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ABSTRACT: Cell-free protein synthesis is a powerful method for
the high-throughput production of recombinant proteins, especially
proteins that are difﬁcult to express in living cells. Here we describe
a coupled cell-free transcription–translation system based on
tobacco BY-2 cell lysates (BYLs). Using a combination of fractional
factorial designs and response surface models, we developed a
cap-independent system that produces more than 250 mg/mL of
functional enhanced yellow ﬂuorescent protein (eYFP) and about
270 mg/mL of ﬁreﬂy luciferase using plasmid templates, and up to
180 mg/mL eYFP using linear templates (PCR products) in 18 h
batch reactions. The BYL contains actively-translocating microsomal vesicles derived from the endoplasmic reticulum, promoting
the formation of disulﬁde bonds, glycosylation and the cotranslational integration of membrane proteins. This was demonstrated by
expressing a functional full-size antibody (150 mg/mL), the
model enzyme glucose oxidase (GOx) (7.3 U/mL), and a
transmembrane growth factor (25 mg/mL). Subsequent in vitro
treatment of GOx with peptide-N-glycosidase F conﬁrmed the
presence of N-glycans. Our results show that the BYL can be used as
a high-throughput expression and screening platform that is
particularly suitable for complex and cytotoxic proteins.
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Introduction
The increasing demand for new therapeutic proteins, technical
enzymes, protein engineering, and functional genomics requires a
rapid and efﬁcient protein production and screening platform
(Leader et al., 2008; Swartz, 2012). The emerging technology of cellfree protein synthesis (CFPS) can help to satisfy this demand
(Carlson et al., 20125). Compared to cell-based expression, CFPS
offers advantages such as shorter process times and the direct
control and monitoring of reaction conditions (Swartz, 2012). PCR
products can be used directly for the simultaneous expression of
multiple proteins without laborious cloning and transformation
steps (Gan and Jewett, 2014; Yabuki et al., 2007; Wu et al., 2007a).
CFPS platforms allow the addition of accessory factors that promote
protein folding (Endo et al., 2006; Matsuda et al., 2006; Ozawa et al.,
2005) or the incorporation of unnatural amino acids (Albayrak and
Swartz, 2013; White et al., 2013). They also facilitate the expression
of cytotoxic proteins that cannot be produced in living cells
(Schwarz et al., 2008; Xu et al., 2005; Xun et al., 2009).
Escherichia coli cell-free lysates are widely used and are
advantageous because of their low cost, scalability and high
productivity (Caschera and Noireaux, 2014; Zawada et al., 2011).
However, because the lysates originate from bacteria, they are
unsuitable for the production of complex proteins with multiple
subdomains due to inefﬁcient oxidative folding and the absence of
chaperones and glycosylation machinery. Eukaryotic cell-free
systems are better suited for the expression of such proteins and
support most forms of post-translational modiﬁcation (Chang
et al., 2005; Zhang and Kaufman, 2006). The most frequently used
systems are based on wheat germ extract (WGE), insect cell extract
(ICE) and rabbit reticulocyte lysate (RLL). However, these systems
are expensive and extract preparation is complex (Carlson et al.,
2012). This has created a demand for additional eukaryotic CFPS
such as those based on Leishmania tarentolae (Mureev et al., 2009),
Chinese hamster ovary (CHO) cells (Brodel et al., 2014) and
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Saccharomyces cerevisiae (Gan and Jewett, 2014; Hodgman and
Jewett, 2013).
An uncoupled CFPS system based on tobacco BY-2 cells has been
reported before (Buntru et al., 2014 ; Gursinsky et al., 2009; Komoda
et al., 2004). However, we have developed an alternative coupled
transcription–translation system based on our previously described
BY-2 lysate (BYL), which can be prepared in large amounts from
inexpensive cell cultures grown under controlled conditions in less
than 1 day (Buntru et al., 2014). The reaction conditions were
optimized using a design of experiments (DoE) approach to
quantify interdependent variables and their interactions (Jewett
and Swartz, 2004). Statistically designed experiments varying
several factors simultaneously are more efﬁcient than testing one
factor at a time (Wu et al., 2007b). DoE strategies require fewer
resources (in terms of experiments, time and raw materials), the
effects of each factor are determined more accurately, the
interactions among factors can be predicted systematically, and
the experimental data cover a larger region of the design space
(Czitrom, 1999; Vaidya et al., 2009).
Our novel BYL system was tested against a commercial WGE for
the production of the reporter proteins enhanced yellow ﬂuorescent
protein (eYFP) and ﬁreﬂy luciferase (FFLuc). The ability of the BYL
system to promote oxidative folding, post-translational modiﬁcation, and the assembly of multi-domain proteins was evaluated by
the expression of a homodimeric glycoprotein enzyme and a
heterotetrameric full-size antibody. We also compared the use of
plasmid versus linear templates and tested the expression of an
integral membrane protein.

Materials and Methods
Plant Material
Tobacco cells (Nicotiana tabacum L. cv. Bright Yellow 2, BY-2) were
cultivated continuously in a 5-L fermenter (Type 100e, Applicon
Biotechnology, AC Schiedam, Netherlands) while maintaining a packed
cell volume of 20% at 26 C in the dark. We used Murashige-Skoog
liquid medium (Murashige and Skoog basal salt mixture, Duchefa
Biochemie, Haarlem, Netherlands) supplemented with 3% (w/v)
sucrose, 1 mg/L thiamine-HCl, 0.2 mg/L 2,4 dichlorophenoxyacetic
acid, 100 mg/L myo-inositol, 250 mg/L potassium dihydrogen
orthophosphate, and Pluronic L-61 antifoam (BASF, Mount Olive, NJ).
Preparation of the BY-2 Cell Lysate
The BYL was prepared as described previously (Buntru et al., 2014)
with some modiﬁcations. BY-2 cells were harvested during the
exponential growth phase of a continuous fermentation at a constant
packed cell volume of 20%. They were treated with 3% (v/v)
Rohament CL and 0.2% (v/v) Rohapect UF (AB Enzymes, Darmstadt,
Germany) in 3.6 g/L Kao and Michayluk basal salts (Duchefa
Biochemie), 360 mM mannitol, 1 mg/L 6-benzylaminopurine (BAP)
(Sigma-Aldrich, Seelze, Hannover, Germany) and 0.5 mg/L 1naphtylacetic acid (NAA) (Sigma-Aldrich). The resulting protoplasts
were layered onto a discontinuous Percoll gradient containing (from
bottom to top) 70% (v/v, 3 mL), 40% (v/v, 5 mL), 30% (v/v, 3 mL),
15% (v/v, 3 mL), and 0% (3 mL) Percoll (GE Healthcare, Munich,
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Germany) in 0.7 M mannitol, 20 mM MgCl2 and 5 mM PIPES-KOH
(pH 7.0) in a 50 mL polypropylene tube (Greiner Bio-One,
Frickenhausen, Germany). After centrifugation at 6800  g for 1 h
at 25 C in a swinging-bucket rotor (JS-5.3, Beckmann-Coulter,
Krefeld, Germany), evacuolated protoplasts were recovered from the
40–70% (v/v) Percoll solution interface and suspended in 3–3.5
volumes of TR buffer (30 mM HEPES-KOH (pH 7.4), 60 mM
potassium glutamate, 0.5 mM magnesium glutamate, 2 mM DTT)
supplemented with one tablet per 50 mL of Complete EDTA-free
Protease Inhibitor Mixture (Roche Diagnostics, Mannheim, Germany). The protoplasts were disrupted on ice using 15 strokes of a
Dounce homogenizer (Braun, Melsungen, Germany), and the nuclei
and non-disrupted cells were removed by centrifugation at 500  g
for 10 min at 4 C. The supernatant was supplemented with 0.5 mM
CaCl2 and treated with 7.5 U/mL nuclease S7 (Roche Diagnostics) for
15 min at 20 C. The lysate was supplemented with 2 mM EGTA to
inactivate the nuclease by chelating Ca2þ and was then frozen in 1 mL
aliquots at 80 C. The protein concentration of the ﬁnal lysate was
determined using a colorimetric assay (Bradford, 1976).
Plasmid Constructs
Vector pIVEX_GAA_Omega_eYFP-His was prepared by inserting
annealed oligonucleotides 1 and 2 (Table S1) containing the T7
promoter and the Tobacco mosaic virus 50 omega leader sequence
with GAA as the ﬁrst nucleotide triplet into pIVEX1.3_eYFP-His
(kindly provided by Dr. Stefan Kubick, Fraunhofer Institute for Cell
Therapy and Immunology IZI, Potsdam-Golm, Germany) using the
NspI and NcoI sites. Vector pIVEX_GAA_Omega_FFLuc-His was
prepared by introducing the FFLuc-His sequence from pIVEX1.3_
FFLuc-His (Buntru et al., 2014) into pIVEX_GAA_Omega_eYFP-His
using the NcoI and KpnI sites. For vector pIVEX_GAA_Omega_
Strep-eYFP containing an N-terminal streptavidin afﬁnity tag, the
Strep-eYFP sequence was ampliﬁed by PCR using pIX3.0_StrepeYFP as a template (kindly provided by Dr. Stefan Kubick) with
primers 3 and 4 (Table S1). The PCR product was digested with PciI
and Acc65I and inserted into the NcoI and Acc65I sites of
pIVEX_GAA_Omega_eYFP-His. Vector pF3A_WG_eYFP-His was
prepared by transferring the eYFP-His sequence from pIVEX_
GAA_Omega_eYFP-His into pF3A_WG (Promega, Mannheim,
Germany) using the NcoI and KpnI sites. Vector pIVEX_GAA_
Omega_MSP-eYFP-His was prepared by inserting annealed oligonucleotides 5 and 6 (Table S1) containing the melittin signal peptide
(MSP) sequence from Apis mellifera into pIVEX_GAA_
Omega_eYFP-His using the NcoI site. Vector pIVEX_GAA_
Omega_MSP-HbEGF-eYFP-His was prepared by introducing the
HbEGF-eYFP sequence containing a part of the MSP from
pIVEX1.3_MSP-HbEGF-eYFP-His (kindly provided by Dr. Stefan
Kubick) into pIVEX_GAA_Omega_MSP-eYFP-His using the AccI
and XmaI sites. For vector pIVEX_GAA_Omega_MSP-GOx-His, the
GOx sequence was ampliﬁed by PCR using pYES2_GOx as the
template (kindly provided by Dr. Raluca Ostafe, RWTH Aachen
University, Aachen, Germany) with primers 7 and 8 (Table S1). The
PCR product was digested with Esp3I and XmaI and inserted into the
NcoI and XmaI sites of pIVEX_GAA_Omega_MSP-eYFP-His. For
vector pIVEX_GAA_Omega_MSP-M12LC-His, the light chain (LC)
sequence from human antibody M12 (Raven et al., 2014) was

ampliﬁed by PCR using pTRAkc_MTAD as a template (kindly
provided by Dr. Nicole Raven, Fraunhofer IME, Aachen, Germany)
with primers 9 and 10 (Table S1). For vector pIVEX_GAA_
Omega_MSP-M12HC-His, the heavy chain (HC) sequence from
human antibody M12 was ampliﬁed by PCR using pTRAkc_MTAD as
the template with primers 11 and 12 (Table S1). The resulting PCR
products were digested with NcoI and NotI and inserted into the
NcoI and NotI sites of pIVEX_GAA_Omega_MSP-eYFP-His. The
Strep-eYFP PCR product was ampliﬁed by PCR using pIVEX_
GAA_Omega_Strep-eYFP as a template with primers 13 and 14
(Table S1). The modiﬁed Strep-eYFP PCR product was ampliﬁed by
PCR using pIVEX_GAA_Omega_Strep-eYFP as the template with
phosphorothioate-modiﬁed primers 9 and 10.
Coupled Transcription–Translation Cell-Free Protein
Synthesis
Coupled transcription–translation reactions were carried out in
50-mL aliquots at 25 C and 700 rpm for 18 h in a thermomixer
(Eppendorf, Hamburg, Germany). Standard reactions contained
40% (v/v) BYL, 40 mM HEPES-KOH (pH 7.8), 8.5 mM magnesium
glutamate, 3 mM ATP, 1.2 mM GTP, 1.2 mM CTP, 1.2 mM UTP,
30 mM creatine phosphate, 50 mg/mL creatine kinase, 80 ng/mL
vector DNA (34 nM), and 50 ng/mL in-house T7 RNA polymerase.
1
WGE (TNT SP6 High-Yield Wheat Germ Protein Expression
System, Promega) transcription–translation reactions were carried
out according to the manufacturer’s instructions.
Design of Experiments
A DoE approach was used to determine the effect of factors and
their interactions on the yield of eYFP produced using the BYL
system. We used fractional factorial designs and response surface
models in Design Expert v8.0 (Stat-Ease Inc., MN). There were seven
factors (A–G) included in the model: (A) HEPES-KOH, pH7.8; (B)
magnesium glutamate; (C) potassium glutamate; (D) NTPs; (E)
creatine phosphate; (F) plasmid DNA; and (G) T7 RNA polymerase.
The DoE created a cubic IV-optimal design with 192 experimental
runs. The DoE method allowed statistical analysis of variance
(ANOVA) whereby a p value less than 0.05 was taken as a signiﬁcant
result.

was used as a standard. GOx activity was determined with an assay
based on 2,20 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and horseradish peroxidase (HRP) (Sun et al., 2002; Zhu
et al., 2006). 2 mL of the cell-free reaction samples were transferred
to a 96-well ﬂat-bottom microplate (Greiner Bio-One) and 200 mL
assay mix was added into each well resulting in the following ﬁnal
concentrations: 330 mM D-glucose, 3.3 mM ABTS, and 0.25 U HRP
in acetate buffer (100 mM, pH 5.5). Activity was measured by
change in absorbance at 405 nm at ambient temperature using a
Synergy HT Multi-Mode Microplate Reader (Biotek).
Residue-Specific Labeling of Target Proteins
In order to label target proteins ﬂuorescently in an amino acid
selective manner the FluoroTectTM GreenLys in vitro Translation
Labeling System (Promega) was used according to the manufacturer’s instructions. The product contains a modiﬁed charged lysine
1
tRNA labeled with the ﬂuorophore BODIPY -FL. Using this system,
ﬂuorescently labeled lysine residues are incorporated into nascent
proteins at multiple sites during translation.
Deglycosylation Assay, SDS-PAGE and Immunoblot
The glycosylation of glucose oxidase (GOx) was determined by
treatment with PNGase F (NEB, Frankfurt, Germany) and subsequent
analysis of the protein molecular weight by SDS-PAGE followed by
immunoblotting. SDS-PAGE was carried out using precast NuPAGE
4–12% (w/v) polyacrylamide Bis-Tris gels (Life Technologies,
Carlsbad, CA) followed by staining with Coomassie Brilliant Blue
R-250. The PageRuler Prestained Protein Ladder (Thermo Scientiﬁc,
Waltham, MA) was used as a molecular weight marker. The proteins
were transferred to a membrane using a BioRad protein transfer
apparatus according to the manufacturer’s instructions and the
membrane was blocked in 5% (w/v) skimmed milk in phosphatebuffered saline (PBS) for 1 h at room temperature. His6-tagged
proteins were detected in a sandwich reaction using 0.2 mg/mL rabbit
anti-polyhistidine antibody (Genscript, Piscataway, NJ) followed by
incubation with 0.12 mg/mL alkaline phosphatase-conjugated goat
anti-rabbit IgG secondary antibody (Jackson ImmunoResearch,
Suffolk, UK) and staining with NBT/BCIP (Applichem, Darmstadt,
Germany). The membrane was washed with PBS containing 0.05%
(v/v) Tween-20 (PBST) between incubations.

Product Analysis
The ﬂuorescent signal from eYFP was quantiﬁed using a Synergy
HT Multi-Mode Microplate Reader (Biotek, Bad Friedrichshall,
Germany) with 485/20 nm excitation and 528/20 nm emission
ﬁlters. The quantity of eYFP was determined by generating a
standard curve based on different concentrations of eYFP in BYL
translation reactions without a DNA template. The eYFP standard
was produced using an in-house in vitro translation system based
on E. coli (Zawada, 2012) and puriﬁed by immobilized metalafﬁnity chromatography (IMAC) and size-exclusion chromatography (SEC). The concentration of puriﬁed eYFP was determined
using a colorimetric assay (Bradford, 1976). Fireﬂy luciferase
activity was measured with the Luciferase Assay System (Promega)
and a GENios Pro microplate reader (Tecan, Mainz-Kastel,
Germany). Fireﬂy luciferase purchased from Roche Diagnostics

Quantification of Functional Full-Size Antibody M12
The human vitronectin-speciﬁc full-size antibody M12 was
quantiﬁed by indirect ELISA (Kirchhoff et al., 2012). High-binding
96-well plates (Greiner Bio-One) were coated with 0.5 mg/mL
human vitronectin (R&D Systems, Minneapolis, MN) in PBS for 2 h
at room temperature. After blocking with 1% (w/v) BSA in PBS and
washing with PBST, the plates were incubated with standard M12
dilutions produced by transient expression in Nicotiana benthamiana (kindly provided by Dr. Nicole Raven) and experimental
samples of BYL. The plates were then incubated with the secondary
antibody, 0.2 mg/mL alkaline phosphatase-labeled goat anti-human
lambda LC (Sigma-Aldrich), and the signal was detected by
incubating with substrate pNPP (Sigma-Aldrich) and reading the
absorbance at 405 nm after 30 min.

Buntru et al.: A Coupled Cell-free Transcription-Translation System
Biotechnology and Bioengineering

869

Results

Optimizing the CFPS Reaction Conditions

Optimizing the Lysate Preparation
The original protocol for the preparation of BYL (Buntru et al.,
2014) was optimized for the coupled transcription and translation
system by introducing changes to increase the yield and reduce
the manufacturing time. The pectinase concentrate Rohament PL
was omitted during the preparation of BY-2 protoplasts because it
did not affect the preparation time. The concentration of
Rohapect UF, which contains pectinases and arabinases, was
instead increased from 0.1 to 0.2%, reducing the time required
for protoplast generation. The time needed to disrupt the
evacuolated protoplasts was also reduced by replacing the
nitrogen decompression chamber with a Dounce homogenizer. It
was possible to disrupt the protoplasts in a few minutes using 15
strokes of the homogenizer compared to the 30 min incubation
period required in the nitrogen chamber. This optimized protocol
allowed the preparation of up to 100 mL of BYL from 4 L of BY-2
cell suspension culture with a ﬁnal protein concentration of
12.9  0.4 mg/mL, which corresponds to approximately 50% of
the protein concentration described for cell-free systems based on
yeast (Hodgman and Jewett, 2013) and E. coli (Shin and
Noireaux, 2010).

Figure 1.

The versatility of the original uncoupled BYL system (Buntru et al.,
2014) was improved by developing a coupled transcription–
translation system that was also cap-independent, which involved
the inclusion of extra components (CTP, UTP and T7 RNA
polymerase) and the exclusion of the cap analogs present in the
original reaction mixture. The magnesium acetate and potassium
acetate were replaced with corresponding glutamates, which were
shown to be more efﬁcient in cell-free systems based on E. coli and
yeast (Hodgman and Jewett, 2013; Jewett and Swartz, 2004). The
pIVEX_GAA_Omega_Strep-eYFP vector was used as a template.
Many of the above factors are interdependent (Jewett and Swartz,
2004). We used a DoE approach to optimize the system, but ﬁrst we
reduced the number of factors by investigating them individually
and eliminating those with unwanted effects. These preliminary
experiments showed that amino acids had no impact on the
expression of eYFP whereas DTT and spermine had a clear negative
effect with increasing concentration (Fig. 1). The lowest tested
concentration of creatine kinase (50 mg/mL) achieved the highest
eYFP yield and even without any creatine kinase the BYL system
still achieved 60% of the maximum efﬁciency. The DoE runs were
therefore carried out in the absence of amino acids, DTT and
spermine, and in the presence of 50 mg/mL creatine kinase.

Effect of different concentrations of (A) amino acids, (B) spermine, (C) DTT and (D) creatine kinase on eYFP expression in the coupled BYL system. Transcription–
translation reactions were carried out using plasmid pIVEX_GAA_Omega_Strep-eYFP as the template at 25 C and 700 rpm for 18 h. Data are shown as relative fluorescence
intensities. Control reactions lacking the tested component were set at 100%, except for (D) where the lowest tested concentration of creatine kinase (50 mg/mL) was set at 100%.
Data represent the averages and standard deviations of three independent transcription–translation experiments.
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Table I. Low and high concentration levels of factors screened in the
experimental design.

Table II. Optimal concentrations of reaction components in the coupled
BYL system.

Numeric factor

Component

A
B
C
D
E
F
G

Factor name

Screened levels

HEPES-KOH, pH7.8
Magnesium glutamate
ATP/(GTP/CTP/UTP)
Creatine phosphate
Plasmid
T7 polymerase
Potassium glutamate

0–60 mM
6–14 mM
1/0.4–4/1.6 mM
15–60 mM
20–100 ng/mL (9–43 nM)
25–100 ng/mL
0–80 mM

The seven factors selected for testing were the HEPES-KOH
buffer (pH 7.8), magnesium glutamate, potassium glutamate,
NTPs, creatine phosphate, T7 RNA polymerase and plasmid DNA.
These were screened for optimal concentrations using a cubic IVoptimal design with 192 runs. Table I shows the concentration
ranges for each of the screened factors. Response surface models
were used to predict the factor values required for the optimal
target response, i.e., yield (Zhou et al., 2010). A cubic model was
ﬁtted onto the experimental data. All non-signiﬁcant terms
(P > 0.05 by ANOVA) were dropped. The ANOVA table (Table S2)
showed that the model was signiﬁcant (P < 0.0001). The ﬁtness
of the model was also conﬁrmed by the multiple R2 and adjusted
R2 values (0.971 and 0.952, respectively). Strong interactions were
observed among magnesium glutamate, NTPs and creatine
phosphate (Fig. 2). As expected, higher quantities of NTPs and
creatine phosphate, respectively, required a higher concentration
of magnesium glutamate. Optimal concentrations of all the
reaction components in the coupled BYL system are summarized
in Table II, disregarding the amounts already present in the
lysate.

HEPES-KOH, pH7.8
Magnesium glutamate
ATP/(GTP/CTP/UTP)
Creatine phosphate
Plasmid
T7 polymerase
Potassium glutamate
Creatine kinase

Optimum concentration
40 mM
8.5 mM
3/1.2 mM
30 mM
80 ng/mL (34 nM)
50 ng/mL
0 mM
50 mg/mL

Productivity of the BYL Transcription–Translation System
The productivity of the optimized BYL system was tested using a
range of model proteins. The production of eYFP was investigated
by time course analysis covering the ﬁrst 20 h of incubation, using
pIVEX_GAA_Omega_Strep-eYFP as the template (Fig. 3A). After a
lag phase of 2 h, we recorded a linear increase in ﬂuorescence
intensity for 12 h. The maximum yield (200 mg/mL eYFP) was
reached after 18 h, and longer reaction times did not achieve any
further improvement. Importantly, there was little variation in eYFP
yields between different lysate preparations as shown by the average
variance of 10% when testing ﬁve different BYL preparations in
quadruplicate (Table S3).
The productivity of the coupled BYL system was compared to a
commercially available coupled WGE system. The four target
proteins Strep-eYFP, His-eYFP, eYFP-His, and FFLuc-His were
expressed in the BYL using the pIVEX_GAA_Omega construct.
Similarly the proteins were expressed in WGE in conjunction with
vector pF3A_WG, which was designed speciﬁcally for use with this
system. For all tested proteins the BYL showed a considerably

Figure 2.

Response surface and contour plots for eYFP synthesis in the coupled BYL system. The effect of two factors on the yield is shown while the other factors are
maintained at the determined optimal concentrations. (A) Significant interaction between magnesium glutamate and NTP. (B) Significant interaction between magnesium glutamate
and creatine phosphate.
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Figure 3.

Productivity of the coupled BYL system. (A) Time course analysis of eYFP produced by the coupled BYL system over a 20 h run. (B) Comparison of the productivities of
the coupled BYL system and a commercially available coupled WGE system. (C) SDS-PAGE analysis of BYL and WGE transcription–translation reactions. In each case 2 mL of the
reaction mix was loaded on a 4–12% (w/v) gradient gel. Lane 1: Strep-eYFP (29 kDa) in BYL, lane 2: eYFP-His (28 kDa) in BYL, lane 3: FFLuc-His (63 kDa) in BYL, lane 4: no template
control in BYL, lane 5: Strep-eYFP in WGE, lane 6: eYFP-His in WGE, lane 7: FFLuc-His in WGE, lane 8: no template control in WGE. (D) Comparison of CFPS efficiency using different
amounts of plasmid and linear templates, the latter produced by PCR using standard (PCR-SP) or phosphorothioate modified (PCR-PMP) primers. All experiments were performed in
triplicate.

higher yield than WGE reaching a maximum of target protein for
FFLuc-His with 269  10 mg/mL in BYL and 47  3 mg/mL in WGE
(Fig. 3B). The higher yield of Strep-eYFP (256  2 mg/mL)
compared to the previous experiment can be explained by
photobleaching effects during generation of the time course. The
coupled BYL system is highly oxygen dependent. Sealing of the
transcription–translation reactions using a plastic ﬁlm reduced
target protein yield by almost 90% (Fig. S1).
We used SDS-PAGE to compare 2 mL of the BYL and WGE
standard reactions expressing Strep-eYFP, eYFP-His, and FFLucHis (Fig. 3C). In the BYL system, the additional 29 kDa (StrepeYFP), 28 kDa (eYFP-His), and 63 kDa (FFLuc-His) bands were
easily identiﬁed among the endogenous BY-2 cell proteins, whereas
in the WGE system endogenous proteins comigrated with these
three target proteins .
Vector construction often requires laborious cloning and
transformation steps, so we also tested PCR products as templates
in the coupled BYL system. We ampliﬁed the expression cassette
including the T7 promoter, the modiﬁed TMV 50 UTR (GAA_Omega), the Strep-eYFP gene, and the TMV 30 UTR from
pIVEX_GAA_Omega_Strep-eYFP using standard primers. When
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51 nM of the PCR template was included in the BYL reaction, we
achieved a Strep-eYFP yield of 125 mg/mL (PCR-SP in Fig. 3D),
corresponding to 60% of the yield obtained from the plasmid
template. However, the plasmid signiﬁcantly outperformed the PCR
product at lower template concentrations. Assuming this reﬂected
the lower stability of the PCR product, we used phosphorothioatemodiﬁed primers (PMP) to generate corresponding PCR products
that were resistant to cellular exonucleases. The modiﬁed PCR
product was more stable against degradation in the BYL system
(Fig. S2) and achieved a yield of nearly 180 mg/mL Strep-eYFP,
representing about 90% of the yield using a plasmid template (PCRPMP in Fig. 3D). The improvement was even more signiﬁcant at
lower template concentrations. The use of a modiﬁed PCR-PMP
product therefore signiﬁcantly reduces the amount of template
required to achieve the same amount of target protein.
Translocation of Target Proteins into Endogenous
Microsomes
The preparation of the BYL involves the disruption of organelles,
but parts of the endoplasmic reticulum (ER) reform as small

Figure 4. Translocation of MSP-eYFP-His into endogenous microsomes in the coupled BYL system. The target proteins eYFP-His and MSP-eYFP-His were visualized by
fluorography and immunoblotting after separation by electrophoresis in a 4–12% (w/v) gradient gel. (A) Fluorogram of (1) eYFP-His and (2) MSP-eYFP-His labeled using the
FluoroTectTM system (Promega). (B) Detection of (1) eYFP-His and (2) MSP-eYFP-His by immunoblot using a rabbit anti-His primary antibody (0.2 mg/mL), a goat anti-rabbit APconjugated secondary antibody (0.12 mg/mL) and NBT/BCIP staining. (C) Fluorescence analysis of MSP-eYFP-His. Fluorescent vesicles confirm expression and translocation into the
lumen of the microsomes. (D) Staining of microsomes with ER-TrackerTM Blue-White DPX (Life Technologies) selective for the endoplasmic reticulum.

vesicles known as microsomes. We therefore expressed variants
of the eYFP-His protein with and without an N-terminal melittin
signal peptide (MSP) to determine whether proteins could be
translocated into these organelles. We used two different versions
of the pIVEX_GAA_Omega vector to produce the translation
products eYFP-His and MSP-eYFP-His, and these were
ﬂuorescently labeled by incorporating lysine residues linked to
1
the ﬂuorophore BODIPY -FL, allowing visualization by ﬂuorography and immunoblotting after separation by SDS-PAGE
(Fig. 4A and B). Full-length eYFP-His and MSP-eYFP-His
migrated as 29 and 31 kDa bands, respectively, with minimal
signs of proteolysis and fragmentation. The translocation of
unlabeled MSP-eYFP-His into the microsomes was also
conﬁrmed by ﬂuorescence microscopy (Fig. 4C and D). The
presence of ﬂuorescent vesicles indicated that MSP-eYFP-His was
imported into the lumen of the microsomes. In contrast, eYFPHis lacking a signal peptide was localized externally to the
microsomes (data not shown).
Expression of a Type I Transmembrane Protein
We also investigated whether the BYL system could be used to
produce integral membrane proteins and target them correctly to
microsomal membranes by expressing a type I transmembrane
protein, heparin-binding EGF-like growth factor (HbEGF), as an
eYFP fusion with an MSP as described above. We used
pIVEX_GAA_Omega as the template and MSP-HbEGF-eYFP-His
was labeled by incorporating lysine linked to the ﬂuorophore
1
BODIPY -FL allowing visualization as described above. The fulllength MSP-HbEGF-eYFP-His product migrated as a 51 kDa band,
again with only minor signs of proteolysis and fragmentation
(Fig. 5A and B). Calculated on the basis of eYFP 25  3 mg/mL
MSP-HbEGF-eYFP-His was de novo synthesized in the coupled BYL

system. Fluorescence microscopy revealed the strong staining of
vesicle membranes, conﬁrming the incorporation of MSP-HbEGFeYFP-His into the microsomal membrane as anticipated (Fig. 5C).
Separation of the microsomes by centrifugation showed that around
35% of the produced membrane proteins were integrated into the
microsomal membranes (Fig. S3).
Formation of Disulfide Bonds and Glycosylation
The post-translational modiﬁcation of target proteins was
investigated by expressing the model enzyme Aspergillus niger
glucose oxidase (GOx), which comprises two identical subunits
covalently linked by disulﬁde bonds and contains eight sites for Nlinked glycosylation. The protein was expressed using vector
pIVEX_GAA_Omega as the template and was targeted to the
microsomes using the MSP as described above. Enzymatic activity
was compared to a commercial GOx standard using a colorimetric
assay with 2,20 -azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) and horseradish peroxidase (HRP) (Fig. 6B). The MSP-GOx
samples had an activity of 2.67  0.02 U/mL whereas GOx without a
signal peptide showed only minimal activity (Fig. 6A and B).
The cell-free expression of MSP-GOx was also carried out using an
eight-fold microsome-enriched lysate concentrated by centrifugation at 5000  g, which is thought to increase the efﬁciency of
translocation and disulﬁde bond formation. Accordingly, the
GOx activity of the microsome-enriched lysate increased to
7.34  0.02 U/mL (Fig. 6C), whereas microsome-depleted BYL
showed almost no GOx activity, conﬁrming that translocation into
the microsomes is required for correct folding and/or disulﬁde bond
formation.
The MSP-GOx produced by the BYL system yielded two bands,
with the more abundant band migrating at 67 kDa and the other at
80 kDa (Fig. 6D). The BYL was mixed with the detergent n-dodecyl-
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Figure 5. Expression of MSP-Hb-EGF-eYFP in the coupled BYL system. The target protein was visualized by fluorography and immunoblot analysis following separation by
electrophoresis in a 4–12% (w/v) gradient gel. (A) Fluorogram of MSP-HbEGF-eYFP-His labelled using the FluoroTectTM system (Promega). (B) Detection of MSP-HbEGF-eYFP-His by
immunoblot using a rabbit anti-His rabbit primary antibody (0.2 mg/mL), a goat anti-rabbit AP-conjugated secondary antibody (0.12 mg/mL) and NBT/BCIP staining. (C) Fluorescence
analysis of MSP-HbEGF-eYFP-His. Fluorescent membranes indicate the incorporation of the target protein into the microsomal membrane (marked by an arrow).

Figure 6. Expression of Aspergillus niger glucose oxidase (GOx) in the coupled BYL system. (A) Measurement of GOx activity with (MSP-GOx) and without (GOx) an N-terminal
melittin signal peptide (MSP) compared to a no-template control (NC). (B) Colorimetric assay of GOx activity using ABTS and HRP: (1) 1000 mU/mL GOx standard, (2) MSP-GOx in BYL,
(3) no-template control in BYL. (C) Measurement of MSP-GOx activity in microsome-enriched BYL. (D) Detection of MSP-GOx by immunoblot before (–) and after (þ) deglycosylation
with PNGase F using a rabbit anti-His primary antibody (0.2 mg/mL), a goat anti-rabbit AP-conjugated secondary antibody (0.12 mg/mL) and NBT/BCIP staining. (E) Detection of MSPGOx expressed at different microsome concentrations by immunoblot using a rabbit anti-His primary antibody and a goat anti-rabbit AP-conjugated secondary antibody.
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b-D-maltopyranoside (DDM) to disrupt the vesicular lipid
membranes. To conﬁrm that glycosylation was responsible for
the observed difference in mass the released protein was digested
with PNGase F, which removes almost all types of N-linked
glycosylation. Following PNGase F treatment only the 67 kDa band
was visible on the gel (Fig. 6D). This conﬁrmed the partial
glycosylation of MSP-GOx in the BYL microsomes and the removal
of these oligosaccharide groups by PNGase F. The microsomeenriched samples were also analyzed by SDS-PAGE and
immunoblotting to determine whether the enhancement of
translocation also affected the efﬁciency of glycosylation
(Fig. 6E). Accordingly, we found that the proportion of MSP-GOx
represented by the 80 kDa band increased signiﬁcantly from 12 to
34% (calculated by AIDA) when the enzyme was expressed in the
microsome-enriched BYL. A higher amount of microsomes did not
increase the overall expression of GOx, but improved the import of
the translated protein and thus the formation of active and
glycosylated GOx (Fig. S4).
Expression of a Functional Full-size Antibody
The vitronectin-speciﬁc full-size human antibody M12 was
produced by coexpressing the heavy chain (HC) and light chain
(LC) carried by two different pIVEX_GAA_Omega vectors. Both
chains were targeted to the microsomes using an N-terminal MSP as
discussed above. In the ﬁrst instance, the chains were expressed in
separate transcription–translation reactions, labeled with BOD1
IPY -FL and visualized by reducing SDS-PAGE as described above.
The full-length LC and HC produced bands migrating at 27 and
52 kDa, respectively, with only minor signs of proteolysis and
fragmentation (Fig. 7A). Having conﬁrmed the successful
expression of each individual chain, they were coexpressed in

Figure 7.

1

the coupled BYL system without BODIPY -FL labelling using
different ratios of the LC and HC template plasmids. Samples were
separated by non-reducing SDS-PAGE to maintain the integrity of
the intermolecular disulﬁde bonds and the immunoblot was probed
with an antibody against the Fc region (Fig. 7B). Typical antibody
heterotetramers (160 kDa) were produced at all the different
ratios of LC and HC template plasmids, with the strongest signal
achieved at a 1:2 ratio of LC to HC. We also observed HC dimers
(110 kDa), monomers and some degradation products. After
DDM treatment to liberate proteins from the microsomes, the
concentration of functional M12 antibody was measured against an
M12 standard by ELISA using plates coated with human vitronectin.
Different dilutions of samples (1:2–1:1024) were incubated in the
plates followed by detection using an LC-speciﬁc antibody. Samples
expressing only the LC or only the HC showed no reactivity because
they failed to bind the antigen (data not shown). The coupled BYL
system without microsome enrichment yielded 38.5  1.3 mg/mL
functional M12 (Fig. 7C), whereas the eight-fold microsomeenriched BYL yielded up to 151.0  20.4 mg/mL, conﬁrming the
increased efﬁciency of protein translocation.

Discussion
We have developed a coupled transcription–translation system
based on our previously reported uncoupled BYL system (Buntru
et al., 2014) by incorporating the additional components T7 RNA
polymerase, CTP and UTP, but removing amino acids, DTT and
spermine, which we found to be ineffective or even detrimental
(Fig. 1). We also replaced magnesium and potassium acetate with
their corresponding glutamates to provide a more authentic
representation of the plant cell cytosol, based on similar approaches
that led to signiﬁcant improvements in the cell-free systems based

1

Synthesis of full-size human antibody M12 using the coupled BYL system. (A) Fluorogram of the M12 (1) HC and (2) LC labeled with BODIPY -FL. (B) Detection of M12
HC by immunoblot using an AP-conjugated goat anti-human Fc antibody (0.12 mg/mL, Jackson ImmunoResearch) and NBT/BCIP (Applichem) staining. Different ratios of LC to HC
template plasmid were used for the coupled transcription–translation reaction: (1) 4:1, (2) 3:1, (3) 2:1, (4) 1:1, (5) 1:2, (6) 1:3, and (7) 1:4. (C) The concentration of functional and
assembled M12 produced at different microsome concentrations measured by ELISA against human vitronectin, based on a coupled transcription–translation with a 1:2 LC/HC ratio.
The concentration was calculated by comparison to M12 standards produced by transient expression in Nicotiana benthamiana. Data represent the means and standard deviations
of four independent transcription–translation experiments.
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on E. coli and yeast (Hodgman and Jewett, 2013; Jewett and Swartz,
2004). The costs of the BYL system were reduced by making it capindependent, thus we removed the cap analog present in the
original system and ensured that the expression vectors were
equipped with a modiﬁed TMV omega sequence (GAA_Omega)
that supports cap-independent translation in the WGE system
(Sawasaki et al., 2002). The TMV omega sequence was also
successfully used in a cap-independent coupled transcription–
translation system based on yeast extracts (Gan and Jewett, 2014).
The relative concentrations of the reaction components were
optimized using a DoE strategy. By a similar approach the target
protein yield of a coupled cell-free transcription–translation system
based on E. coli could be increased by 350% (Caschera et al., 2011).
For the BYL the DoE approach resulted in a novel coupled system
with the ability to produce a batch yield of up to 270 mg/mL active
ﬁreﬂy luciferase within 18 h, which is higher than any other
eukaryotic system (Table III).
We also tested linear templates to improve the handling,
ﬂexibility and speed of the BYL system for high-throughput
applications. Linear templates can be prepared rapidly by PCR
avoiding the need for laborious and time-consuming molecular
cloning steps. With standard oligonucleotide primers, the resulting
PCR products were able to produce up to 125 mg/mL eYFP
(Fig. 3D). This is lower than the yields achieved with plasmid
templates, presumably reﬂecting the degradation of linear
templates by endogenous exonucleases. We therefore used
phosphorothioate-modiﬁed oligonucleotides in which three nonbinding oxygen atoms at the 50 end and one at the 30 end are
replaced with sulfur to reduce exonucleases susceptibility (Beaucage and Iyer, 1992; Ciafre et al., 1995; Englisch and Gauss, 1991;
Stein et al., 1988; Uhlmann and Peyman, 1990). A similar approach
was recently reported in the cell-free E. coli system (Sun et al.,
2014). The modiﬁed PCR products signiﬁcantly increased the yield
of eYFP in the BYL system, especially at lower template
concentrations (Fig. 3D). The coupled BYL system is therefore
suitable for high-throughput CFPS.
The ability of the BYL system to carry out post-translational
modiﬁcations was conﬁrmed by the expression of glycosylated GOx,

whose activity is dependent on the linkage of two subunits via
disulﬁde bonds (O’Malley and Weaver, 1972). The active
glycoprotein was produced successfully if it was targeted to the
microsomes, which represent the remnants of the ER and therefore
promote the efﬁcient formation of disulﬁde bonds by providing the
correct redox conditions and a ﬂow of oxidizing equivalents from
ﬂavoprotein Ero1p via protein disulﬁde isomerase (Frand and
Kaiser, 1999; Tu et al., 2000; Tu and Weissman, 2004). The
generation of active GOx suggested that disulﬁde bonds formed
between the correct pairs of cysteine residues, therefore further
modiﬁcations were not necessary, such as the adjustment of redox
conditions using glutathione or the addition of disulﬁde isomerase
as described for insect cell lysates (Merk et al., 2012; Stech et al.,
2012), the wheat germ extract (Kawasaki et al., 2003) and the E. coli
lysate system (Kim and Swartz, 2004; Oh et al., 2006; Yin and
Swartz, 2004). The presence of both glycosylated and nonglycosylated GOx was conﬁrmed as described for the expression of
human erythropoietin in a cell-free system based on CHO cells
(Brodel et al., 2014). However, the microsome-enriched lysates
increased the yield of active GOx by 2–3-fold and also increased the
proportion of glycosylated GOx (Fig. 6E), similarly reported for the
glycosylation of human erythropoietin in the CHO system (Brodel
et al., 2014).
Further evidence for the correct assembly of multi-domain
proteins containing disulﬁde bonds was provided by the
production of a functional full-size antibody. To our knowledge,
this is the ﬁrst report showing the production of an active, fullsize antibody in a eukaryotic cell-free system. Only antibody
fragments have been produced thus far in the WGE system
(Kawasaki et al., 2003) and in insect cell lysates (Merk et al.,
2012; Stech et al., 2012). We achieved a yield of 150 mg/mL for the
functional full-size antibody, which is considerably higher than
the 20 mg/mL reported for scFv production [Stech et al., 2012]
and the 10 mg/mL reported for Fab production (Merk et al., 2012)
using insect cell lysates. As described above for GOx, the yield of
full-size antibody was increased 4-fold by using microsomeenriched lysates (Fig. 7). Because incompletely formed HC can be
prone to aggregation (Ellgaard and Helenius, 2003; Vanhove et al.,

Table III. Batch mode yields and costs of eukaryotic coupled transcription–translation systems.
Batch Yield

Costsh

8 mg/mL active firefly luciferasea
1–10 mg/mL active firefly luciferaseb
45 mg/mL active firefly luciferasec
50 mg/mL active firefly luciferased
10–100 mg/mL proteine
220 mg/mL active enhanced green fluorescent proteinf
240 mg/mL active firefly luciferaseg
270 mg/mL active firefly luciferase (this work)

2a
40
42
not available
43
94
73
0.2

System
Yeast extract
Rabbit reticulocyte lysate (RLL)
Insect cell extract (ICE)
Chinese hamster ovary (CHO)
Wheat germ extract (WGE)
Leishmania tarentolae extract
HeLa cell extract
BY-2 lysate (BYL)
a

(Gan and Jewett, 2014)
1
Promega TnT T7 Coupled Reticulocyte Lysate System
1
c
Promega TnT T7 Insect Cell Extract Protein Expression System
d
(Brodel et al., 2014)
1
e
Promega TNT SP6 High-Yield Wheat Germ Protein Expression System
f
Jena Biosciences LEXSY in vitro Translation Kit
g
Thermo Scientiﬁc 1-Step Human Coupled IVT Kit – DNA
h
cost of dollar cents per microliter of cell-free reaction
b
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2001), the yield could be increased further by expressing the LC
ﬁrst, allowing it to act as a scaffold for the correct folding and
assembly of the HC to form the heterotetrameric full-size
antibody.
In conclusion, the coupled BYL system provides a versatile
platform for the expression of different classes of proteins including
heteromeric, modiﬁed and membrane-spanning proteins. With
respect to yield and costs the BYL system outperforms all known
eukaryotic CFPS platforms (Table III). It is likely that the prolonged
activity of the BYL system (nearly 18 h) could be extended even
further using a continuous-exchange cell-free (CECF) strategy
(Schoborg et al., 2014; Stech et al., 2014). Given that the BYL
system can also use PCR products as templates, we now aim to
develop a droplet-based microﬂuidic screening system in our
further studies.
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