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Current cell-free protein synthesis systems can synthesize proteins
with high speed and accuracy, but produce only a low yield
because of their instability over time. Here we describe the prep-
aration of a highly efficient but also robust cell-free system from
wheat embryos. We first investigated the source of the instability
of existing systems in light of endogenous ribosome-inactivating
proteins and found that ribosome inactivation by tritin occurs
already during extract preparation and continues during incuba-
tion for protein synthesis. Therefore, we prepared our system from
extensively washed embryos that are devoid of contamination by
endosperm, the source of tritin and possibly other inhibitors. In a
batch system, we observed continuous translation for 4 h, and
sucrose density gradient analysis showed formation of large poly-
somes, indicating high protein synthesis activity. When the reac-
tion was performed in a dialysis bag, enabling the continuous
supply of substrates together with the continuous removal of small
byproducts, translation proceeded for >60 h, yielding 1–4 mg of
enzymatically active proteins, and 0.6 mg of a 126-kDa tobacco
mosaic virus protein, per milliliter of reaction volume. Our results
demonstrate that plants contain endogenous inhibitors of trans-
lation and that after their elimination the translational apparatus
is very stable. This contrasts with the common belief that cell-free
translation systems are inherently unstable, even fragile. Our
method is useful for the preparation of large amounts of active
protein as well as for the study of protein synthesis itself.

The development of a system capable of synthesizing any
desired protein on a preparative scale is one of the most

important endeavors in biotechnology today. Three strategies
are currently being used: chemical synthesis, in vivo expression,
and cell-free protein synthesis. The first two methods have severe
limitations: chemical synthesis is not feasible for the synthesis of
long peptides because of low yield, and in vivo expression can
produce only those proteins that do not affect the physiology of
the host cell (1–3). Cell-free translation systems, in contrast, can
synthesize proteins with high speed and accuracy, approaching
in vivo rates (4–5), and they can express proteins that would
interfere with cell physiology. However, they are relatively
inefficient because of their instability (6).

Because cell free systems nonetheless have great potential for
large scale protein synthesis, many efforts have been made to
increase their efficiency. Spirin et al. (7) proposed a continuous
flow cell-free translation system, in which a solution containing
amino acids and energy sources is supplied to the reaction
chamber through a filtration membrane. This design is signifi-
cantly more efficient than conventional batch systems: The
reaction works for tens of hours and produces hundreds of
micrograms per milliliter of reaction volume (7–9). Recently,
several modified versions of the Spirin system have been re-
ported (10–13). Kigawa et al. showed that, by using a dialysis
membrane to facilitate the continuous supply of substrates and
removal of byproducts, an Escherichia coli-coupled transcrip-

tion–translation system yields as much as 6 mg of protein per
milliliter of reaction volume (12). This high productivity can,
however, only be expected with fairly small proteins such as Ras
protein (21 kDa) or chloramphenicol acetyltransferase (26 kDa).
The problem with larger proteins is that with the increasing
molecular weight of the mRNAs their degradation by endoge-
nous E. coli ribonuclease(s) also increases. Kawarasaki et al.
showed that in a wheat germ cell-free system translational
efficiency increases after neutralization of endogenous ribo-
nucleases and phosphatases with copper ions and antiphos-
phatase antibodies (13). For their improvements, these groups
focused on modifying the reaction chamber andyor optimizing
the reaction conditions while using conventional extracts. We
used a different approach, instead focusing on clarifying the
nature of the instability of the extracts.

We concentrated on wheat germ cell-free systems because
they have numerous advantages such as low cost, easy availability
in large amounts, low endogenous incorporation, and the ca-
pacity to synthesize high-molecular-weight proteins. Moreover
they are eukaryotic systems and hence more suitable for the
expression of eukaryotic proteins. After we discovered that the
mechanism of action of the ricin toxin is ribosome inactivation
(14–16), many other ribosome-inactivating proteins (RIPs) with
identical mechanism of action have been found in higher plants
(17). Most commonly these toxins are single-chain proteins, and
they inhibit protein synthesis by removing a single adenine
residue in a universally conserved stem-loop structure of 28S
ribosomal RNA (14–17). Although the biological function of the
RIPs is not known, it is generally believed that they are impor-
tant for cell defense (17). The most widely studied example is an
antiviral effect during infection by several plant viruses (18). As
originally proposed by Ready et al. (19), the explanation for the
antiviral activity of RIPs is that, when a cell wall is damaged, the
RIP is released into the cytosol, where it inactivates ribosomes,
thereby preventing virus replication. Tritin, found in wheat seeds
and thought to be localized mainly in the endosperm, is such a
single-chain RIP (20). Initially, it was reported that wheat
embryonic ribosomes are resistant to this protein (20–22), which
would render any contamination with tritin inconsequential.

To improve protein synthesis in wheat germ cell-free systems,
we started with the hypothesis that the embryonic ribosomes are
in fact susceptible to tritin. In this case, contamination of wheat
germ preparations with tritin-containing endosperm fragments
would be fatal. Accordingly, we prepared our cell-free system
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from extensively washed embryos and indeed found that the
system became far more active.

In addition to the benefit of a better protein synthesis system,
these results shed new light on the translational apparatus itself:
Although it is usually seen as a rather fragile apparatus, it
appears instead to be very stable: so stable, in fact, that plants
seem to have developed a suicide mechanism (the RIPs) directed
against the translational apparatus, further emphasizing its
crucial role in cell physiology. We believe that the strategy we
followed to improve the wheat cell-free system—elimination of
endogenous translational inhibitors—is equally applicable for
other systems.

Materials and Methods
General. The following procedures were either described or cited
previously (9, 14–15, 23–24): determination of RNA N-
glycosidase activity, analysis of cell-free protein synthesis, su-
crose density gradient analysis of polysomes, determination of
proteins, the sources of m7GpppG, ribonucleotide triphos-
phates, SP6 RNA polymerase, T7 RNA polymerase, human
placental ribonuclease inhibitor (133 unitsyml), L-[U-
14C]leucine, MTX immobilized on agarose, creatine kinase,
spermidine, and the 20 amino acids. Dialysis membrane (mo-
lecular weight cutoff 12,000–14,000, regenerated cellulose,
Viskase Sales, Chicago), the nonionic detergent Nonidet P-40,
and proteinase inhibitor E64 were purchased from Nakarai
Tesque (Kyoto). The luciferase assay kit (PiccaGene) was from
Wako Pure Chemical (Osaka). Low and high molecular weight
marker kits (Rainbow marker) were from Amersham Pharma-
cia. Recombinant forms of luciferase and green fluorescent
protein (GFP) (S65T) that were used as standards were pur-
chased from Promega and CLONTECH, respectively. Plasmid
pCaMV35S-sGFP(S65T)-NOS39(25) carrying the GFP gene was
kindly provided by Y. Niwa (School of Food and Nutritional
Sciences, University of Shizuoka, Japan), and plasmid pSP-Luc1

carrying luciferase was obtained from Promega. Plasmid pTLW3
(26), covering the tobacco mosaic virus (TMV) genome, was a
generous gift from Y. Watanabe (University of Tokyo).

Purification of Wheat Embryos and Extract Preparation. Wheat seeds
were ground in a mill (Roter Speed Mill model pulverisette 14,
Fritsh, Germany), then were sieved through a 710- to 850-mm
mesh. Embryos were selected with the solvent flotation method
of Erickson and Blobel (27) by using a solvent containing
cyclohexane and carbon tetrachloride (240:600, volyvol). Dam-
aged embryos and contaminants were discarded, and intact
embryos were dried overnight in a fume hood. To remove
contaminating endosperm, the embryos were washed three times
with 10 vol of water under vigorous stirring, and then were
sonicated for 3 min in a 0.5% solution of Nonidet P-40 by using
a Bronson model 2210 sonicator (Yamato, Japan). Finally, the
embryos were washed once more in the sonicator with sterile
water.

Preparation of the Cell-Free Extract. The method used is a slight
modification of the procedure described by Erickson and Blobel
(27). Washed embryos were ground to a fine powder in liquid
nitrogen. Five grams of the powder were added to 5 ml of 2 3
buffer A (40 mM Hepes, pH 7.6y100 mM potassium acetatey5
mM magnesium acetatey2 mM calcium chloridey4 mM DTTy0.3
mM of each of the 20 amino acids). The mixture was briefly
vortexed and then was centrifuged at 30,000 3 g for 30 min. The
resulting supernatant was subjected to gel-filtration on a G-25
(fine) column, equilibrated with two volumes of buffer A. The
void volume was collected and centrifuged at 30,000 3 g for 10
min. The final supernatant was adjusted to 200 A260yml with
buffer A, was divided into small aliquots, and was stored in liquid
nitrogen until use.

Cell-Free Translation. In the batch system, 50 ml of reaction mixture
contained 12.5 ml of extract (thus 24%); final concentrations of
the various ingredients are 24 mM HepesyKOH (pH 7.8), 1.2
mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 0.45
mgyml creatine kinase, 2 mM DTT, 0.4 mM spermidine, 0.3 mM
of each of the 20 amino acids including [14C]leucine (2 mCiyml),
2.5 mM magnesium acetate, 100 mM potassium acetate, 50
mgyml of deacylated tRNA prepared from wheat embryos,
0.05% Nonidet P-40, 1 mM E-64 as proteinase inhibitor, 0.005%
NaN3, and 7.2 mg (0.02 nmol) of dihydrofolate reductase
(DHFR) mRNA. The extract was not treated with micrococcal
nuclease because we did not observe any positive effect of this
treatment. Incubation was done at 26°C.

For the dialysis system, 500 ml of reaction mixture contained
300 ml of the extract and the same ingredients as described above.
The dialysis bag was immersed in 5 ml of a solution containing
all described ingredients except for creatine kinase. The reaction
was done at 23°C, and, every 24 h, 0.05 nmol of DHFR mRNA
(or equivalent moles of the other mRNAs) and 50 mg of creatine
kinase were supplemented. The dialysis solution was also re-
placed every 24 h. To confirm the longevity of the system,
[14C]leucine (the same concentration as above) was added into
both reaction mixture and dialysis buffer at 52 h, then was
incubated until 72 h (Fig. 4C). The autoradiogram of the gel was
obtained by using a BAS-2000 phosphoimager (Fuji).

Fig. 1. Removal of tritin from embryos. Extracts were prepared from un-
washed or washed embryos (A), and the depurination assay was performed
(B). Translation mixtures prepared with the extract from unwashed embryos
were incubated for 0, 1, 2, 3, and 4 h (B, lanes 1–5 respectively); mixtures with
washed embryos were incubated for 0, 2, and 4 h (lanes 10–12, respectively).
Isolated RNA was treated with acidyaniline, then was separated on 4.5%
polyacrylamide gels. Additionally, RNA was directly extracted from embryos
with guanidine isothiocyanate-phenol and was analyzed as above before (B,
lane7) and after (B, lane 8) treatment with acidyaniline. For the fragment
marker (B, lanes 6 and 9), incubation was carried out in the presence of
gypsophilin (40), a highly active RIP from Gypsophila elegance; the arrow
indicates the aniline-induced fragment.
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Preparation of mRNA. Capped mRNA encoding DHFR was syn-
thesized by in vitro transcription of linearized plasmid pSP65
carrying the gene under SP6 RNA polymerase promoter control
(9). The transcript is 1,079 nucleotides long and consists of the
sequence m7GpppGAAUACACGGAAUUCGAGCUCG-
CCCGGGAAAUCUCAAUG (the italicized sequence is the
initiation codon) at its 59 end, a 477-nt coding sequence, and a
39 noncoding region of 565 nucleotides with a poly(A) tail of 100
adenosines (9). Coding sequences for GFP (717 nucleotides)
(25) and luciferase (1,650 nucleotides) were cloned into the
above plasmid in such a way that the 59- and 39-untranslated
regions of DHFR were preserved. Capped TMV RNA (6,388
nucleotides) was transcribed from linearized plasmid pTLW3
carrying the genome under T7 RNA polymerase promoter
control (26).

Analysis of Products and Their Enzymatic Activities. The amount of
protein synthesized was determined as follows: Aliquots were
withdrawn, and samples containing 1 ml of reaction mixture were
separated on 12.5% SDS polyacrylamide gels (8% gels for TMV
protein) or 12.5% native polyacrylamide gels (for GFP), then
were stained with Coomassie brilliant blue. The product amount
was estimated by densitometric scanning of the bands and
comparison to standards. The standard samples were prepared
by mixing a reaction mixture without mRNA with known
amounts of standard proteins (DHFR, GFP, or luciferase)
before loading onto the gel. Because pure, authentic, 126-kDa
TMV protein is not available, the amount of this protein was
estimated with less accuracy by calculating its relative amount
compared with molecular markers included as internal standards
by using average 105- and 160-kDa band intensities. The amount
of DHFR was confirmed by determining the amount of meth-

otrexate-agarose column purified protein, and its activity was
measured colorimetrically as described (9). Luciferase activity
was determined by using a commercial kit and a liquid scintil-
lation counter as described (28). The specific activities of
recombinant luciferase and the synthesized protein were 3.4 3
105 and 5.1 3 106 cpmypg, respectively. Semiquantitative mea-
surement (28) of GFP activity on the native gel was carried out
by using a UV-illuminator (Dark Reader, Clare Chemical Re-
search, Denver) with a wavelength of 400–500 nm. Subsequent
scanning of photographs of the UV images and comparison of
the intensities of the bands to those of the recombinant protein
revealed that the translation product had more activity than the
standard by a factor of 1.4.

Results and Discussion
Removal of Contaminants such as Tritin from Wheat Embryos Leads to
a More Active Cell-Free Protein Synthesis System. Since the first
report of solvent flotation for the enrichment of viable, intact
embryos from wheat seeds by Johnston and Stern (29), this
method has commonly been used for the preparation of wheat
embryos. We first addressed the possibility of a tritin contami-
nation originating from endosperm as the reason for the insta-
bility of wheat germ cell-free systems. If wheat germs are isolated
from dry wheat seeds by conventional procedures (27), micro-
scopic examination reveals that the sample contains embryos as
well as some white material and a number of white and brownish
granules (Fig. 1A). Analysis of ribosomal RNAs from a protein
synthesis reaction prepared from such a sample showed that
depurination of ribosomes occurs, contradicting earlier reports
(20–22) (Fig. 1B). After 4 h of incubation, 24% of the ribosome
population had been depurinated, as judged by the aniline-
dependent formation of a specific RNA fragment (Fig. 1B,

Fig. 2. Protein synthesis with an extract prepared from washed embryos. The batch system contains either 12 ml (24%) or 24 ml (48%) of extracts from washed
(A) or unwashed (B) wheat embryos. Protein synthesis was measured as hot trichloroacetic acid insoluble radioactivity. Arrows show addition of substrates. C
shows the polysome profiles of 15 ml of reaction mixture aliquots loaded onto a linear 10% to 45% sucrose gradient in 25 mM TriszHCl (pH 7.6), 100 mM KCl,
and 5 mM MgCl2. After centrifugation, fractions were collected from the bottom of the tubes and were measured at 260 nm as described (24). Incubation times
were 0 h (open circles in a), 1 h (closed circles in a), and 2 h (b) in the absence (open circles in b) or presence (closed circles in b) of 0.4 mM cycloheximide. In c,
the translation system prepared from unwashed embryos was incubated for 2 h. In d and e, aliquots from the dialysis system were withdrawn after 48 and 60 h
and were incubated in the presence of 0.4 mM cycloheximide for another 60 min at 26°C (closed circles). Similar analyses of the samples were carried out in the
absence of mRNA (d and e, open circles) as negative controls.
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arrow). Furthermore, even at the start of the incubation, 7% of
the population had already been depurinated. The site of
depurination was confirmed by direct sequencing of the frag-
ment to be in the universally conserved sarcinyricin domain of
28S rRNA (data not shown). When RNA was extracted directly
from embryos by guanidine isothiocyanate-phenol, little forma-
tion of the aniline-induced fragment was observed (Fig. 1B, lanes
7 and 8). Thus, depurination must have occurred during the
extract preparation and then continued during the protein
synthesis reaction.

The observed extent of depurination constitutes a consider-
able damage to protein synthesis because inactivation of any one
ribosome among the actively translating ribosomes on an mRNA
results in blockage of the respective polyribosome and cessation
of translation (16). Attempts were made to neutralize the
depurinating enzyme with synthetic RNA aptamers that tightly
bind to the RIP (30), but these attempts failed. Instead, careful
selection and subsequent extensive washing of the embryos
yielded better results. These embryos had few contaminants (Fig.
1A Right), and when the depurination assay was performed, no

aniline-induced cleavage was detectable (Fig. 1B, lanes 10–12),
indicating minimal, if any, depurination during preparation as
well as incubation.

As shown in Fig. 2, the cell-free system prepared from washed
embryos has much higher translational activity than the con-
ventional system (compare Fig. 2 A and B). When programmed
with mRNA coding for DHFR, it has almost linear kinetics in
DHFR synthesis over 4 h in a system containing 24% extract, as
opposed to the regular system, which ceased to function after
1.5 h. When the content of washed extract in the reaction volume
was increased to 48%, amino acid incorporation occurred ini-
tially at a rate twice that with 24% extract, but then stopped after
1 h. However, this halting was caused by a shortage of substrates
rather than an irreversible inactivation of ribosomes or factors
necessary for translation: Addition of amino acids, ATP, and
GTP after cessation of the reaction (Fig. 2 A and B, arrows)
restarted translation with kinetics similar to the initial rate. In
contrast, if conventional extract was added to 48%, protein
synthesis actually decreased compared with the 24% extract
reaction. Furthermore, the halting of protein synthesis in the

Fig. 3. Protein synthesis in the dialysis system. (A and B) Coomassie blue-stained SDS polyacrylamide gels showing DHFR synthesis with (A) or without (B) addition
of new mRNA. Arrows and asterisks mark DHFR and creatine kinase, respectively. The standard sample was prepared by mixing a reaction mixture without mRNA
with known amounts of DHFR before loading onto the gel. (C) Amounts of DHFR synthesized as determined from densitometric scans of the gels in A (closed
circles) and B (open circles).
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reaction with 24% extract could not be reversed by the addition
of more substrate, indicating an irreversible damage by contam-
inants from endosperm (Fig. 2B).

High protein synthesis activity of the system with washed
embryos can also be demonstrated by sucrose density gradient
analysis (Fig. 2C). Significant formation of polysomes was ob-
served after 1 h of incubation, and at 2 h a shift to heavier
polysomes with a concomitant decrease of 80S monosomes was
seen (Fig. 2C a and b). In the presence of low concentrations of
cycloheximide polysome formation is a measure of translational
initiation (31). A concentration of cycloheximide of 0.4 mM
reduced the incorporation of [14C]leucine to 21% of the control
(data not shown) and resulted in an accumulation of large
polysomes, with 78% of ribosomes in polysomes (open circle in
Fig. 2C b). A similar analysis of cell-free reactions prepared with
regular extracts (27), but done in the absence of cycloheximide,
did not show significant polysome formation (Fig. 2C c). The
high efficiency of our system, therefore, can be attributed to at
least two factors: first, high initiation, elongation, and termina-
tion rates (efficient usage and recycling of ribosomes); and
second, low endogenous ribonuclease activity (retention of
heavy polysomes for prolonged time).

There is an additional explanation for the dramatic improve-
ment of protein synthesis after washing of the embryos. Thionins
are a group of small basic and cysteine-rich proteins, originally
purified as antifungal proteins from a variety of plants, including
wheat seeds (32). Wheat g-thionin is known to be in the
endosperm of seeds (33), and, recently, Brummer et al. have
shown in a wheat germ translation system that a- and b-thionin
from barley endosperm are potent inhibitors of protein synthesis
initiation (34). In addition, several ribonucleases have been
reported in the endosperm of the seeds (35). Thus, it is possible
that the washing of the embryos resulted in elimination of
thionin and ribonucleases as well as tritin.

The Continuous-Flow Cell-Free System on a Preparative Scale. After
establishing a procedure for the preparation of highly active
wheat embryo extract, we addressed its possible application for

the large scale production of protein. For this purpose, we chose
a dialysis system because of its continuous supply of substrates
and continuous removal of small byproducts (12). With DHFR
mRNA as template, protein synthesis worked efficiently, as
demonstrated by a Coomassie blue stained gel (Fig. 3A, arrow).
Densitometric quantitation as well as a direct determination of
purified DHFR revealed that the reaction proceeded up to 60 h,
yielding 4 mg of enzyme in a 1-ml reaction (Fig. 3C). This yield
was achieved when the system was supplemented with fresh
mRNA every 24 h; without the addition of fresh mRNA, the
reaction ceased after 24 h and yielded 1 mg of DHFR (Fig. 3 B
and C, open circles). When aliquots of the reaction mixtures were
withdrawn after 48 and 60 h and then were incubated in the
presence of a low dose of cycloheximide for an additional 1 h,
sucrose gradient centrifugation revealed polysome formation
(Fig. 2C d and e). This is a direct indication of a robust system
with high translational activity. The product has a similar specific
activity as the authentic enzyme, 15.3 vs. 19.1 unitsymg (9).

As shown in Fig. 4, the system also synthesized proteins of
higher molecular weight in a preparative scale: 1.1 mg of
luciferase (65 kDa), 1.2 mg of GFP (45 kDa). These proteins had
the same or even higher specific activity compared with com-
mercially available recombinant forms (Fig. 4 A and B; see
Materials and Methods). Furthermore, the 126-kDa replicase of
TMV, a major genome product (36) during infection, was
produced with a yield of as much as 0.6 mg (Fig. 4). The synthesis
proceeded for up to 72 h, as shown by the increase in intensity
of the Coomassie brilliant blue-stained bands. This point was
confirmed by autoradiography and analysis of amino acid in-
corporation: [14C]leucine was added after 52 h, samples were
withdrawn at 60 and 72 h, and the samples were analyzed by SDS
gel electrophoresis and autoradiography (Fig. 4). Densitometric
quantitation of the bands showed linear synthesis: The photo-
stimulated luminescence of the sample after 8 h of synthesis (at
the 60-h time point) was 186, and after 20 h (at the 72-h point)
it was 465, even though the rate of protein synthesis as measured
by leucine incorporation was 21% of the rate at the beginning of
incubation. This is another direct evidence of the robustness of

Fig. 4. Synthesis of luciferase (A), GFP (B), and 126-kDa TMV protein (C) in the dialysis system. Samples were analyzed as described in Materials and Methods.
The standard samples were prepared by mixing a reaction mixture without mRNA with known amounts of luciferase or GFP before loading onto the gel. For
the autoradiogram in C, [14C]leucine was added at 52 h, and samples were withdrawn after an additional 8 h (60 h total) or 20 h (72 h). Authentic GFP migrates
slower than the cell-free product on the native gel, which is attributable to different amino acid compositions because both proteins work as a monomer form.
Products and supplemented creatine kinase are marked with arrows and asterisks, respectively.
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the system and its efficiency in synthesizing even a 126-kDa
protein for 3 days.

The structures of 59- and 39-untranslated regions are impor-
tant for the efficiency of initiation and termination and also for
the stability of mRNA (37). The mRNA constructs used here
were not optimized in this respect, and we believe that the yields
in our experiments do not, therefore, necessarily reflect maxi-
mum capacity. Efficient mRNA translation and its regulation
requires a series of protein–mRNA and protein–protein inter-
actions (37), and Wells et al. have recently shown the circular-
ization of mRNA in vitro (38). Our method provides, in addition
to its protein synthesis capacity, the opportunity to study trans-
lation itself, including the phenomenon of circular mRNA or the
characterization of untranslated regions of mRNA in terms of
efficient initiation or stability.

We show here that removal of endosperm contaminants,
which contain protein synthesis inhibitor(s), from the embryo
fraction improves protein synthesis in a wheat germ cell-free
system. The improvement likely is caused by increased transla-
tional activity resulting from elimination of inhibitors of initia-
tion (e. g. the thionins) and ribonucleases, as well as elimination
of the RIP tritin. It is generally believed that cell-free translation
systems are inherently unstable, but our results demonstrate the
opposite: The translational apparatus appears to be very stable,
in vitro and presumably also in vivo. We believe that our results
shed light on the biological function of the nearly ubiquitous
plant RIPs. We propose that plants acquired during evolution a
suicide system useful to prevent larger damage and that because
of its stability the translational machinery is the most important

target of a suicide system. Viral attack would be one instance in
which this suicide mechanism is employed. Ribosomes are a
popular target of antibiotics also, emphasizing their central role
in cell metabolism. The observed high stability of the transla-
tional apparatus might be an essential requirement for the
evolution of life: Certain basic physiological processes such as
protein synthesis might be required to function even in adverse
conditions.

It is likely that the strategy that we followed to improve the
wheat cell-free system, i.e., the inactivation of the translational
suicide system, is successful with other systems as well. For
instance, the widely used cell-free system from E. coli contains
high ribonuclease activity and is hampered by a low efficiency in
the translation of large mRNAs. Because of significant levels of
template degradation, E. coli systems are limited when selecting
large polypeptides for polysome display.

Our protein synthesis system has several advantages compared
with existing systems in addition to its high efficiency: As a
eukaryotic system, it is more amenable to the production of
eukaryotic proteins from their natural mRNAs: i.e. no cDNA
modification is needed; the system can produce high molecular
weight proteins; because of little template degradation, it is
useful for polysome display (39); and proteins that would
normally interfere with cell physiology can be synthesized.
Additionally, it should be a useful tool in the study of translation
itself.
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