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Abstract A high-throughput cell-free protein synthesis method
has been described. The methodology is based on a bilayer
diffusion system that enables the continuous supply of substrates,
together with the continuous removal of small byproducts,
through a phase between the translation mixture and substrate
mixture. With the use of a multititer plate the system was
functional for a prolonged time, and as a consequence yielded
more than 10 times that of the similar batch-mode reaction.
Combining this method with a wheat germ cell-free translation
system developed by us, the system could produce a large amount
of protein sufficient for carrying out functional analyses. This
novel bilayer-based cell-free protein synthesis system with its
simplicity, minimum time and low cost may be useful practical
methodology in the post-genome era. © 2002 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

A cell-free translation system has been known to have a
capacity to synthesize proteins with high speed and accuracy
approaching in vivo rates, and it can express proteins that
would interfere with cell physiology [1,2]. However, they
were generally inefficient because of their instability [3]. We
have reported that one of the main causes for the instability of
the wheat germ cell-free system is the contamination of wheat
germ extract by several inhibitors during the extraction pro-
cedure [4,5]. After elimination of these inhibitors, the trans-
lation system became very efficient and stable. As we reported,
when the cell-free translation was performed by using this
extract in Spirin’s continuous-flow cell-free protein synthesis
system (CFCF), with continuous supply of substrates and re-
moval of small byproducts [6], the translation reaction pro-
ceeded for more than 60 h yielding 0.8-4 mg of functionally
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Abbreviations: CBB, Coomassie brilliant blue; FAD, flavin adenine
dinucleotide; GFP, green fluorescent protein; KOD, archaeon Pyro-
coccus sp. strain KOD1 DNA polymerase; ER, estrogen receptor
protein

active proteins per ml of reaction. Though Spirin’s CFCF is
efficient for materialization of genetic information using effi-
cient cell-free systems such as those from Escherichia coli and
wheat embryos, they may not be suitable for the massive
screening of gene products from the cDNA catalogues. Since
the apparatus is equipped with a semi-permeable membrane at
the heart of the reaction chamber, the system is complicated
mechanically, but for functional analysis of proteins a quan-
tity of only tens of micrograms is sufficient. In contrast, the
regular batch-mode reaction works for only a few hours and
the amount of synthesized protein is not sufficient for a bio-
chemical analysis. Therefore there is a need to invent a reac-
tion system for the analysis of gene products from cDNA
catalogues, which can be simpler and more cost-effective
than CFCF and can synthesize sufficient protein quantities
better than the batch-mode reaction.

In this article, we successfully demonstrate the bilayer trans-
lation method, which is a simplified version of CFCF, in
which the substrate mixture is simply overlaid onto the trans-
lation mixture. The system was functional for more than 10
times as long when compared to batch-mode reactions, yield-
ing a sub-milligram amount of proteins. The performance of
this system and the synthesized protein quantities are high
enough for functional analysis of gene products from various
cDNA catalogues.

2. Materials and methods

2.1. General

The following procedures were either described or cited previously
[4,5,7]: isolation of wheat germs and preparation of the extract, syn-
thesis of mRNA (mRNAs consisted of the sequence cap-AAUA-
CACGGAAUUCGAGCUCGCCCGGGAAAUCUC AAUG (the
underlined sequence is the initiation codon) at its 5’-end, a coding
sequence, and a 3’-non-coding region of 549 nt and with 100 nt of
poly(A)), determination of RNA and protein, estimation of amount of
protein synthesized by means of densitometric scanning of the Coo-
massie brilliant blue (CBB)-stained bands on the gel, and autoradiog-
raphy. SP6 RNA polymerase, human placental ribonuclease inhibitor
(133 U/ml), L-[U-"*C]Jleucine, creatine kinase, spermidine and the 20
amino acids, non-ionic detergent NP-40, and a gene encoding green
fluorescent protein (GFP) (pCaMV35S-sGFP(S65T)-NOS3).

2.2. Materials

An E. coli coupled transcription—translation kit (The Rapid Trans-
lation System, TRSsy) was purchased from Roche Molecular Bio-
chemicals, Germany. Plasmids carrying genes encoding sarcosine oxi-
dase from Arthrobacter sp. TE1826 (soxA) [8], BamHI from Bacillus
amyloliquefaciens H [9], KOD from archaeon Pyrococcus sp. strain
KODI [10], and estrogen receptor protein (ER) from the human can-
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cer cell line MCF-7 [11] were kindly provided by Dr. T. Imanaka
(Osaka University). Authentic BamHI (specific activity 600 U/ug)
and sarcosine oxidase (specific activity 0.0125 U/ug) were purchased
from Toyobo Biochemicals, Japan.

2.3. Cell-free translation

Batch-mode GFP synthesis in the E. coli S-30 cell-free kit was
carried out using vector GFP according to the instruction manual.
Batch-mode wheat germ cell-free protein synthesis was performed as
previously reported with slight modifications [5]. In brief, 25 ul of
reaction mixture contained 12 pul of extract (thus 48% (v/v)); final
concentrations of the various ingredients are: 24 mM HEPES/KOH
pH 7.8, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate,
0.45 mg/ml creatine kinase, 2 mM dithiothreitol, 0.4 mM spermidine,
0.3 mM of each of the 20 amino acids including ['*C]leucine (2 uCi/
ml) where indicated, 2.7 mM magnesium acetate, 100 mM potassium
acetate, 50 ug/ml of deacylated tRNA prepared from wheat embryos,
0.05% NP-40, 0.005% NaNj3 and 20 pmol of mRNAs. The extract was
not treated with micrococcal nuclease since we did not observe any
positive effect on the treatment. Incubation was done at 26°C. For the
bilayer systems, as shown in Fig. 1A, the substrate mixture (50 pl),
containing ingredients described above except for mRNA and creatine
kinase, was carefully overlaid onto the translation mixture (10 ul)
containing each 20 pmol mRNA in 96 wells of the titer plate and
incubated at 26°C for the indicated period of time.

2.4. Determination of enzymatic activities of the products

Sarcosine oxidase (EC 1.5.3.1) was purified and activity was deter-
mined using the 4-amino-antipyrine peroxidase system [8]. Activity of
the restriction enzyme BamHI was measured using ADNA as a sub-
strate, products were separated on 1% agarose gel and visualized by
ethidium bromide [9].

3. Results and discussion

The drawbacks associated with cell-free translation systems,
such as the low yield of translation product due to the pres-
ence of several inhibitors in the extract and the short duration
of the translation reaction, have recently been overcome by
eliminating the endogenous translation inhibitors [5] and us-
ing continuous flow reaction, CFCF [6]. As we reported ear-
lier [5], our newly developed wheat germ cell-free system syn-
thesizes the functionally active proteins efficiently and could
be an efficient alternative system for the synthesis of gene
products from a given cDNA catalogue. The principle of
CFCF involves the continuous supply of amino acids and
energy components and removal of small byproducts through
a semi-permeable membrane that mimics the normal cell
physiology. From a practical point of view, however, points
such as the massive screening of gene products and the in-
strumentation of the process, there is a need to invent me-
chanically simpler methods rather than using such compli-
cated membrane systems.

This was achieved by taking advantage of using a simple
bilayer reaction method. As illustrated in Fig. 1A, the method
is very simple: the substrate mixture was overlaid onto the
translation mixture that contained the same ingredients as a
conventional batch-mode reaction. We first tested the protein-
synthesizing capacity of this bilayer apparatus by using the
commercially available E. coli coupled transcription—transla-
tion system programmed with a gene encoding GFP. It was
interesting to see translation in the bilayer apparatus that
continued to incorporate ['*CJleucine into the protein for up
to 17 h. Under similar conditions, when the reaction was
performed using regular batch-mode protein synthesis, protein
synthesis ceased after only a few hours (Fig. 1B). A similar
incubation, but which was started after mixing of the two
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layers, resulted in a low incorporation. This might be simply
due to shortage of mRNA supply followed by six times dilu-
tion of transcription elements in the reaction mixture. To
examine this possibility, the experiments were designed in a
way that allowed incubation first for 2 h (allowing synthesis
and accumulation of mRNA in the batch-mode reaction),
after which the substrate mixture was added and mixed well
(arrow). As can be seen, significant improvement in protein
synthesis was observed, indicating that the bilayer incubation
method is in fact effective to keep the translation reaction
going for longer periods, thus yielding large amounts of pro-
tein. Longevity of the bilayer system can be explained as it
enables the continuous supply of substrates, and removal of
small byproducts through a phase between the translation
mixture and substrate mixture by diffusion. We have exam-
ined the ratio of the substrate mixture to the translation mix-
ture systematically and have found that a 5:1 volume ratio
gave the best result (results not shown). In order to compare
the efficiency of the bilayer method with the other type,
mRNA-directed protein synthesis, we then applied it to a
wheat germ cell-free system. As shown in Fig. 1C, the bilayer
system was efficient for a prolonged period of time yielding
much larger amounts of product compared to the batch-mode
system. When we used another well having a vessel diameter
of 7 mm (0.385 cm?), instead of 3 mm (0.071 cm?), the pro-
ductivity was significantly increased (Fig. 1C). The results can
be explained by the fact that a larger surface area between the
phases could lead to a better exchange of substrates and small
byproducts, thus resulting in a better protein synthesis effi-
ciency. Thus both the ratio of volume of the substrate mixture
to that of the translation mixture and the area between the
two phases are important parameters for the efficiency of the
method.

After establishing the performance of the bilayer system
using GFP as a model gene, we next addressed a practical
application of the method. To do this, we selected several
genes whose products are sometimes difficult to express in
vivo. Those are genes for BamHI from B. amyloliquefaciens
H as an example of restriction enzymes, sarcosine oxidase
from Arthrobacter sp. TE1826 (soxA), KOD from archaeon
Pyrococcus sp. strain KODI, and ER from the human cancer
cell line MCF-7. Each mRNA, having the cap and poly(A)
tail transcribed from the expression plasmid carrying one of
the cDNAs, was translated in the bilayer reaction system in
the same way as above. The reaction mixture was incubated
for 15 h and was then separated on sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). As shown
in Fig. 2A, CBB staining already indicates intense bands on
the gels (arrowheads), indicating each of the proteins was
produced in a large amount. Although CBB staining did not
show a clear ER band due to overlap with an endogenous
protein band (lane 5), the autoradiogram clearly shows the
product (lane 6). The amount of products in 3 pl reaction
volume (which corresponded to 0.5 ul in the batch reaction)
estimated by densitometric scanning of each band was as fol-
lows: 0.2, 0.1, 0.2 and 0.1 pg for sarcosine oxidase, BamHI,
KOD and ER respectively. We checked the solubility of the
products by brief centrifugation (30000X g for 15 min) and
found that all of the products were recovered in the super-
natant fraction (data not shown). These results demonstrated
that the present method is capable of materializing the genetic
information in an amount that is sufficient for the functional
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Fig. 1. A novel bilayer cell-free protein synthesis. A: Schematic illustration of the method. GFP syntheses were performed using E. coli S-30
coupled transcription-translation system (B), and wheat germ cell-free system as described in Section 2 (C). In both experiments incubations
were carried out by regular batch-mode reaction (0O), the bilayer method (O), bilayer but mixed (M), and first 2 h by batch-mode then overlaid
substrate solution onto the translation mixture (X). For the measurement of ['“C]leucine incorporation, samples were vortexed and hot tri-
chloroacetic acid-insoluble radioactivity in 5 ul in the batch reaction or 30 ul in the bilayer reaction, thus adjusted amount of extracts in each
system. The diameter of wells used was 3 mm unless noted in the text. The inset shows autoradiograms and arrowheads marks GFP.

analysis, and is a way to check the solubility without using
radiolabeled amino acids. One of the most commonly asked
questions for cell-free translation systems is whether the sys-
tem produces functionally active protein. We addressed this
point directly by determining enzyme activities of synthesized
products. As shown in Fig. 2B,C, when purified sarcosine
oxidase was incubated in the presence of flavin adenine dinu-
cleotide (FAD), the protein has practically the same level of
specific activity as the authentic enzyme produced in vivo (B).
Another interesting observation is that the activity of the en-
zyme was completely dependent on added FAD, indicating
the enzyme synthesized was in the apo-form rather than the
holo-enzyme. In view of the fact that one can obtain only

those proteins as holo-enzymes when expressed in vivo, the
cell-free system provides a valuable tool for the preparation of
enzymes in the apo-form. Some of the enzymes are toxic to
host cells when expressed in vivo and it has been necessary to
have a suitable design of the system. Restriction enzymes are
one of those examples. The assay of enzyme activity of the
synthesized BamHI without purification showed that the pro-
tein retained full activity and produced identical digestion
patterns as the commercially available one (Fig. 2C). In
fact, incubation with systematically diluted samples of the
substrate and subsequent densitometric determination of the
DNA digestion confirms that the cell-free translated product
has about two-fold higher specific activity than the authentic
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Fig. 2. High-throughput materialization from cDNAs (A) and their enzymatic activities (B,C). A: Incubations were carried out separately in
the bilayer systems for 15 h using wells (diameter 7 mm). Reaction mixtures were vortexed and proteins in each 6 ul of samples was separated
on SDS-PAGE and stained with CBB. Sarcosine oxidase (lane 2), BamHI (lane 3), ER (lane 5, and lane 6 is its autoradiogram), KOD (lane 8,
and lane 9 is 20000 X g supernatant fraction from 75°C heat-treated sample), and lanes 1, 4, 7 are from samples incubated without mRNA. Ar-
rowheads marked each gene product. B: Sarcosine oxidase purified from the reaction mixture and enzyme activity was measured in the pres-
ence (M) or in the absence of FAD (a). Authentic enzyme was determined in the absence of FAD (#). C: BamHI activity assayed with
ADNA as a substrate. Molecular weight markers (lane M), ADNA (lane 1), substrate was incubated with the reaction mixtures carried out in
the presence (lane 2) or absence of mRNA (lane 4). The amount of the product was estimated by densitometric scanning of the band on the

gel and its equivalent amount of authentic BamHI (2 ng) was assayed similarly (lane 3) as a control.

enzyme (data not shown). In addition, it is worth mentioning
here that there was very little digestion of the ADNA substrate
when the assay was performed using reaction mixture incu-
bated in the absence of mRNA. This result confirms that our
wheat extract contained little deoxyribonuclease, if any. This
characteristic is extremely valuable towards the invention of
PCR-directed efficient cell-free protein synthesis. Since linear
DNA is unstable against deoxyribonuclease attack, invention
of cell-free systems that contain very low activity has been
awaited.

A methodology for high-throughput materialization of ge-
netic information through massive screening is an essential
step towards the post-genome era. Our improved wheat
germ system, together with the present bilayer cell-free system,
may provide a means for inventing an automated instrumen-
tation of cell-free protein synthesis for high-throughput
screening of cDNA catalogues.

References

[1] Kurland, C.G. (1982) Cell 28, 201-202.

[2] Pavlov, M.Y. and Ehrenberg, M. (1996) Arch. Biochem. Bio-
phys. 328, 9-16.

[3] Roberts, B.E. and Paterson, B.M. (1973) Proc. Natl. Acad. Sci.
USA 70, 2330-2334.

[4] Ogasawara, T., Sawasaki, T., Morishita, R., Ozawa, A., Madin,
K. and Endo, Y. (1999) EMBO 1J. 18, 6522-6531.

[5] Madin, K., Sawasaki, T., Ogasawara, T. and Endo, Y. (2000)
Proc. Natl. Acad. Sci. USA 97, 559-564.

[6] Spirin, A.S., Baranov, V.I., Ryabova, L.A., Ovodov, S.Yu. and
Alakhov, Yu.B. (1988) Science 242, 1162-1164.

[71 Endo, Y., Otsuzuki, S., Ito, K. and Miura, K. (1992) J. Biotech-
nol. 25, 221-230.

[8] Nishiyama, Y. and Imanaka, T. (1993) J. Ferment. Bioeng. 75,
239-244.

[9] Kawakami, B. (1994) in: Enzymes Used for Recombinant DNA
Technology Produced by Recombinant Microbes (Murooka, Y.
and Imanaka, T., Eds.), pp. 311-323, Marcel Dekker, New York.

[10] Takagi, M., Nishioka, M., Kakihara, H., Kitabayashi, M., In-
oue, H., Kawakami, B., Oka, M. and Imanaka, T. (1997) Appl.
Environ. Microbiol. 63, 4504-4510.

[11] Green, S., Walter, P., Kumar, V., Krust, A., Bornert, J-M., Ar-
gos, P. and Chambon, P. (1896) Nature 320, 134-139.



