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Cell-free protein synthesis has emerged as a powerful technology platform to help satisfy the growing de-
mand for simple and efficient protein production. While used for decades as a foundational research tool
for understanding transcription and translation, recent advances have made possible cost-effective micro-
scale to manufacturing scale synthesis of complex proteins. Protein yields exceed grams protein produced
per liter reaction volume, batch reactions last for multiple hours, costs have been reduced orders of magni-
tude, and reaction scale has reached the 100-liter milestone. These advances have inspired new applications
in the synthesis of protein libraries for functional genomics and structural biology, the production of person-
alized medicines, and the expression of virus-like particles, among others. In the coming years, cell-free pro-
tein synthesis promises new industrial processes where short protein production timelines are crucial as well
as innovative approaches to a wide range of applications.
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Appendix A.

1. Introduction

Cell-free protein synthesis (CFPS) systems derived from crude cell ex-
tracts have been used for decades as a research tool in fundamental and
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applied biology (Fig. 1). They were used in the ground-breaking experi-
ments of Nirenberg and Matthaei (1961), playing an essential role in
the discovery of the genetic code. More recently, CFPS has shown remark-
able utility as a protein synthesis technology (Katzen et al., 2005; Swartz,
2006), including the production of pharmaceutical proteins (Goerke and
Swartz, 2008; Kanter et al.,, 2007; Yang et al., 2005; Zawada et al., 2011),
and high-throughput production of protein libraries for protein evolution
and structural genomics (Goshima et al, 2008; Griffiths and Tawfik,
2003).
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The driving force behind the development of this technology has
been its potential to rapidly express bioactive recombinant DNA
(rDNA) proteins. In particular, cell-free systems have distinct advan-
tages over in vivo methods for rDNA protein production (Katzen et al.,
2005; Swartz, 2006; Zawada et al., 2011). Without the need to support
ancillary processes required for cell viability and growth, CFPS allows
optimization of the cell extract towards the exclusive production of a
single protein product. The absence of a cell wall enables an open and
versatile environment for active monitoring, rapid sampling, and direct
manipulation of the protein synthesis process. Finally, the cell-free for-
mat allows for screening without requiring a gene-cloning step (Fig. 2),
enabling rapid process/product development pipelines (Kanter et al.,
2007; Zawada et al., 2011).

Despite many promising aspects of cell-free systems, several ob-
stacles have previously limited their use as a protein production
technology. These obstacles have included short reaction durations
of active protein synthesis, low protein production rates, and diffi-
culty in supplying the intense energy and substrate needs of pro-
tein synthesis without deleterious concomitant changes in the
chemical environment. Furthermore, expensive reagent costs (par-
ticularly high energy phosphate chemicals in the form of nucleo-
tides and secondary energy sources), small reaction scales, a
limited ability to correctly fold proteins containing multiple disul-
fide bonds, and its initial development as a “black-box” science
were limitations (Swartz, 2006). However, technical advances in
the last decade have addressed these limitations and revitalized
CFPS systems to meet the increasing demands for protein synthesis
(Katzen et al., 2005). Moreover, a recent demonstration of cost-
effective cell-free protein synthesis in a 100-liter reaction by
Sutro Biopharma, Inc. (Zawada et al., 2011) shows the potential of
CFPS systems to become a powerful recombinant DNA protein pro-
duction platform at the industrial scale.

In this review, we focus on developments that have transformed
crude extract CFPS systems into a platform technology for industrial
and high-throughput protein production. With due respect to the
many advances in purified translation systems, such as the PURE sys-
tem developed by Ueda and colleagues (Ohashi et al., 2010) as well as
New England Biolabs (Asahara and Chong, 2010; Hillebrecht and
Chong, 2008), we concentrate on crude extract based systems be-
cause the expense of the PURE system currently restricts large-scale
commercial applicability. In addition, a review on the PURE system
was recently published (Ohashi et al., 2010). Here, we begin with a
brief introduction describing the technological capabilities of the
field. In the next section, we discuss historical trends in protein yields,
cost, reaction duration, and scale of CFPS systems. Finally, we exam-
ine frontier applications made possible by the recent technical
renaissance.

Raw Materials
(Amino acids,
template, NTPs,
and energy source)

Cell-free

2. Cell-free protein synthesis primer

To produce proteins of interest, CFPS systems harness an ensem-
ble of catalytic components necessary for energy generation and pro-
tein synthesis from crude lysates of microbial, plant, or animal cells.
Crude lysates contain the necessary elements for transcription, trans-
lation, protein folding, and energy metabolism (e.g., ribosomes,
aminoacyl-tRNA synthetases, translation initiation and elongation
factors, ribosome release factors, nucleotide recycling enzymes, met-
abolic enzymes, chaperones, foldases, etc.). Activated catalysts within
the cell lysate act as a chemical factory to synthesize and fold desired
protein products upon incubation with essential substrates, which in-
clude amino acids, nucleotides, DNA or mRNA template encoding the
target protein, energy substrates, cofactors, and salts. After initiation
of cell-free protein synthesis, production typically continues until
one of the substrates (e.g., ATP, cysteine, etc.) is depleted or bypro-
duct accumulation (e.g., inorganic phosphate) reaches an inhibitory
concentration.

Although any organism can potentially provide a source of crude
lysate, the most common cell-free translation systems consist of ex-
tracts from Escherichia coli (ECE), rabbit reticulocytes (RRL), wheat
germ (WGE), and insect cells (ICE). Since these cells behave very dif-
ferently, the extracts derived from them do as well. Thus, the first de-
cision when attempting to produce biologically active proteins using
CFPS is choosing the source of extract. Typically this decision begins
by considering the availability of materials and convenience of extract
preparation, yield of protein needed, protein origin and complexity,
downstream processing needs, and cost. In the remainder of this sec-
tion we highlight the most commonly used CFPS systems (Table 1).

The prokaryotic E. coli CFPS system is the most popular and is
commercially available. The adoption of the E. coli system is due to
several factors. First, E. coli is easily fermented in large quantities
using low-cost media and easily ruptured using high-pressure ho-
mogenizers. Thus, extract preparation is simple and inexpensive. Sec-
ond, E. coli based systems generally achieve the highest protein yields,
from hundreds of micrograms per milliliter to milligrams per millili-
ter in a batch reaction, depending on the protein of interest (e.g.,
1.7 mg mL™ ' chloramphenicol acetyl transferase (Kim et al., 2011),
0.7mgmL~" human granulocyte-macrophage colony-stimulating
factor (Zawada et al., 2011), and 0.022 mg mL™~' FeFe hydrogenase
(Boyer et al., 2008)). Third, the reaction cost of the E. coli system is
the lowest. This is due in large part to the ability to activate metabolic
reactions in the extract that fuel high-level protein synthesis, which
has obviated the need for using expensive energy substrates such as
phosphoenolpyruvate (Swartz, 2006).

WGE, RRL, and ICE systems are the most widely used eukaryotic
CFPS systems. They are also commercially available. Compared to the
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protein synthesis

Fig. 1. Cell-free protein synthesis systems exploit crude cell extracts to produce valuable therapeutics and vaccines, among other products.
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Fig. 2. Cartoon comparison of in vivo recombinant DNA protein expression with cell-free protein synthesis (CFPS). CFPS systems provide a more rapid process/product development
timeline. Example proteins shown include a virus-like particle (VLP), single-chain antibody variable fragment (scFv), and a membrane bound protein (MBP).

E. coli system, these methods have advantages for producing some types
of complex proteins and can achieve post-translational modifications
not found in bacteria (Chang et al., 2005). However, eukaryotic CFPS sys-
tems generally have more laborious extract preparation procedures, are
more costly, and have lower protein yields in batch reactions.

In terms of protein yields, WGE, pioneered by Endo and colleagues, is
the most productive. WGE is prepared from isolated wheat seed embryos
(Madin et al., 2000; Takai et al., 2010), typically producing between sev-
eral hundred micrograms to milligrams of recombinant protein per mil-
liliter reaction, depending on the protein and format (Madin et al., 2000).
RRL reactions are approximately 2 orders of magnitude lower, with

typical reported protein yields of several to tens of micrograms protein
per milligram reaction (Jackson and Hunt, 1983; Shields and Blobel,
1978; Tarui et al., 2001). Reported protein yields from ICE, usually pre-
pared from Spodoptera frugiperda cells (Ezure et al., 2010; Tarui et al.,
2001), are several tens of micrograms per milliliter reaction.

While WGE is the most efficient at making proteins, it is not read-
ily suitable for some post-translational processing like glycosylation
(Tarui et al., 2001). On this front, RRL and ICE have shown the most
versatility. Isoprenylation (Hancock, 1995; Suzuki et al., 2007), acety-
lation (Gibbs et al., 1985; Suzuki et al., 2006b), N-myristoylation
(Suzuki et al.,, 2006b), phosphorylation (Safer and Jagus, 1979),
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Disadvantages

1. Limited post-translational modifications

Table 1
Comparison of various cell-free protein synthesis systems.
Type Advantages
E.coli extract 1. Simple and cost-effective preparation of extract
2. High protein synthesis yield
3. High rate of protein synthesis
4. Clearly elucidated biochemical knowledge and well
established tools for genetic modifications
5. Low-cost energy sources

6. Able to fold complex proteins
Wheat-germ extract

—_

been achieved repeatedly
. High yield of complex proteins

Rabbit reticulocyte lysate

N = W N

Insect cell extract

3. Signal sequence processing

. Wide-spectrum expression of eukaryotic proteins has

1. Easy cell breakage and quick preparation of extract
2. Eukaryotic-specific post-translational modifications

1. Low yield of extract from cells
2. Extract preparation is lengthy and complex
3. Poor genetic modification tools

. Sophisticated high-throughput method for proteomics
. Easy cell breakage and quick preparation of extract
. Eukaryotic-specific post-translational modifications

1. Complex manipulation of animal tissue required

N

. Narrow spectrum of proteins expressed to date

. High background of endogenous globin mRNAs and
abundance of RNase M

w

. Poor genetic modification tools
. Low protein synthesis yields
. Cell cultivation is expensive and time-consuming

N = U N

. Poor genetic modification tools

ubiquitin-conjugation (Suzuki et al., 2010), signal peptide processing
(Shields and Blobel, 1978), and core glycosylation (Shields and Blobel,
1978; Tarui et al,, 2001) have been achieved. With respect to glyco-
sylation, ICE has the advantage over RRL that core glycosylation
does not require the addition of microsomal membranes, which
have been shown to provide the compartmentalization and enzymes
needed for proper post-translational modifications in RRL. These mi-
crosomal membranes must be separately purified and added into
the CFPS reaction. This extra processing step is not desirable. Thus,
ICE is emerging as the fastest growing CFPS platform. Beyond those
platforms listed above, eukaryotic CFPS systems based on yeast
(lizuka et al., 1994; Wang et al., 2008), cancer cells (Weber et al.,
1975), and hybridoma (Mikami et al., 2006), among others, have
also been developed.

Although each of the CFPS systems developed to date has their
merits, the trade-off between yield, cost, and post-translational mod-
ification requirements must be carefully considered. In the next sec-
tion, we examine benchmarks in the capacity to synthesize proteins
at high concentrations, reduced costs, increased scale, and improved
protein folding.

3. Technological advances in CFPS

Guided by the pioneering work of Spirin and co-workers (Spirin
et al., 1988), the last ~25 years have illuminated general rules for
achieving high protein yields in vitro. To briefly summarize, require-
ments for optimal cell-free expression include: adequate substrate
supply, a homeostatic environment, and the removal or avoidance
of inhibitory byproducts. Not surprisingly, these requirements are
characteristic properties of the in vivo state of a rapidly growing
cell. Thus, a guiding principle that has emerged in the development
of CFPS systems is that activating authentic biological processes in
vitro through cytoplasmic mimicry enables highly productive systems
(Jewett and Swartz, 2004a; Jewett et al., 2008).

3.1. Benchmark trends in CFPS

Fig. 3 shows the progression of the CFPS field from sampled publi-
cations, highlighting protein synthesis yield (batch and fed-batch/

continuous exchange formats), batch reaction duration, protein syn-
thesis rates, protein yield per dollar energy substrates and nucleo-
tides, and batch reaction volume. Strikingly, the observed trends
increase dramatically with time, providing a clear picture of the
growth of the field. Fig. 3A, for example, demonstrates an increasing
trend for batch E. coli CFPS reactions (~100 pg mL™ ! protein produ-
cedyear™!). To date, the biggest improvements in protein yields
have been observed for the E. coli and WGE systems. These systems
now routinely produce proteins in batch (Fig. 3A; E. coli) and fed-
batch or continuous exchange (Fig. 3B; E. coli and WGE) formats in
the milligram per milliliter range for a variety of proteins. The fed-
batch or continuous exchange yields presented in Fig. 3B are normal-
ized for reaction plus feed solution volumes, to take into account the
costs of feed solution chemicals.

What has driven the transformational increases in protein yields?
From the observed trends, it is clear that increases in protein yield in
the batch format are intimately tied to increases in batch reaction du-
ration (Fig. 3C; ~40 min year~!) and increases in protein synthesis
rate (Fig. 3D; ~30 ug mL™ ' h™ ' year™ ). Thus, longer reaction dura-
tion and increased protein synthesis rates result in higher protein
yields. What then has enabled longer reactions and increased rates?
Philosophically, the linear growth of these process parameters has
been enabled by a new way of thinking. Now more than ten years
ago, a series of elegant experiments by Kim and Swartz first revealed
that metabolic networks, not just simple one-step phosphorylation
reactions, could be harnessed in vitro to supply energy for protein bio-
synthesis (Kim and Swartz, 1999, 2000, 2001). Equally important,
their results also demonstrated that deleterious activities, which di-
rect resources away from protein production, could be specifically
identified and controlled. In sum, these landmark experiments trans-
formed cell-free systems into sets of biochemical reactions that could
be analyzed and controlled (i.e., not a “black box”) in order to im-
prove cell-free system performance. Moreover, it enabled the realiza-
tion that cytoplasmic mimicry was crucial for enabling highly active
cell-free systems (Jewett and Swartz, 2004a). Such a frame of refer-
ence shift enabled substrate limitations to be assessed and alleviated
and extract quality to be improved.

In recent years, for example, changes in extract preparation proce-
dures have led to more robust extracts, the ability to activate central
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Fig. 3. Historical trends of cell-free protein synthesis systems. Blue squares = E. coli extract (ECE), red circles = wheat germ extract (WGE), purple triangles = insect cell extract
(ICE), and green diamonds = rabbit reticulocyte lysate (RRL). (A) Cell-free protein synthesis yields for a batch reaction. (B) “Effective” cell-free protein synthesis yields for a fed-
batch or continuous exchange cell-free (CECF) reaction based on the total volume of reaction and feeding solutions. (C) Reaction length for active protein synthesis in a batch CFPS
reaction. (D) Rate of protein synthesis during a CFPS reaction. (E) Protein yield per dollar of NXPs (e.g., ATP, ADP, AMP, GTP, etc.) and energy source, which are the dominant sub-
strate costs of CFPS reactions. (F) Scale of CFPS reaction volumes. Cited references can be found in Supplementary Table 1.

metabolism for fueling CFPS, and the ability to increase reaction scale.
Because CFPS systems exploit an ensemble of catalytic proteins pre-
pared from the crude lysates of cells, cell extract (whose composition
is sensitive to growth media, lysis method, and processing condi-
tions) is the most critical component in the CFPS reaction. It is there-
fore somewhat surprising that only a few studies have focused on
alterations to extract preparation procedures for improved productiv-
ity. Let's consider the E. coli CFPS system. Up until about 7 years ago,

the extract preparation procedure in E. coli systems had remained rel-
atively constant since its original inception in the early 1960s (Liu
et al, 2005). Recently, however, systematic optimization of each
step in extract preparation has been carried out. As a result of these
new reports, a defined medium has been developed for consistent
growth of source cells (Zawada et al,, 2003), active extracts have
been produced from high-density fermentations (Zawada and
Swartz, 2005), simplifications to the original protocol have
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significantly reduced the time and cost associated with extract prep-
aration (Liu et al., 2005; Kim et al., 2006), and the extract preparation
procedure has been modified for manufacturing scale-up of CFPS re-
actions (Zawada et al., 2011). A key improvement has been the inclu-
sion of excess glucose in the growth media, which has enabled
activation of low-cost energy regenerating pathways and more pro-
ductive extracts (Jewett and Swartz, 2004a,b; Kim and Choi, 2000;
Zawada et al.,, 2011). In the WGE system, the discovery of a method
for preventing contamination by a protein synthesis inhibitor origi-
nating from the endosperm opened the way to its emergence as a
powerful technology in high-throughput protein production (Madin
et al., 2000).

Beyond extract preparation, stabilizing reaction substrates with-
out the concomitant accumulation of harmful side products has
underpinned the growth of the CFPS field. Indeed, focusing on sub-
strate availability, rather than protein production, has led to the
major transitions in technology development. These transitions
are highlighted by the non-linear trends in Fig. 3 (panels B, E, and
F). One of these disruptive technologies is the use of continuous
exchange or bilayer systems, where passive diffusion enables sub-
strates to be replenished and byproducts to be removed (Fig. 3B).
Closed batch systems are advantageous because they provide
reproducibility, efficient use of energy substrates, ease of scale-up,
and operational convenience for parallel expression of numerous
proteins. On the other hand, continuously feeding greatly lengthens
reaction lifetime and protein yields per reaction volume. (Endo and
Sawasaki, 2006).

A second key transition for the field has been the ability to activate
pathways in the cell extract that enhance protein synthesis. Much at-
tention has been given towards stimulating central metabolism to
fuel high-level CFPS, rather than costly one-step phosphorylation
reactions driven by phosphoenolpyruvate (PEP) or similar com-
pounds. In one approach, Jewett et al. (2008) co-activated central me-
tabolism, oxidative phosphorylation, and protein synthesis in a single
reaction to fuel high-level, cost-effective protein synthesis (up to
1.2mgmL~ " in 2h) (Jewett et al, 2008). In another approach,
Calhoun and Swartz (2005a,b) demonstrated that glucose could fuel
protein synthesis (Calhoun and Swartz, 20054, b). Substituting nucle-
oside monophosphates (NMPs) for nucleoside triphosphates (NTPs)
further reduced energy costs while maintaining high protein yields
(Calhoun and Swartz, 2005a; Jewett et al., 2008). Complementary ef-
forts have more recently utilized polymeric carbohydrates such as
maltodextran (Wang and Zhang, 2009) and soluble starch or glyco-
gen (Kim et al., 2011) as energy substrates because they are slowly
metabolized. A key advantage of these energy substrates is that envi-
ronmental factors like pH and inorganic phosphate concentration are
more stable, which can lead to higher protein expression. Indeed, the
recent work from Kim and colleagues reported the synthesis of
1.7 mgmL~ ! protein in an E. coli CFPS system, the highest known
reported batch yield to our knowledge (Fig. 3A) (Kim et al.,, 2011).
In addition to activating beneficial pathways, removal of harmful
pathways has also paid dividends. For example, stabilization of
amino acid substrates by deleting genes encoding deleterious en-
zymes (e.g., those that deplete substrates) has also been shown to en-
able high-level CFPS (Calhoun and Swartz, 2006; Michel-Reydellet
et al., 2004; Swartz, 2006).

A third technological breakthrough is the recent demonstration of
CFPS at the manufacturing scale (Fig. 3F). Combining advances in acti-
vating cost-effective energy metabolism that support long-lived protein
production with new robust extract preparation procedures, Zawada
et al. (2011) of Sutro Biopharma, Inc. developed a cost-competitive
large-scale E. coli based CFPS system. Their open cell-free synthesis
(OCFS) system was able to produce 700mgL~! of human
granulocyte-macrophage colony-stimulating factor (rhGM-CSF) in
10 h at the 100 liter scale (Zawada et al., 2011). The linear scalability
of the system over a 10° range in volume is essential for rapid and

effective optimization of reaction parameters for a given recombinant
protein. This phenomenon is in part due to the fact that cell-free
systems are effectively reducing the complexities of living biological
systems down to a set of organized chemical reactions. Future extension
of such technologies will make possible the commercial production of
protein pharmaceuticals that are inaccessible to cells, because they are
either toxic or difficult to express (i.e., not soluble).

3.2. Template preparation

Outside of the three technological milestones highlighted above,
key advances in template preparation have also been realized in re-
cent years. A particular focus has been on lowering the cost of DNA
template preparation. Since the lowering of energy substrate costs,
preparation of large quantities of highly purified DNA now represents
one of the most expensive substrates for CFPS reactions. In addition,
this time-consuming step can be a bottleneck when expressing a
large number of proteins. DNA rolling circle amplification may pro-
vide one solution. In a recent report, DNA rolling circle amplification
was used to amplify 5 pg of circular DNA from 100 ng starting materi-
al, which served as a high-quality template for protein synthesis
(Kumar and Chernaya, 2009). Another focus has been directed to-
wards enabling high-throughput gene construction. The Gateway
vector system, available from Invitrogen (Hartley et al., 2000), utilizes
integrase enzymes for one-step insertion of a desired gene into a vec-
tor while avoiding excess restriction digest and ligation reactions.
This platform was used for high-throughput production of 33,275
entry clones that were subsequently used for CFPS of a portion of
the human proteome (Goshima et al., 2008).

Other major developments in template preparation have included
a “universal” sequence for translation initiation for eukaryotic CFPS
systems (Swartz, 2009). In vivo, capped and poly-adenylated mRNA
is required for efficient translation initiation. Early on, most eukaryot-
ic CFPS systems used capped mRNA as a template, which aids in ribo-
some binding to the mRNA. However, the capping reaction is costly
and has a low efficiency. Moreover, any free m’GpppG cap analog is
a strong inhibitor of the initiation factor elF-4E, which greatly lowers
translation efficiency if not properly removed. As a result most of eu-
karyotic cell-free systems utilize internal ribosome entry site (IRES)
sequences to initiate translation (Fitzgerald and Semler, 2009). IRES
sequences are small RNA fragments ranging from several tens to hun-
dreds of nucleotides. These IRES sequences are particular for each
organism normally derived from viruses. For example, in WGE, the
5’-UTR fragment of Q gene from tobacco mosaic virus is able to effi-
ciently initiate translation (Gallie, 2002); ICE systems use the 5’-
UTR fragment of polyhedrin gene from baculovirus (Suzuki et al.,
2006a); RRL uses an RNA fragment from encephalomyocarditis virus
(Craig et al, 1992; Kozak, 1986). Some IRES sequences function
through an unstructured region at the 5’ end of the message that
binds to the ribosome and initiates translation. In an exemplary re-
port, Mureev et al. (2009) exploited this phenomenon to generate an
artificial IRES sequence made from polyA or AT-rich sequences at the
5’ end of mRNA. Termed species-independent translational sequences
(SITS), these templates were able to initiate cap-independent transla-
tion in almost all known cell-free expression systems, including E. coli
(Mureev et al., 2009).

Increasing the effective template concentration through localiza-
tion is another technology that has increased CFPS productivity. In
one example, Park et al. (2009) cross-linked linear template DNA
molecules with X-shaped DNA adapters to generate a DNA hydrogel
for use in combined cell-free transcription and translation systems.
This method improved protein production in WGE 300-fold as com-
pared to the soluble DNA template control. This improvement is
mainly attributed to gene protection from endogenous DNase diges-
tion, higher overall gene concentration by removing DNA solubility
limitations, and faster enzyme turnover rates due to confined
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localization of the genes (Park et al., 2009). Beyond improvements in
template design, Shin and Noireaux (2010) recently developed an E.
coli based CFPS system that uses an endogenous E. coli RNA polymer-
ase instead of the more standard bacteriophage polymerases. This
may provide advantages for the synthesis of particular genes.

3.3. Protein folding

Over the last decade, efforts to synthesize complex proteins, such
as those containing multiple disulfide bonds has intensified. Fig. 4
shows a timeline highlighting milestones in both the E. coli and
wheat germ CFPS systems. To fold complex proteins, the cell-free sys-
tem must shield hydrophobic regions of the target protein from one
another, provide the proper natural chemical environment, incorpo-
rate cofactors such as iron-sulfur clusters, encourage disulfide bond
formation, and promote disulfide bond isomerization. One main chal-
lenge for CFPS systems arises in reproducing in vivo oxidative folding
pathways to allow for formation and isomerization of disulfide bonds.
Whereas organisms have evolved to use different regions in space to
separate protein biosynthesis from oxidative folding, cell-free sys-
tems seek to accomplish both tasks in the same compartment. In
spite of this contrast, considerable progress has been made towards
enhancing the folding of eukaryotic proteins with multiple disulfide
bonds. In several exemplary examples, Swartz and colleagues have
shown it possible to establish an oxidizing environment in the CFPS
reaction that promotes disulfide bond formation through balancing
the redox potential reaction. By pre-treating the cell extract with
iodoacetamide (IAM), an alkylating agent that covalently blocks the
free sulfhydryl groups of cellular enzymes, using a glutathione buffer
to provide an oxidizing environment, and providing the disulfide
bond forming enzyme DsbC, they demonstrated the synthesis of ac-
tive urokinase (Kim and Swartz, 2004) and a truncated form of tissue
plasminogen activator (Yin and Swartz, 2004).

To form and isomerize disulfide bonds and to help nascent poly-
peptides attain their active conformation without aggregation, nature
also exploits a variety of enzymes (e.g., the Dsb system in E. coli and
other chaperones). Simple addition of these molecules has been im-
portant for production of complex proteins in vitro (Katzen et al.,
2005). Beyond addition of natural foldases, synthetic approaches
have also been used. In one approach, Welsh et al. (2011) tethered
the eukaryotic Hsp70 chaperone BiP to trigger factor. This method
was meant to mimic chaperone-assisted folding in the ER because
trigger factor is a ribosome-associating E. coli chaperone. The result
was an improvement in soluble protein yields for secreted eukaryotic
proteins (Welsh et al., 2011). In another approach, Sasaki et al. (2011)
improved proper bond formation and protein folding by
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incorporating amphiphilic polysaccharide nanogels into the cell-free
reaction, allowing for the binding and then controlled release of pep-
tide chains, preventing aggregation and misfolding for some proteins.
Together these examples, and others (Zawada et al., 2011), showcase
the freedom of design in adjusting cell-free system components by
direct addition of new components (in this case folding aids and
chaperones).

4. Applications

Marked advancements in productivity, cost, scale, and complexity
of recombinant protein synthesized have rapidly expanded the utility
and now industrialization of CFPS systems (Swartz, 2006). In this
section, we highlight several emerging applications made possible
by these advances. These include the production of protein libraries,
personalized medicines, evolved proteins, membrane proteins, and
virus-like particles.

4.1. High-throughput production

In this post-genomic era, high-throughput protein expression
platforms are becoming increasingly important. Cell-free systems
have many advantages for meeting this need. First, direct use of PCR
templates avoids time-intensive molecular cloning steps (Fig. 2). Second,
improvements in cost-effective high-yield batch reactions make multi-
well (96 or 384) protein production feasible. Third, there is tremendous
potential for miniaturization and automation using microchips. Fourth,
the lack of a cell wall barrier allows for easy manipulation of reaction
conditions, including the incorporation of isotope-labeled amino acids.

Stable-isotope labeling of proteins for NMR structure assignment
or X-ray crystallography using CFPS is playing a critical role in struc-
tural biology projects. A key advantage of cell-free systems is that the
efficiency of labeled amino acid incorporation, high-protein expres-
sion yields, and purity of expressed products in cell-free systems
can allow for direct heteronuclear NMR analysis without purification
(Morita et al., 2003; Ozawa et al., 2005; Takai et al., 2008). Already,
several thousands of protein structures have been determined using
cell-free systems (Endo and Sawasaki, 2003).

CFPS synthesis platforms also serve as a foundational technology
platform for the large-scale synthesis of protein libraries for function-
al genomics. Protein in situ arrays (PISA), for example, have been
quickly and efficiently generated using CFPS to comprehensively
study protein interaction networks on microchips (He and Taussig,
2007; He et al., 2008). In another illustrative example, a WGE system
was used as a “human protein factory” in an attempt to synthesize
13,364 human proteins (Goshima et al., 2008). Of the synthesized
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Urokinase protease (6) scFv-GM-CSF (2) clFN-o. (2)
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I I
VtPA (9) IGF-1 (3) [FeFe] Hydrogenase| |rhGM-CSF (2)
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Fig. 4. Timeline: CFPS milestones in the production of complex proteins. Abbreviations: scFv: single-chain antibody variable fragment, vtPA: variant of human tissue-type plasmin-
ogen activator, GM-CSF: granulocyte macrophage colony stimulating factor, IGF-I: insulin-like growth factor I, cIFN-oi: human consensus interferon-alpha, rhGM-CSF: human granulocyte
macrophage colony-stimulating factor. Cited references can be found in Supplementary Table 2.
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proteins (12,996 or 97.2%), many of those tested demonstrated func-
tion (e.g., 58 of 75 tested phosphatases) and 99.86% were successfully
printed onto glass slides to build a protein microarray (Goshima et al.,
2008). Because the cell-free approach obviates the need to synthesize,
purify, and immobilize proteins separately, it seems poised to offer an
improved toolbox and faster process for probing different aspects of
protein function. Quantitative improvements in lowering the binding
detection limit, such as a recent report that functionalized carbon
nanotubes with cell-free synthesized proteins to go from the 100 nM
to the 10 pM scale, are helping to pave the way (Ahn et al., 2011).
Beyond protein arrays, other functional genomics approaches, like
sequential protein expression (Woodrow and Swartz, 2007, Woodrow
et al,, 2006), promise to help unravel the function of each and every
gene product.

4.2. Therapeutics

As the issues of cost, scale, and protein folding are no longer insur-
mountable barriers to the adoption of cell-free technology, efforts to
exploit CFPS for commercial production of therapeutics will be inten-
sified (Zawada et al., 2011). A unique and exciting development is the
potential to enable the production of personalized medicines. In one
example, Kanter et al. (2007) synthesized a cytokine-fused single
chain antibody fragment (scFv) of immunoglobulin (Ig) idiotype
found on the surface of specific B-cell lymphoma using an E. coli
CFPS system (Kanter et al., 2007). This “personalized” scFv fusion
that was specific for a particular lymphoma successfully elicited an
immune response against the native Ig protein. Strikingly, this puri-
fied vaccine for treatment of lymphoma was produced in a matter of
days as compared to months in traditional mammalian cell expression.
The ability for quick, flexible, and high-yield expression of therapeutics,
combined with simple downstream processing demonstrates exciting
new possibilities for protein based patient specific medicines.

Outside of patient specific medicines, CFPS could also help identify
new drug candidates for existing and emerging threats in cancer, hepa-
titis, and malaria. Already, the quick and rapid expression platform has a
growing role in screening pipelines. Tsuboi et al. (2008, 2010), for
example, have recently utilized WGE to express 124 genes from the
malaria genome as possible vaccine candidates. The majority of these
products, 93 (75%), were expressed in soluble form. Notably, genes
with native codon usage have as high a yield as optimized codon
usage (Tsuboi et al., 2008; Tsuboi et al., 2010). In another example,
CFPS was used to synthesize vaccine candidates for botulinum toxins
at more than 1 mg mL™" concentrations (Zichel et al., 2010).

4.3. Protein evolution

CFPS systems provide a versatile platform for protein, or enzyme,
engineering. Since the 1990s, several extraordinary methods in di-
rected evolution have been developed based in cell-free protein syn-
thesis systems such as ribosome display (Mattheakis et al., 1994;
Zahnd et al., 2007), mRNA display (Roberts and Szostak, 1997), and
in vitro compartmentalization (Tawfik and Griffiths, 1998). Broadly,
these technologies have shown many advantages over in vivo-based dis-
play methods, which include a broader library size range, phenotype-
genotype coupling efficiency, and high-throughput screening methods.
So far, CFPS protein evolution technologies have been used successfully
in selecting scFvs antibody fragments (Fukuda et al., 2006), DNA-
binding factors (Ihara et al., 2006), and drug molecules used as cancer
therapeutics (Yan and Xu, 2006). In a recent example, Stapleton and
Swartz (2010) developed a high-throughput method to display hydrog-
enases based on microbead display, in vitro compartmentalization, and
fluorescence-activated cell sorting (FACS) (Stapleton and Swartz,
2010). Since hydrogenases catalyze the formation of hydrogen 2H™* +
2e~ — H,, which make them potentially key biocatalysts for hydrogen
fuel production, but are sensitive to oxygen, this approach could be a

potentially powerful tool for engineering oxygen tolerant hydrogenases
for compelling applications in energy production.

4.4. Membrane proteins

Membrane protein production is another application that has re-
ceived considerable attention. It is reported that membrane proteins
account for three-quarters of all potential drug targets (Khnouf
et al., 2010). However, their overexpression in vivo remains a bottle-
neck due to their complex structure, hydrophobic transmembrane re-
gion, host toxicity, and the time consuming and low efficiency
refolding steps required. Evidence now suggests the possibility of
high-level membrane protein expression for biochemical or structur-
al studies using CFPS systems. The key idea is to synthesize mem-
brane proteins in the presence of natural or synthetic lipids and/or
detergents that help solubilize the membrane protein. For example,
direct addition of surfactants or purified lipids can prevent aggrega-
tion of membrane protein polypeptides (Klammt et al., 2005). In
lieu of detergents, the addition of purified E. coli phospholipid bilayer
vesicles has also been used. Using this approach, two membrane pro-
teins, the tetracycline pump (TetA) and mannitol permease (MtlA),
were expressed and achieved the high yield of 570 and 130 pug mL ™!
respectively, up to 400 times as previous methods (Wuu and Swartz,
2008). Nanolipoprotein particles, which are lipid bilayers confined
within a ring of amphipathic protein of defined diameter (Cappuccio
et al., 2009), as well as unilamellar liposomes (Goren et al., 2009)
have also shown tremendous promise.

As an alternative approach, Noireaux and Libchaber (2004) utilized
phospholipid vesicles to encapsulate their cell-free protein synthesis
reactions (Noreaux and Libchaber, 2004). They recently demonstrated
that by expressing the pore forming protein a-hemolysin, the protein
is able to successfully integrate into the phospholipid bilayer and create
a channel for selective permeability of small molecules (Noreaux and
Libchaber, 2004). This technology has also demonstrated utility for
studying membrane protein and phospholipid bilayer interactions
(Chalmeau et al., 2011).

4.5. Virus-like particles

Virus-like particles (VLPs) are 25-100 nm complexes self-assembled
from one or more structural proteins (Johnson and Chiu, 2000). Being
structurally similar to viruses, they elicit an immunogenic response, but
have the potential to be used as safe vaccines because they do not contain
genetic material (Jennings and Bachmann, 2008). Furthermore, their self-
assembled and hollow structure gives interest in using VLPs as drug
delivery and gene therapy agents (Bundy et al., 2008). As defined and
regular structures are important for the immunogenic response of VLPs,
key design considerations in their recombinant production are the com-
position and consistency of VLP subunits and the purity and distribution
of the final product. Producing VLPs recombinantly in vivo is challenging
because of the structural inconsistencies involved in the scale up, protein
impurities from in vivo production (Pattenden et al., 2005), and the high
costs associated with recombinant strain development (Rothengass,
2007). E. coli based CFPS platforms have been developed to greatly
improve the manufacturability of VLPs. Bundy et al. (2008) for example,
efficiently synthesized the MS2 coat protein in batch CFPS reactions
(Bundy et al.,, 2008). Furthermore, CFPS systems allow for fast reaction
and assembly optimization at the bench top level for new VLP targets,
which may be scaled up to industrial production levels.

In addition to the rapid process and product development pipelines
that are enabled by CFPS, the ability to functionalize VLPs could greatly
expand their applications. In one example, Patel and Swartz (2011)
used E. coli CFPS to incorporate click-chemistry functionalizable non-
natural amino acids into VLPs at a yield of 300 pgmL~" (Patel and
Swartz, 2011). These functionalized VLPs were decorated with antibody
fragments, GM-CSF, DNA, and poly(ethylene glycol). In fact, multiple
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ligands can be added to these VLPs at once, with the surface composi-
tion depending on the ligand ratios introduced. For improved VLP sta-
bility, Bundy and Swartz (2011) controlled the redox potential of the
E. coli CFPS system, and were able to control disulfide bond formation
between the capsid monomers (Bundy and Swartz, 2011). These
advances demonstrate the merits of CFPS systems as a potentially
powerful VLP production platform for drug delivery and vaccines
applications.

5. Summary

In the coming years, we anticipate that the utility of CFPS systems
will only expand. This is due to their potential for high-throughput,
cost-effective, and high-level protein production. Immediate challenges
for the field include the gap in our ability to reliably synthesize any
biologically active protein in a universal platform, the lack of a cost-
effective and scalable eukaryotic CFPS platform, and the inability to
carry out humanized glycosylation patterns. By addressing such
challenges, we will be limited not by the technicalities in facilitating
synthesis of proteins, but by the number of growing applications that
cell-free protein synthesis can resolve. Given the exquisite capability
to modify and control CFPS systems and the emergence of cell-free
systems on the industrial scale, cell-free applications have now come
of age, but are only beginning to reach their full potential.
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