In particular, mem-
brane-spanning proteins are of pharmaceutical inter-
est since approximately one-third of all human genes
encode membrane proteins and these proteins often
possess essential relevance for cell viability [67.68].
Accordingly, many diseases and more than half of all

drug targets are attributed to membrane proteins [69-
72]. Despite their physiological significance, biophysi-
cal and structural analysis of membrane-spanning
proteins lags far behind the characterization of cyto-
solic proteins due to low abundance in membranes
and their low yields in cell-based expression systems
(69.73.74]. These low yields can mainly be attributed
to toxic effects of the synthesized membrane protein,
for example, particular ion channels, transporters and
receptors on host cells [66,69]. CEPS offers the poten-
tial to bypass these toxic effects and thus facilitates the
expression, optimization and production of recombi-
nant membrane-spanning proteins in the presence of
microsomes or synthetic lipids to embed the target
protein into a native-like environment [34,75-78].

Structural proteomics

Labeling of recombinant proteins with stable isotopes
is an essential prerequisite for a variety of techniques,
such as NMR spectroscopy and x-ray crystallography
(79]. Protein labeling in intact cells is often hindered
by interfering amino acid metabolic processes, which
may be bypassed by CFPS [s0.81]. Amino acid-selective
and site-directed stable-isotope labeling of cell-free
synthesized proteins is often accomplished in prokary-
otic in vitro translation systems [79.81]. Nevertheless,
preparation of specifically labeled NMR samples is still
challenging owing to isotope scrambling problems. In
this context, improved mammalian-based CFPS plat-

fsg

future science group

www.future-science.com

343



Review

Brodel & Kubick

forms are a promising tool in the field of structural pro-
teomics, as in general isotopic labeling in CFPS sys-
tems can be easily accomplished compared with iz vivo
methods [2.81].

Synthesis of proteins with advanced
biochemical properties

Novel methods for engineering proteins by the intro-
duction of noncanonical amino acids in either a res-
idue-specific or site-specific manner have advanced
rapidly in the past few years. In this context, CEPS
systems provide a versatile platform for protein engi-
neering by directed evolution (82-86]. CFPS platforms
enable the incorporation of chemically modified
amino acids, for example, fluorescence-detectable
amino acids and modified amino acids that can
undergo click-chemistry reactions, into de novo syn-
thesized target proteins at defined positions in order
to introduce novel characteristics for advanced bio-
chemical properties (87-91]. In this respect, CFPS sys-
tems derived from mammalian cells offer important
advantages over their corresponding recombinant
expression platforms based on intact cells as toxic
side effects of noncanonical amino acids can be cir-
cumvented and novel eukaryotic cell-free orthogonal
translation systems have been successfully imple-

mented (31]. In addition, CFPS platforms can be
easily modified to incorporate unusual side chain
structures into target proteins by adjusting the com-
ponents of the translation machinery (53,89.92]. Thus,
the use of mammalian-based CFPS systems opens a
wide variety of new opportunities for protein engi-
neering, structural analysis and protein interaction
studies in the field of pharmaceutical research and
development [3].

Conclusion

CFPS constitutes a versatile alternative to recombi-
nant protein production in cultured mammalian cells
since major limitations, such as high manufactur-
ing costs and low protein yields, have been success-
fully addressed in prokaryotic and eukaryotic CFPS
in recent years [61,93]. Eukaryotic CFPS platforms are
currently applied for basic science as well as for novel
technological applications, for example, antibody pro-
duction [49,50]. As we assume that a growing number of
the remaining challenges will be solved within the next
few years, the number of applications of CFPS derived
from mammalian cells will steadily increase as well.
In conclusion, mammalian-based CFPS has a great
potential to establish itself as a powerful bioproduction
system in the postgenomic era.

Executive summary

Background

derived from other cell sources for several reasons:

prerequisite for maximum functionality.
Advances in mammalian-based CFPS

include:

Ongoing challenges & future perspective

of pharmaceutical research and development.

* Mammalian-based cell-free protein synthesis (CFPS) systems are superior to in vitro production platforms

e The contribution of eukaryotic translational control mechanisms to the regulation of gene expression can be
monitored and optimized in mammalian CFPS systems.

¢ The linked correlation of the codon usage in human genes of interest with their translation efficiency in
mammalian CFPS systems ensures high-yield protein production.

e The synthesis of complex human proteins has been demonstrated in mammalian cell extracts.

e Time-saving evaluation of expression templates in cell-free mammalian systems prior to protein production in
mammalian cells ensures maximum yield of functional protein.

e Eukaryotic chaperones present in mammalian-based CFPS systems favor optimum protein folding as a

e Several CFPS systems derived from mammalian cells have been developed in the last decade in order to
address the drawbacks of conventional CFPS platforms. Advantages of these mammalian-based CFPS systems

* Option to maintain low manufacturing costs while reaching high protein yields.

¢ Endotoxin-free production of cytosolic, secreted and transmembraneous proteins.

e Formation of co- and post-translational modifications, for example, glycosylation.

e Cotranslational embedment of membrane-spanning proteins into microsomal membranes present in
mammalian cell lysates supports maximum functional activity of the synthesized membrane proteins.

* Ongoing challenges in the field of mammalian-based CFPS are the optimization of already established
platforms and the development of novel systems in order to further increase protein yields and reduce
manufacturing costs while facilitating the synthesis of a huge number of biologically active target proteins.
Advances in mammalian-based CFPS will further expand the number of future applications of CFPS in the area

344

Pharm. Bioprocess. (2014) 2(4)

fsg

future science group



Developing cell-free protein synthesis systems: a focus on mammalian cells

Acknowledgements
We thank M Stech for providing us with Figure 2, which is
a modified version of the image taken from Stech et al. [33].

Financial & competing interests disclosure

This research is supported by the German Ministry of Educa-
tion and Research (BMBF numbers 0312039 and 0315942).
The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or
materials discussed in the manuscript. This includes employ-

References
Papers of special note have been highlighted as:
* of interest; *® of considerable interest

| g Jackson AM, Boutell ], Cooley N, He M. Cell-free protein
synthesis for proteomics. Brief. Funct. Genomic. Proteomic.

2(4), 308-319 (2004).

*  Along with [2], gives a good overview of cell-free protein

synthesis and its characteristics.

»2  Katzen F, Chang G, Kudlicki W. The past, present and
future of cell-free protein synthesis. Trends Biotechnol. 23(3),
150-156 (2005).

. Along with [1], gives a good overview of cell-free protein

synthesis and its characteristics.

»3  Spirin AS. High-throughput cell-free systems for synthesis
of functionally active proteins. Trends Biotechnol. 22(10),
538-545 (2004).

4 Kubick S, Gerrits M, Merk H, Stiege W, Erdmann VA.
In vitro synthesis of posttranslationally modified membrane
proteins. In: Current Topics in Membranes. 63(2), Delucas L
(Ed.). Academic Press, MA, USA, 25-49 (2009).

»s  Mikami S, Kobayashi T, Yokoyama S, Imataka H.
A hybridoma-based 77 vitro translation system that efficiently
synthesizes glycoproteins. J. Biotechnol. 127(1), 65-78
(2000).

| 49 Zeenko VV, Wang C, Majumder M ez al. An efficient
in vitro translation system from mammalian cells lacking
the translational inhibition caused by eIF2 phosphorylation.
RNA 14(3), 593—602 (2008).

»7  Brodel AK, Sonnabend A, Roberts LO, Stech M,
Wiistenhagen DA, Kubick S. IRES-mediated translation of
glycoproteins and membrane proteins in eukaryotic cell-free

systems. PLoS ONE 8(12), e82234 (2013).

>3 Endo Y, Sawasaki T. Cell-free expression systems for
eukaryotic protein production. Curr. Opin. Biotechnol. 17(4),
373-380 (20006).

»9  Pelham HRB, Jackson R]. An efficient mRNA-dependent
translation system from reticulocyte lysates. Eur. J. Biochem.
67(1), 247-256 (1976).

P10  Schweet R, Lamfrom H, Allen E. The synthesis of
hemoglobin in a cell-free system. Proc. Natl Acad. Sci. USA
44(10), 1029-1035 (1958).

P11 Jackson RJ, Hunt T. Preparation and use of nuclease-treated

rabbit reticulocyte lysates for the translation of eukaryotic

messenger RNA. Methods Enzymol. 96, 50-74 (1983).

ment, consultancies, honoraria, stock ownership or options,
expert testimony, grants or patents received or pending or
royalties.

No writing assistance was utilized in the production of this
manuscript.

Open access

This work is licensed under the Creative Commons Attribu-
tion-NonCommercial 3.0 Unported License. To view a copy
of this license, visit http://creativecommons.org/licenses/by-
nc-nd/3.0/

» 12 Merrick WC. Translation of exogenous mRNAs in
reticulocyte lysates. Methods Enzymol. 101, 606-615
(1983).

» 13 Sharma OK, Roberts WK, Beezley DN, Borek E. A transfer
RNA-dependent protein synthesizing system from Ehrlich
ascites extracts. Biochim. Biophys. Acta 390(3), 327-331
(1975).

14 Henshaw EC, Panniers R. Translational systems prepared
from the Ehrlich ascites tumor cell. Methods Enzymol. 101,
616-629 (1983).

15 Bergamini G, Preiss T, Hentze MW. Picornavirus IRESes
and the poly(A) tail jointly promote cap-independent
translation in a mammalian cell-free system. RNA 6(12),
1781-1790 (2000).

» 16 Molla A, Paul A, Wimmer E. Cell-free, de novo synthesis of
poliovirus. Science 254(5038), 1647-1651 (1991).

»17  Lodish HF, Weinberg R, Ozer HL. Translation of mRNA
from simian virus 40-infected cells into simian virus 40
capsid protein by cell-free extracts. /. Virol. 13(3), 590-595
(1974).

» 18 Mcdowell M], Joklik WK, Villa-Komaroff L, Lodish HF.
Translation of reovirus messenger RNAs synthesized in vitro
into reovirus polypeptides by several mammalian cell-free
extracts. Proc. Natl Acad. Sci. USA 69(9), 2649-2653
(1972).

P19  Lewis JA, Falcoff E, Falcoff R. Dual action of
double-stranded RNA in inhibiting protein synthesis in
extracts of interferon-treated mouse L cells. Eur. /. Biochem.

86(2), 497-509 (1978).

»>0 Blobel G, Dobberstein B. Transfer of proteins across
membranes. II. Reconstitution of functional rough
microsomes from heterologous components. /. Cell Biol.

67(3), 852-862 (1975).

*  Along with [22], describes the transfer of proteins across
microsomal membranes, which is the basis for several

post-translational modifications in cell-free systems.

21 Walter P, Blobel G. Preparation of microsomal membranes
for co-translational protein translocation. Methods Enzymol.

96, 84-93 (1983).

P22 Walter P, Blobel G. Translocation of proteins across the
endoplasmic reticulum III. Signal recognition protein (SRP)
causes signal sequence-dependent and site-specific arrest of
chain elongation that is released by microsomal membranes.

J. Cell Biol. 91, 557-561 (1981).

Review

future science group

www.future-science.com

345


http://www.future-science.com/action/showLinks?crossref=10.1016%2FS0076-6879%2883%2996008-1&coi=1%3ACAS%3A528%3ADyaL2cXhvVygt7o%253D
http://www.future-science.com/action/showLinks?crossref=10.1083%2Fjcb.67.3.852&coi=1%3ACAS%3A528%3ADyaE28XhtlKk
http://www.future-science.com/action/showLinks?crossref=10.1016%2F0005-2787%2875%2990353-6&coi=1%3ACAS%3A528%3ADyaE2MXkt1elt7o%253D
http://www.future-science.com/action/showLinks?crossref=10.1261%2Frna.825008&coi=1%3ACAS%3A528%3ADC%252BD1cXivFaqsbw%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2FS0076-6879%2883%2996010-X&coi=1%3ACAS%3A528%3ADyaL2cXhslWis7s%253D
http://www.future-science.com/action/showLinks?crossref=10.1093%2Fbfgp%2F2.4.308&coi=1%3ACAS%3A528%3ADC%252BD2cXjtFyrtrw%253D
http://www.future-science.com/action/showLinks?crossref=10.1017%2FS1355838200001679&coi=1%3ACAS%3A528%3ADC%252BD3cXptVKrt74%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.copbio.2006.06.009&coi=1%3ACAS%3A528%3ADC%252BD28XotFWlur0%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2005.01.003&coi=1%3ACAS%3A528%3ADC%252BD2MXhsleiuro%253D
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADyaE2cXhsVWqur4%253D
http://www.future-science.com/action/showLinks?crossref=10.1073%2Fpnas.44.10.1029&coi=1%3ACAS%3A528%3ADyaG1MXjsFSkug%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2004.08.012&coi=1%3ACAS%3A528%3ADC%252BD2cXnvVOhsbw%253D
http://www.future-science.com/action/showLinks?crossref=10.1111%2Fj.1432-1033.1978.tb12333.x&coi=1%3ACAS%3A528%3ADyaE1cXksVSgs7c%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2F0076-6879%2883%2901041-1&coi=1%3ACAS%3A528%3ADyaL2cXjtFyjtQ%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.jbiotec.2006.06.018&coi=1%3ACAS%3A528%3ADC%252BD28Xht1ShtLzO
http://www.future-science.com/action/showLinks?crossref=10.1016%2F0076-6879%2883%2901042-3&coi=1%3ACAS%3A528%3ADyaL2cXjtFyjug%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1371%2Fjournal.pone.0082234
http://www.future-science.com/action/showLinks?crossref=10.1083%2Fjcb.91.2.557&coi=1%3ACAS%3A528%3ADyaL38Xit12k
http://www.future-science.com/action/showLinks?crossref=10.1126%2Fscience.1661029&coi=1%3ACAS%3A528%3ADyaK38XltlyktA%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1111%2Fj.1432-1033.1976.tb10656.x&coi=1%3ACAS%3A528%3ADyaE28XltVGms7k%253D
http://www.future-science.com/action/showLinks?crossref=10.1073%2Fpnas.69.9.2649&coi=1%3ACAS%3A528%3ADyaE38Xls1Witr4%253D

Review

Brodel & Kubick

» o4

» 26

28

» 29

> 30

| &7}

33

>34

»3s

>3

»37

Along with [20], describes the transfer of proteins across
microsomal membranes which is the basis for several

post-translational modifications in cell-free systems.

> 38
Shields D, Blobel G. Efficient cleavage and segregation

of nascent presecretory proteins in a reticulocyte lysate
supplemented with microsomal membranes. /. Biol. Chem.

253(11), 3753-3756 (1978).

Bielinska M, Rogers G, Rucinsky T, Boime I. Processing
in vitro of placental peptide hormones by smooth
microsomes. Proc. Natl Acad. Sci. USA 76(12), 6152—6156
(1979).

Kaderbhai MA, Harding V], Karim A, Austen BM,
Kaderbhai NN. Sheep pancreatic microsomes as an
alternative to the dog source for studying protein
translocation. Biochem. J. 306(1), 5761 (1995).

Das RC, Brinkley SA, Heath EC. Factors affecting the
efficiency of co-translational processing of a de novo

> 41
synthesized glycosylated immunoglobulin light chain. /. Biol.
Chem. 255(16), 7933-7940 (1980).

Brennan MD, Warren TG, Mahowald AP. Signal peptides

and signal peptidase in Drosophila melanogaster. J. Cell Biol.

87(2), 516-520 (1980). 42
Bernstein HD. Cotranslational translocation of proteins into
canine rough microsomes. Curr. Protoc. Cell Biol. 11, Unit
11.4 (2001).

Guth S, Vélzing C, Miiller A, Jung M, Zimmermann R.
Protein transport into canine pancreatic microsomes. Eur. /.
Biochem. 271(15), 3200-3207 (2004).

Bies C, Guth S, Janoschek K, Nastainczyk W, Volkmer J,
Zimmermann R. A Scjlp homolog and folding catalysts

» 43

present in dog pancreas microsomes. Biol. Chem. 380(10),
1175-1182 (1999).

Quast RB, Claussnitzer I, Merk H, Kubick S, Gerrits M.
Synthesis and site-directed fluorescence labeling of azido

» 45

proteins using eukaryotic cell-free orthogonal translation

systems. Anal. Biochem. 451, 4-9 (2014).
Brodel AK, Sonnabend A, Kubick S. Cell-free protein

expression based on extracts from CHO cells. Biotechnol.

Bioeng. 111(1), 25-36 (2014).
Stech M, Brédel AK, Sachse R, Quast RB, Kubick S.

Cell-free systems: functional modules for synthetic and

46

chemical biology. In: Advances in Biochemical Engineering/
Biotechnology. Zeng A-P (Ed.). Springer, Berlin, Heidelberg,
Germany, 67-102 (2013).

Sachse R, Wiistenhagen D, Samaltkovd M, Gerrits M, Bier FF,
Kubick S. Synthesis of membrane proteins in eukaryotic cell-
free systems. Eng. Life Sci. 13(1), 39-48 (2012).

Shaklee PM, Semrau S, Malkus M, Kubick S, Dogterom M,
Schmidt T. Protein incorporation in giant lipid vesicles under
physiological conditions. Chembiochem 11(2), 175179 (2010). >0
Mikami S, Masutani M, Sonenberg N, Yokoyama S,

Imataka H. An efficient mammalian cell-free translation

>4

» 43

system supplemented with translation factors. Protein Expr.

Purif. 46(2), 348-357 (20006).

Mikami S, Kobayashi T, Masutani M, Yokoyama S,
Imataka H. A human cell-derived 7 vitro coupled

»so

transcription/translation system optimized for production of

recombinant proteins. Protein Expr. Purif: 62(2), 190-198
(2008).

Deniz N, Lenarcic EM, Landry DM, Thompson SR.
Translation initiation factors are not required for
Dicistroviridae IRES function in vivo. RNA 15(5), 932-946
(2009).

Fernandez ], Yaman I, Sarnow P, Snider MD, Hatzoglou M.
Regulation of internal ribosomal entry site-mediated
translation by phosphorylation of the translation initiation
factor elF2alpha. /. Biol. Chem. 277(21), 19198-19205
(2002).

Thompson SR, Gulyas KD, Sarnow P. Internal initiation
in Saccharomyces cerevisine mediated by an initiator
tRNA/elF2-independent internal ribosome entry site
element. Proc. Natl Acad. Sci. USA 98(23), 12972-12977
(2001).

Gu W, Ding J, Wang X ez al. Generalized substitution of
isoencoding codons shortens the duration of papillomavirus
L1 protein expression in transiently gene-transfected
keratinocytes due to cell differentiation. Nucleic Acids Res.

35(14), 4820-4832 (2007).

Zhao K-N. I vitro translation of papillomavirus authentic
and codon-modified L1 capsid gene mRNAs in mouse
keratinocyte cell-free lysate. In: Methods in Molecular
Biology (1118). Alexandrov K, Johnston WA (Eds). Humana
Press, NY, USA, 205-218 (2014).

Sokoloski K], Wilusz J, Wilusz CJ. The preparation and
applications of cytoplasmic extracts from mammalian cells
for studying aspects of mRNA decay. Methods Enzymol. 448,
139-163 (2008).

Svitkin YV, Sonenberg N. An efficient system for cap- and
poly(A)-dependent translation iz vitro. In: Methods in
Molecular Biology (257). Schoenberg DR (Ed.). Humana
Press, NY, USA, 155-170 (2004).

Wakiyama M, Takimoto K, Ohara O, Yokoyama S.
Let-7 microRNA-mediated mRNA deadenylation and
translational repression in a mammalian cell-free system.

Genes Dev. 21(15), 1857-1862 (2007).
Thoma C, Ostareck-Lederer A, Hentze MW. A poly(A)

tail-responsive 77 vitro system for cap- or IRES-driven
translation from HeLa cells. In: Methods in Molecular Biology
(257). Schoenberg DR (Ed.). Humana Press, NY, USA,
171-180 (2004).

Rakotondrafara AM, Hentze MW. An efficient
factor-depleted mammalian 77 vitro translation system. Naz.
Protoc. 6(5), 563-571 (2011).

Spirin A, Baranov V, Ryabova L, Ovodov S, Alakhov

Y. A continuous cell-free translation system capable of
producing polypeptides in high yield. Science 242(4882),
1162-1164 (1988).

Stech M, Merk H, Schenk JA et al. Production of
functional antibody fragments in a vesicle-based eukaryotic
cell-free translation system. /. Biotechnol. 164(2), 220-231
(2012).

Merk H, Gless C, Maertens B, Gerrits M, Stiege W. Cell-
free synthesis of functional and endotoxin-free antibody Fab

fragments by translocation into microsomes. Biotechniques

53(3), 153-160 (2012).

346

Pharm. Bioprocess. (2014) 2(4)

fsg

future science group


http://www.future-science.com/action/showLinks?crossref=10.1093%2Fnar%2Fgkm496&coi=1%3ACAS%3A528%3ADC%252BD2sXpt1Cisbk%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Felsc.201100235
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BC38XhsFegtbrF
http://www.future-science.com/action/showLinks?crossref=10.1083%2Fjcb.87.2.516&coi=1%3ACAS%3A528%3ADyaL3MXkt1OntA%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2FS0076-6879%2808%2902608-6&coi=1%3ACAS%3A528%3ADC%252BD1MXkt1ertL8%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.pep.2005.09.021&coi=1%3ACAS%3A528%3ADC%252BD28XjtFOltbk%253D
http://www.future-science.com/action/showLinks?crossref=10.1101%2Fgad.1566707&coi=1%3ACAS%3A528%3ADC%252BD2sXps1alsr4%253D
http://www.future-science.com/action/showLinks?crossref=10.1111%2Fj.1432-1033.2004.04252.x&coi=1%3ACAS%3A528%3ADC%252BD2cXmsFCitrc%253D
http://www.future-science.com/action/showLinks?crossref=10.1261%2Frna.1315109&coi=1%3ACAS%3A528%3ADC%252BD1MXlsFSksL4%253D
http://www.future-science.com/action/showLinks?crossref=10.1038%2Fnprot.2011.314&coi=1%3ACAS%3A528%3ADC%252BC3MXlsVSjsrg%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.ab.2014.01.013&coi=1%3ACAS%3A528%3ADC%252BC2cXltFagu78%253D
http://www.future-science.com/action/showLinks?crossref=10.1073%2Fpnas.76.12.6152&coi=1%3ACAS%3A528%3ADyaL3cXltlGmuw%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1073%2Fpnas.241286698&coi=1%3ACAS%3A528%3ADC%252BD3MXosFygsrs%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.jbiotec.2012.08.020&coi=1%3ACAS%3A528%3ADC%252BC3sXktFait78%253D
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADyaL3cXltlSgur4%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fcbic.200900669&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVSktbg%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.pep.2008.09.002&coi=1%3ACAS%3A528%3ADC%252BD1cXhtlShurnM
http://www.future-science.com/action/showLinks?crossref=10.1515%2FBC.1999.149&coi=1%3ACAS%3A528%3ADyaK1MXntlCjs70%253D
http://www.future-science.com/action/showLinks?crossref=10.1074%2Fjbc.M201052200&coi=1%3ACAS%3A528%3ADC%252BD38XktFChurw%253D
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADyaE1cXksFCqsL0%253D
http://www.future-science.com/action/showLinks?crossref=10.1126%2Fscience.3055301&coi=1%3ACAS%3A528%3ADyaL1MXltl2isA%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fbit.25013
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADyaK2MXjvVWksLg%253D

Developing cell-free protein synthesis systems: a focus on mammalian cells

Review

»s1 Agard NJ, Baskin JM, Prescher JA, Lo A, Bertozzi CR. » 66 Kartzen F, Peterson TC, Kudlicki W. Membrane protein
A comparative study of bioorthogonal reactions with azides. expression: no cells required. Trends Biotechnol. 27(8),

ACS Chem. Biol. 1(10), 644648 (2006). 455-460 (2009).

»52  Davis L, Chin JW. Designer proteins: applications of genetic »67  ArkinIT, Briinger AT, Engelman DM. Are there dominant
code expansion in cell biology. Naz. Rev. Mol. Cell Biol. membrane protein families with a given number of helices?
13(3), 168-182 (2012). Protein. Struct. Funct. Bioinfo. 28(4), 465-466 (1997).

+ Good review about the future perspectives of genetic code  »68  Wallin E, Heijne GV. Genome-wide analysis of integral
expansion in biological systems. membrane proteins from eubacterial, archaean, and

» 53 Goerke AR, Swartz JR. High-level cell-free synthesis yields eukaryotic organisms. Prosein Sei. 7(4), 1029-1038 (1998).
of proteins containing site-specific non-natural amino P69  Wagner S, Bader ML, Drew D, De Gier J-W. Rationalizing
acids. Biotechnol. Bioeng. 102(2), 400—416 (2009). membrane protein overexpression. Trends Biotechnol. 24(8),

P54 Serwa R, Wilkening I, Del Signore G ez al. Chemoselective 364-371 (2006).
staudinger-phosphite reaction of azides for the »70  Hopkins AL, Groom CR. The druggable genome. Naz. Rev.
phosphorylation of proteins. Angew. Chem. Int. Ed. 48(44), Drug Discov. 1(9), 727-730 (2002).

8234-8239 (2009). »71  Russell RB, Eggleston DS. New roles for structure in biology

PS5 Rostovtsev VV, Green LG, Fokin V'V, Sharpless and drug discovery. Nat. Struct. Biol. 7, 928-930 (2000).
KB. A stepwise Huisgen cycloaddition process: »72  KhnoufR, Olivero D, Jin S, Coleman MA, Fan ZH.
copper(I)-catalyzed regioselective ‘ligation’ of azides and Cell-free expression of soluble and membrane proteins in
terminal alkynes. Angew. Chem. 114(14), 27082711 an array device for drug screening. Anal. Chem. 82(16),
(2002). 7021-7026 (2010).

»56 Kolb HC, Sharpless KB. The growing impact of click »73  Grisshammer R. Understanding recombinant expression of
chemistry on drug discovery. Drug Discov. Today 8(24), membrane proteins. Curr. Opin. Biotechnol. 17(4), 337-340
1128-1137 (2003). (2006).

»s57  Zawada JE, Yin G, Steiner AR et al. Microscale to »74  Mccusker EC, Bane SE, O’Malley MA, Robinson AS.
manufacturing scale-up of cell-free cytokine production —a Heterologous GPCR expression: abottleneck to obtaining
new approach for shortening protein production development crystal structures. Biotechnol. Prog. 23(3), 540-547
timelines. Biotechnol. Bioeng. 108(7), 1570-1578 (2011). (2007).

»53  Kanter G, Yang ], Voloshin A, Levy S, Swartz JR, Levy R. 75  Cappuccio JA, Hinz AK, Kuhn EA et al. Cell-free
Cell-free production of scFv fusion proteins: an efficient expression for nanolipoprotein particles: building a
approach for personalized lymphoma vaccines. Blood high-throughput membrane protein solubility platform.
109(8), 3393-3399 (2007). In: Methods in Molecular Biology (498). Doyle SA (Ed.).

»59  Beebe ET, Makino S-I, Nozawa A et a/. Robotic large-scale Humana Press, NY, USA, 273-295 (2009).
application of wheat cell-free translation to structural studies 76 Goren MA, Nozawa A, Makino S-I, Wrobel RL, Fox BG.
including membrane proteins. N. Biotechnol. 28(3), 239-249 Cell-free translation of integral membrane proteins into
(2011). unilamelar liposomes. In: Methods in Enzymology (463).

P60  Angenendt P, Nyarsik L, Szaflarski W ez al. Cell-free protein Burgess RR, Deutscher MP (Eds). Academic Press, MA,
expression and functional assay in nanowell chip format. USA, 647-673 (2009).

Anal. Chem. 76(7), 1844-1849 (2004). » 77 Fenz SF, Sachse R, Schmidt T, Kubick S. Cell-free

» 61 Carlson ED, Gan R, Hodgman CE, Jewett MC. Cell-free synthesis of membrane proteins: tailored cell models out of
protein synthesis: applications come of age. Biotechnology microsomes. Biochim. Biophys. Acta 1838(5), 1382-1388
Adv. 30(5), 1185-1194 (2012). (2014).

» 62 Orth JHC, Schorch BR, Boundy S, Ffrench-Constant R, »78  Dondapati SK, Kreir M, Quast RB ez 2. Membrane assembly
Kubick S, Aktories K. Cell-free synthesis and characterization of the functional KesA potassium channel in a vesicle-based
of a novel cytotoxic pierisin-like protein from the cabbage eukaryotic cell-free translation system. Biosens. Bioelectron.
butterfly Pieris rapae. Toxicon 57(2), 199-207 (2010). 59, 174-183 (2014).

P63 Gourdon P, Alfredsson A, Pedersen A er al. Optimized »79  Kigawa T, Yabuki T, Yoshida Y ez al. Cell-free production
in vitro and in vivo expression of proteorhodopsin: a and stable-isotope labeling of milligram quantities of
seven-transmembrane proton pump. Protein Expr. Purif. proteins. FEBS Lett. 442(1), 15-19 (1999).

58(1), 103113 (2008). »30 Ozawa K, Dixon NE, Otting G. Cell-free synthesis of

» 64  Kalmbach R, Chizhov I, Schumacher MC, Friedrich T, N-labeled proteins for NMR studies. /[UBMB Life 57(9),
Bamberg E, Engelhard M. Functional cell-free synthesis 615-622 (2005).
of a seven helix membrane protein: in situ insertion of »351 Kigawa T, Muto Y, Yokoyama S. Cell-free synthesis and
bacteriorhodopsin into liposomes. /. Mol. Biol. 371(3), amino acid-selective stable isotope labeling of proteins for
639-648 (2007). NMR analysis. /. Biomol. NMR 6(2), 129-134 (1995).

»65  Klamme C, Lohr F, Schifer B er al. High level cell-free P32 Jermutus L, Ryabova LA, Pliickchun A. Recent advances in
expression and specific labeling of integral membrane producing and selecting functional proteins by using cell-free
proteins. Eur. J. Biochem. 271(3), 568580 (2004). translation. Curr. Opin. Biotechnol. 9(5), 534-548 (1998).

fsg www.future-science.com 347

future science group


http://www.future-science.com/action/showLinks?crossref=10.1111%2Fj.1432-1033.2003.03959.x&coi=1%3ACAS%3A528%3ADC%252BD2cXhtlWgsb0%253D
http://www.future-science.com/action/showLinks?crossref=10.1007%2FBF00211776&coi=1%3ACAS%3A528%3ADyaK2MXoslWmtLg%253D
http://www.future-science.com/action/showLinks?crossref=10.1021%2Fbp060349b&coi=1%3ACAS%3A528%3ADC%252BD2sXjs1Sktbw%253D
http://www.future-science.com/action/showLinks?crossref=10.1182%2Fblood-2006-07-030593&coi=1%3ACAS%3A528%3ADC%252BD2sXksFWiu7g%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2F%28SICI%291097-0134%28199708%2928%3A4%3C465%3A%3AAID-PROT1%3E3.0.CO%3B2-9&coi=1%3ACAS%3A528%3ADyaK2sXltlWisLY%253D
http://www.future-science.com/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BC38Xit12itLw%253D
http://www.future-science.com/action/showLinks?crossref=10.1021%2Fac035114i&coi=1%3ACAS%3A528%3ADC%252BD2cXhsFynsbg%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fbit.22070&coi=1%3ACAS%3A528%3ADC%252BD1MXhtVKmtbk%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2006.06.008&coi=1%3ACAS%3A528%3ADC%252BD28XntVymtLg%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.bios.2014.03.004&coi=1%3ACAS%3A528%3ADC%252BC2cXotlynu7w%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.toxicon.2010.11.011
http://www.future-science.com/action/showLinks?crossref=10.1002%2F1521-3757%2820020715%29114%3A14%3C2708%3A%3AAID-ANGE2708%3E3.0.CO%3B2-0
http://www.future-science.com/action/showLinks?crossref=10.1038%2F80691&coi=1%3ACAS%3A528%3ADC%252BD3cXnvVOgt74%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.jmb.2007.05.087&coi=1%3ACAS%3A528%3ADC%252BD2sXotlSjsLY%253D
http://www.future-science.com/action/showLinks?crossref=10.1080%2F15216540500217859&coi=1%3ACAS%3A528%3ADC%252BD2MXhtV2htLbO
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.copbio.2006.06.001&coi=1%3ACAS%3A528%3ADC%252BD28XotFWltbk%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fbit.23103&coi=1%3ACAS%3A528%3ADC%252BC3MXmtFyls7o%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.tibtech.2009.05.005&coi=1%3ACAS%3A528%3ADC%252BD1MXptVeqtrg%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2FS0958-1669%2898%2980042-6&coi=1%3ACAS%3A528%3ADyaK1cXntVSgt7o%253D
http://www.future-science.com/action/showLinks?crossref=10.1021%2Fcb6003228&coi=1%3ACAS%3A528%3ADC%252BD28XhtFyhtbfJ
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.nbt.2010.07.003&coi=1%3ACAS%3A528%3ADC%252BC3MXksFGqsrc%253D
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fpro.5560070420&coi=1%3ACAS%3A528%3ADyaK1cXisFSnu7s%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.bbamem.2013.12.009&coi=1%3ACAS%3A528%3ADC%252BC2cXjslyisbk%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.biotechadv.2011.09.016&coi=1%3ACAS%3A528%3ADC%252BC38XhtF2itL%252FN
http://www.future-science.com/action/showLinks?crossref=10.1002%2Fanie.200902118&coi=1%3ACAS%3A528%3ADC%252BD1MXht12htLfI
http://www.future-science.com/action/showLinks?crossref=10.1038%2Fnrd892&coi=1%3ACAS%3A528%3ADC%252BD38XmslamtrY%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.pep.2007.10.017&coi=1%3ACAS%3A528%3ADC%252BD1cXhsVygtbY%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2FS0014-5793%2898%2901620-2&coi=1%3ACAS%3A528%3ADyaK1MXhslWqtQ%253D%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2FS1359-6446%2803%2902933-7&coi=1%3ACAS%3A528%3ADC%252BD3sXpvVWkuro%253D
http://www.future-science.com/action/showLinks?crossref=10.1021%2Fac1015479&coi=1%3ACAS%3A528%3ADC%252BC3cXpsVKrsb0%253D

Review

Brodel & Kubick

P33 Stapleton JA, Swartz JR. Development of an iz vitro
compartmentalization screen for high-throughput directed
evolution of [FeFe] hydrogenases. PLoS ONE 5(12), 15275
(2010).

P84 Fallah-Araghi A, Baret J-C, Ryckelynck M, Griffiths AD.
A completely in vitro ultrahigh-throughput droplet-based
microfluidic screening system for protein engineering and

directed evolution. Lab Chip 12(5), 882-891 (2012).

85  Davidson EA, Dlugosz PJ, Levy M, Ellington
AD. Directed evolution of proteins iz vitro using
compartmentalization in emulsions. Curr. Protoc. Mol.
Biol. 87(24.6) (2009).

»sc  Miller OJ, Bernath K, Agresti JJ ez al. Directed evolution
by in vitro compartmentalization. Nat. Meth. 3(7), 561-570
(20006).

P37  Mamaev S, Olejnik J, Olejnik EK, Rothschild KJ. Cell-free
N-terminal protein labeling using initiator suppressor tRNA.
Anal. Biochem. 326(1), 25-32 (2004).

P83 Kiga D, Sakamoto K, Kodama K ez a/. An engineered
Escherichia coli tyrosyl-tRNA synthetase for site-specific
incorporation of an unnatural amino acid into proteins

» 39

»90

93

in eukaryotic translation and its application in a wheat
germ cell-free system. Proc. Natl Acad. Sci. USA 99(15),
9715-9720 (2002).

Ozawa K, Loscha KV, Kuppan KV, Loh CT, Dixon NE,
Otting G. High-yield cell-free protein synthesis for site-
specific incorporation of unnatural amino acids at two sites.

Biochem. Biophys. Res. Commun. 418(4), 652—656 (2012).

Ellman J, Mendel D, Anthony-Cahill S, Noren CJ,
Schultz PG, John JL. Biosynthetic method for introducing
unnatural amino acids site-specifically into proteins. Methods

Enzymol. 202, 301-336 (1991).

De Graaf AJ, Kooijman M, Hennink WE, Mastrobattista E.
Nonnatural amino acids for site-specific protein conjugation.
Bioconjug. Chem. 20(7), 1281-1295 (2009).

Whittaker J. Cell-free protein synthesis: the state of the art.
Biotechnol. Lett. 35(2), 143—152 (2012).

Rupp S. New bioproduction systems: from molecular
circuits to novel reactor concepts in cell-free biotechnology.
In: Advances in Biochemical Engineering/Biotechnology.
Zeng A-P (Ed.). Springer, Berlin, Heidelberg, Germany,
103-123 (2013).

348

Pharm. Bioprocess. (2014) 2(4)

fsg

future science group


http://www.future-science.com/action/showLinks?crossref=10.1016%2F0076-6879%2891%2902017-4&coi=1%3ACAS%3A528%3ADyaK38Xht1Cisbg%253D
http://www.future-science.com/action/showLinks?crossref=10.1371%2Fjournal.pone.0015275&coi=1%3ACAS%3A528%3ADC%252BC3cXhsFKlur%252FO
http://www.future-science.com/action/showLinks?crossref=10.1007%2Fs10529-012-1075-4
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.ab.2003.11.002&coi=1%3ACAS%3A528%3ADC%252BD2cXhtV2hsbo%253D
http://www.future-science.com/action/showLinks?crossref=10.1016%2Fj.bbrc.2012.01.069&coi=1%3ACAS%3A528%3ADC%252BC38XitFaksrs%253D
http://www.future-science.com/action/showLinks?crossref=10.1021%2Fbc800294a&coi=1%3ACAS%3A528%3ADC%252BD1MXhtlegtbs%253D
http://www.future-science.com/action/showLinks?crossref=10.1039%2Fc2lc21035e&coi=1%3ACAS%3A528%3ADC%252BC38XhvVCru7Y%253D
http://www.future-science.com/action/showLinks?crossref=10.1038%2Fnmeth897&coi=1%3ACAS%3A528%3ADC%252BD28XmtVSntrs%253D
http://www.future-science.com/action/showLinks?crossref=10.1073%2Fpnas.142220099&coi=1%3ACAS%3A528%3ADC%252BD38XlslKgsr4%253D



