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A Continuous Cell-Free Translation System
Capable of Producing Polypeptides in High Yield

ALEXANDER S. SPIRIN, VLADIMIR I. BARANOV, LUBOV’ A. RYABOVA,
SERGEY YU. Ovobpov, YULY B. ALAKHOV

A cell-free translation system has been constructed that uses a continuous flow of the
feeding buffer [including amino acids, adenosine triphosphate (ATP), and guanosine
triphosphate (GTP)] through the reaction mixture and a continuous removal of a
polypeptide product. Both prokaryotic (Escherichia coli) and eukaryotic (wheat embry-
os, Triticum sp.) versions of the system have been tested. In both cases the system has
proven active for long times, synthesizing polypeptides at a high constant rate for tens
of hours. With the use of MS2 phage RNA or brome mosaic virus RNA 4 as templates,
100 copies of viral coat proteins per RNA were synthesized for 20 hours in the
prokaryotic or eukaryotic system, respectively. With synthetic calcitonin messenger
RNA, 150 to 300 copies of calcitonin polypeptide were produced per messenger RNA
in both types of continuous translation systems for 40 hours.

XPRESSION OF ALIEN GENES IN LIV-
ing cells is often subject to a number
of limitations. The product polypep-

tide can be unstable in a given cell, and in
some cases the product is toxic to the cell.

ed if translation were possible in cell-free
systems. Unfortunately, however, different
versions of cell-free translation systems that
have been previously described have a gener-
al shortcoming, namely, a low yield of the

These and other limitations could be avoid-  polypeptide product. Typically only two to

Fig. 1. Kinetics of virus coat protein synthesis in the virus-RNA—directed continuous cell-free
translation systems (20 hours). Inset (same axes units): kinetics of protein syntheses in standard cell-free
systems of the same composition and volume. (A) Synthesis of MS2 coat protein in the E. coli system. A
1-ml reaction mixture contained 0.6 nmol of 70S ribosomes, 1 mg of $100 protein, 0.6 mg of total
tRNA, 0.06 nmol of MS2 phage RNA, 7 g of pyruvate kinase with a specific activity of 500 U/mg, 50
activity units of ribonuclease inhibitor from human placenta, and 0.1 pg each of aprotinin, leupeptin,
and chymostatin in the feeding buffer A, which contained 20 mM tris-HCI, pH 7.4, 100 mM NH,CI,
10 mM MgCl,, 1 mM ATP, 0.2 mM GTP, 5 mM phosphoenol pyruvate, 25 wM [*H]leucine (specific
activity, 52 Ci/mol), and 25 wM each of the other 19 amino acids. The incubation temperature was
37°C. In the continuous system, the feeding buffer A was passed through the Amicon diafiltration cell at
a constant rate of 1 ml/hour; the ultrafiltration membrane PM-30 was used for continuously removing
MS2 coat protein from the cell. (B) Synthesis of BMV coat protein in the wheat system. A 1-ml reaction
mixture contained 17 Ao absorbance units of S30 extract from wheat ( Triticum sp.) embryos (Sigma),
0.1 nmol of BMV RNA 4, 64 pg of creatinine phosphokinase with a specific activity of 350 U/mg, 50
activity units of ribonuclease inhibitor from human placenta (Amersham), and 0.1 pg each of aprotinin,
pepstatin, and leupeptin in the feeding buffer B, which contained 40 mM Hepes, pH 7.6, 112 mM
potassium acetate, 1.9 mM magnesium acetate, 0.25 mM spermidine, 6 mM dithiothreitol, 1.5%
glycerol, 2 mM ATP, 50 wM GTP, 8 mM creatine phosphate, 25 pM [*H]leucine (specific activity, 50
Ci/mol), and 25 pM each of the other 19 amino acids. The incubation temperature was 27°C. In the
continuous system, the feeding buffer B was passed through the Amicon cell at a constant rate of 1
ml/hour; the ultrafiltration membrane XM-50 was used for continuously removing BMV coat protein
from the cell.
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three polypeptide chains are produced per
mRNA chain used in such systems (1, 2).
We report that a prolonged and effective
functioning of a cell-free translation system
can be achieved if the reaction products,
including synthesized polypeptides, are con-
tinuously removed from the reaction mix-
ture, and if the initial concentrations of
consumable low molecular weight substrates
(ATP, GTP, and amino acids) are continu-
ously restored. This approach has been real-
ized for cell-free translation systems both of
prokaryotic (Escherichia coli) and eukaryotic
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(wheat embryos) origin. Such a continuous
cell-free translation system can function in a
long-term regime for tens of hours, with a
high constant rate, thus producing hundreds
of copies of a synthesized polypeptide per
mRNA molecule. The system can be used
for preparative syntheses of polypeptides.
The following RNAs were used as tem-
plates: (i) MS2 phage RNA isolated from
the phage by phenol deproteinization in the
presence of 1% SDS; (ii) brome mosaic
virus (BMV) RNA 4 prepared by phenol
deproteinization of the virus with subse-
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Fig. 2. Kinetics of the Val®-calcitonin synthesis in
the continuous cell-free translation systems (40
hours). Inset (same axes units): kinetics of the
polypeptide synthesis in the standard cell-free

of the same composition and volume. (A)
Synthesis of calcitonin in the E. coli system. All
reaction conditions were the same as in Fig. 1A,
except that 0.06 nmol of synthetic calcitonin
mRNA was added instead of viral RNA, and the
PM-10 membrane was used instead of the PM-30
for removing the product from the ultrafiltration
cell. (B) Synthesis of calcitonin in the wheat
system. All reaction conditions were the same as
in Fig. 1B, except that 0.06 nmol of synthetic
calcitonin mRNA was added instead of viral
RNA, 75 mM potassium acetate was found to be
optimal for this synthesis, and the PM-10 mem-
brane was used instead of the XM-50 for remov-
ing the product from the ultrafiltration cell.
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quent isolation of the RNA 4 fraction by
sucrose gradient centrifugation; and. (iii)
mRNA for Val-calcitonin (human) ob-
tained by in vitro SP6 phage polymerase
transcription (3, 4) of the synthetic calcito-
nin gene, with or without the preceding
Shine-Dalgamo sequence, inserted into a
plasmid under SP6 promoter.

The prokaryotic cell-free translation sys-
tem was composed of E. coli MRE-600
ribosomes, S100 extract freed of endoge-
nous DNA and RNA, total transfer RNA,
and a corresponding mRNA. The eukaryot-
ic cell-free translation system was based di-
rectly on wheat embryo S30 extract to
which a corresponding mRNA was added.
The ribonuclease inhibitor from human pla-
centa and several protease inhibitors were
introduced into the reaction mixtures.

The Amicon 8 MC micro-ultrafiltration
system was used as the simplest device for
realization of the continuous action. A 1-ml
incubation mixture in the working chamber
of the instrument was supplied with a con-
stant flow (1.0 mlhour) of the feeding
solution [consisting of the set of amino acids
(one of them being radioactively labeled), as
well as ATP and GTP] while the reaction
products were continuously removed with
the same rate through the ultrafiltration
membrane. The amount of the polypeptide
synthesized was determined from the radio-
activity of hot trichloroacetic acid-insoluble
material in the filtrate. The products were
identified and their purity was checked by
one-dimensional SDS-gel electrophoresis
with Coomassie staining.

The kinetics of the polypeptide syntheses
in the continuous prokaryotic and eukaryot-
ic translation systems, as compared with
those in the standard translation systems
(without flowing the solution), are shown
in Figs. 1 and 2. Although the synthesis in
the standard systems (insets in Figs. 1 and 2)
ceases in 1 hour or less, yielding one to two
polypeptide molecules per mRNA molecule,
the synthesis rate in the continuous action
systems is constant for at least 20 or 40
hours, and the amount of the product
reaches a hundred or hundreds of polypep-
tide molecules per mRNA molecule. The
experiments presented in Figs. 1 and 2 were
reproduced no less than ten times each, with
incubation periods for 15 to 40 hours and
yield variations from 5 to 20 nmol of poly-
peptide per 1 ml of incubation mixture. In a
recent experiment the calcitonin-synthesiz-
ing system produced a constant synthesis
rate for 100 hours. The results of electro-
phoretig analyses of the translation products
from the continuous systems are presented
in Fig.3.

Two unexpected points emerged from the
experiments on the prolonged translation in
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Fig. 3. Electrophoretic patterns of the translation
products. Electrophoretic analysis was done in
dodecyl sulfa lyacrylamide gel accord-
ing to Schagger and von Jagow (5). The gels were
stained with Coomassie brilliant blue G-250. (A)
Standard polypeptide set. (B) Standard salmon
calcitonin. (C) Product of the BMV RNA 4
translation in the wheat ccll-free system (see Fig.
1B). In addition to the main band, some amounts
(about one-third) of abortive translation products
(6) are revealed. (D) Product of the Vals-calcito-
nin mRNA translation in the wheat cell-free
system (sec Fig. 2B). In addition to the main
band, some amount (about 20%) of the S-S
dimer is revealed. (E) Product of the MS2 RNA
translation in the E. coli cell-free system (see Fig.
1A). (F) Product of the Val®-calcitonin mRNA
translation in the E. coli cell-free system (sec Fig.
2A). ,

the flow system. First, the mRNAs in the
cell-free systems were used in limiting
amounts, so that the action of nucleases
should lead to a decrease in the synthesis
rate. This was not the case, however. Since
nuclease activities in the extracts used cannot
be excluded, even despite the initial presence
of the placentar inhibitor, we believe that
the permanent engagement of mRNA with
ribosomes and other translation compo-
nents safely protects it during prolonged
incubation at a physiological temperature.
Second, the ultrafiltration membranes PM-
30 or XM-50 used have the pore size large
enough for the penetration of small pro-
teins, in particular some initiation factors;
the washing-off of the factors from the
incubation mixture should also decrease the
synthesis rate. Again this was not the case
for at least 40 hours. It is possible that the
translation components both in the eukary-
otic and in the prokaryotic cell-free transla-
tion systems are continuously involved in
interactions with each other, thus creating
dynamic multiprotein units that are incapa-
ble of passing through the pores.

We believe that the realization of the
continuous action principle in cell-free
translation systems opens new fields for
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their scientific use. The cell-free expression
of genetic information avoids the many limi-
tations imposed by the cell, so that the
preparative biosynthesis of a number of
nonstructured polypeptides, as well as un-
stable and cytotoxic proteins, becomes pos-
sible. In particular, this method may provide
researchers with the intermediates of protein
folding and modification for their biochemi-
cal and physical studies. The possibilities of
protein engineering can be also significantly

extended. We also anticipate new develop-
ments in biotechnology based on prepara-
tive cell-free translation systems of continu-
ous action.
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Intron Existence Predated the Divergence of

Eukaryotes and Prokaryotes

MiNG-CHE SHIH,* PETER HEINRICH, HOWARD M. GOODMAN

Nucleotide sequences for the nuclear genes encoding chloroplast (GapA and GapB)
and cytosolic (GapC) glyceraldehyde-3-phosphate dehydrogenases (GAPDHs) from
Arabidopsis thaliana were determined. Comparison of nucleotide sequences indicates
that the divergence of chloroplast and cytosolic GAPDH genes preceded the diver-
gence of prokaryotes and eukaryotes. In addition, some intron-exon junctions are
conserved among GapB, GapC, and chicken GAPDH genes. These results provide
evidence at the molecular level to support the idea that introns existed before the

divergence of prokaryotes and eukaryotes.

T HREE ALTERNATIVE MODELS CAN BE
proposed concerning the time of in-
tron appearance during evolution.
First, introns existed in the progenitor genes
but were lost from prokaryotes (1), and
differential intron loss may occur among
members of the same gene family of eukary-
otes (2). Second, introns existed in the
progenitor genes, but intron insertion or
deletion may occur later during evolution.
Third, prokaryotic genes resemble the pro-
genitor genes, and the addition of introns
occurred at or after the emergence of eu-
karyotes (3). Current available evidence is
more consistent with the first two models
(2). However, there is no direct evidence as
to whether introns existed before the diver-
gence of prokaryotes and eukaryotes, infor-
mation crucial to distinguishing these mod-
els. Current data can only trace the existence
of introns up to the divergence of animals
and plants (4-6).

We have shown previously that the nucle-
ar genes (GapA and GapB) encoding chlo-
roplast  glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) of higher plants are
the direct descendants of the symbiont genes
that gave rise to the chloroplast and were
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subsequently transferred from the chloro-
plast to the nuclear genome during evolu-
tion (7). In addition, our data showed that
the time of divergence between GapA/B and
cytosolic GAPDH genes (~1700 million
years) is much earlier than the divergence
between plants and animals (~1000 million
years). Therefore, comparison of the exon-
intron junctions between GapA/B and cyto-
solic GAPDH genes should provide infor-
mation on the age of the intron. If introns
existed in the progenitor GAPDH gene,
conservation between some exon-intron
junctions of GapA/B and cytosolic GAPDH
genes would be expected.

Genomic DNA blot analyses indicate that
there is one copy each of the GapA, GapB,
and GapC (cytosolic GAPDH) genes in
Arabidopsis thaliana (8). The complete nucle-
otide sequences for these three genes and the
¢DNAs encoded by them have been deter-
mined (8). When compared to the corre-
sponding cDNA sequences GapA has three,
GapB has seven and GapC has eight introns.
In contrast, there are 11 introns in the
chicken GAPDH gene (9). The introns for
all three Gap genes are generally very short,
consistent with observations on other Arabi-
dopsis genes that have been sequenced (10,
11).

On the basis of the sequences of the
coding regions of the three Gap genes and
the information published previously (7), an
evolutionary tree for the GAPDH genes

(Fig. 1), with the number of nonsynony-
mous substitutions (12, 13) used as a mea-
sure of the evolutionary distance, was con-
structed according to the Neighbor Joining
method (14). This tree topology is consist-
ent with our previous tree that took into
account the evolutionary rates of GAPDH
and with the biochemical evidence obtained
from a comparison of the amino acid se-
quences of the S loop regions among differ-
ent GAPDHs (7). GAPDHs can be divided
into two groups: thermophilic, which in-
cludes two bacteria and chloroplast
GAPDHs; and mesophilic, which includes
Escherichia coli and all cytosolic GAPDHs.
There is 100% similarity of the S loop
sequences within the same group, while
there is less than 50% similarity between
the two groups. The tree topology indi-
cates that the divergence of GapA/B and
cytosolic GAPDH genes occurred before
the divergence of prokaryotes and eukary-
otes.

GapA GapB E.coli Yeast GapC Animal

Fig. 1. Evolutionary tree of GAPDH genes. The
number of nonsynonymous substitutions be-
tween cach pairwise combination of GAPDH
genes was calculated according to the method
described by Li ef al. (13) and used as the measure
of the evolutionary distance in constructing the
evolution tree. The tree presented here is con-
structed by the Neighbor Joining method of
Saitou and Nei (14). Two additional methods,
described by Li (21) and Dickerson and Geis (22),
were used in constructing trees. All three trees
give identical topology. The E. coli data are from
Branlant and Branlant (23) and the Arabidopsis
data are from this manuscript. All other data are
from Shih et al. (7).
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