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Prokaryotic and eukaryotic in vitro translation systems have
recently become the focus of increasing interest for tackling
fundamental problems in biochemistry. Cell-free systems can
now be used to study the in vitro assembly of membrane
proteins and viral particles, rapidly produce and analyze protein
mutants, and enlarge the genetic code by incorporating
unnatural amino acids. Using in vitro translation systems, display
techniques of great potential have been developed for protein
selection and evolution. Furthermore, progress has been made
to efficiently produce proteins in batch or continuous cell-free
translation systems and to elucidate the molecular causes of low
yield and find possible solutions for this problem.
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Abbreviations
AURE AU-rich element
CFCF continuous-flow cell-free
PEP phosphoenolpyruvate
PABP poly(A)-binding protein
SFCF semicontinuous-flow cell-free
UTR untranslated region

Introduction
Over several decades protein translation in vitro has been
used mainly to decipher its mechanism — perhaps the
most amazing process in a living cell, the coupling of infor-
mation stored in polynucleotides to the manufacture of
functional proteins. More recently, a renewed interest in
applying in vitro translation to biotechnology has been
seen. The range of new applications based on cell-free
translation encompasses the rapid screening of many
mutants by the direct translation of PCR products, the
introduction of unnatural amino acids, and the study of
complex protein assembly processes, including those of
membrane proteins. These applications rely on the correct
folding of the in vitro expressed polypeptide into its three-
dimensional structure. A number of studies over the past
few years have investigated some of the factors which allow
for correct protein folding in a cell-free system, including
molecular chaperones and disulfide-forming catalysts.

Directly related to the possibility of producing correctly
folded proteins in vitro is the exciting prospect of carrying

out molecular selection and evolution in vitro. A number of
recent studies have shown that the translated and folded
polypeptide can be made to remain on the ribosome,
which in turn remains complexed with the corresponding
mRNA, and the protein can be selected from a diverse
library for ligand-binding properties. Through multiple
rounds of in vitro mutagenesis and in vitro selection, pro-
teins with improved properties can be obtained.

While theses studies exploit very powerful affinity separa-
tion on a small scale, great progress has also been made at
the other end of the spectrum with cell-free translation on
large scales, notably using flow reactors. The more difficult
it is to make a desired protein in vivo (e.g. membrane pro-
teins or complex assemblies), or even impossible (e.g.
variants with unnatural amino acids or toxic proteins), the
more attractive is the possibility of using cell-free transla-
tion for this purpose.

Whereas a number of articles have summarized important
aspects of this field [1,2], we are not aware of recent
reviews covering the whole area. To put the current work
on a firm foundation and in proper perspective, therefore,
we cite a higher proportion of older articles than may be
customary in this series. We will first review the state of
the art and recent progress in optimizing the efficiency of
cell-free translation in both prokaryotic and eukaryotic
systems. Particularly, some of the factors limiting transla-
tion efficiency have been pinpointed, even though cures
for all problems have not been found. Next we will sum-
marize the present technology of continuous flow reactor
systems. The question of how proteins can efficiently
reach the native state in vitro, obviously central to the
whole field, will then be discussed, followed by a range of
applications from complex membrane assemblies to the
incorporation of unnatural amino acids. The final part of
the review deals with in vitro selection of peptides and
proteins which have been made to remain associated with
the ribosome and/or their mRNA, thereby coupling phe-
notype and genotype in vitro.

Efficient in vitro translation systems
Cell-free protein systems in batch configuration
General considerations 
We will focus primarily on the typical translation systems
in use today and discuss some of the factors influencing
the amount of total protein made. The most efficient cell-
free protein synthesis systems are derived from
Escherichia coli, rabbit reticulocytes or wheat germ
(reviewed in [1,2]). They are all based on crude cell
lysates, as the individual preparation of all necessary com-
ponents (initiation, elongation and release factors,
aminoacyl-tRNA-synthetases, tRNAs, enzymes for energy
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regeneration, etc.) would be prohibitive. Normally, these
systems are used as single batch reaction mixtures with a
constant volume. 

A typical in vitro system isolated from E. coli cells consists
of a crude cell extract, the so-called S30 fraction (indicat-
ing the soluble fraction when centrifuged at 30,000g)
which contains all the enzymes and factors necessary for
transcription and translation, and mRNA [3]. Pre-incuba-
tion of the crude cell extract (‘run off’ process) is sufficient
to remove endogenous messengers from the ribosomes,
which presumably become destroyed by ribonucleases in
this preincubation, in order to limit the newly synthesized
proteins to molecules derived from the added nucleic
acid. The E. coli system functions well in a temperature
range of 24–38°C with the optimum at 37°C. Wheat germ
extract can be directly used for expression of exogenous
templates because of the low level of endogenously
expressed messengers [4]. Here, the optimum tempera-
ture is in the range of 20–27°C, but can be increased to up
to 32°C for higher expression of some templates [5].
Reticulocyte lysate is prepared by directly lysing blood
cells of anemic rabbits, thus increasing the number of pro-
erythrocytes or reticulocytes which are subsequently
treated with micrococcal, Ca2+-dependent RNase to
remove endogenous mRNA [6]. This system works in a
temperature range of 30–38°C. 

It should be noted that the reaction temperature has not
only an effect on the enzymatic process of translation and
mRNA degradation, but also on the folding of the synthe-
sized proteins. Thus, statements about the general
performance of the different systems must address these
issues, and the answer will almost certainly be protein-
dependent. Usually, lower temperatures will lead to higher
yields in the absence of chaperones, but not necessarily in
their presence. The overall protein production in these in
vitro systems is of course template-dependent and is usu-
ally in the range of 0.1–20 µg ml-1 reaction mixture. All
extracts may be obtained from a number of commercial
sources, however, at quite significant costs. 

Protein synthesis in vitro will continue until one of the
components is either depleted, degraded, or becomes
inhibiting. The most serious problems leading to termina-
tion of protein synthesis are, firstly, a fast depletion of
energy sources, resulting in starvation of nucleotide
triphosphates [7•,8] and the consequent inhibition of pro-
tein synthesis by small molecule by-products, such as the
hydrolysis products of triphosphates [9–11], secondly,
mRNA degradation (for example, see [12]) and finally, in
some cases, inhibition by the synthesized polypeptide
itself. The inhibiting effect of free Ca2+ ions released dur-
ing the translation reaction, possibly from decaying
polyphosphate compounds, was also shown [13]. Ca2+
ions  which might trigger the phosphorylation and subse-
quent inactivation of the α-subunit of initiation factor 2
(eIF-2) [14]. 

Energy supply as a limiting factor
The biochemical energy in a cell-free protein synthesis
system is supplied by the hydrolysis of triphosphates. For
efficient translation, the triphosphate concentration is
maintained by an energy regeneration system. For ATP
and GTP regeneration, creatine phosphate with creatine
phophokinase are usually used in eukaryotic cell-free sys-
tems, whereas for bacterial cell-free systems the
combination of phosphoenolpyruvate (PEP) with pyruvate
kinase has been used traditionally. Another regeneration
system based on E. coli acetate kinase and acetyl phos-
phate [15], however, may have the advantage that the ATP
level is maintained twice as long as in the case of PEP and
pyruvate kinase. Because acetate kinase is present at suffi-
cient levels in bacterial extracts, it does not need to be
added exogenously in the E. coli system. 

Studies of the biochemical energy levels in different cell-
free systems have detected a high rate of triphosphate
hydrolysis, to mono- and diphosphates, during protein syn-
thesis in wheat germ extract, even in the presence of
energy regeneration systems [7•], as well as in an E. coli
S30 extract [12]. The hydrolysis of more than 80% of the
ATP and GTP initially present occurs independently of
protein synthesis, as measured in the wheat germ system.
It was suggested that acid phosphatases are responsible for
the nonspecific hydrolysis of the nucleotide triphosphates
[7•,16]. The authors proposed to improve the biochemical
energy efficiency by removing or inactivating these acid
phosphatases, but this has not yet been done in practice.

Once translation has stopped in a wheat germ system, pro-
tein synthesis activity can be recovered by removing low
molecular weight (MW) components, such as the hydroly-
sis products of nucleotide triphosphates, and by
replenishing the energy [7•]. Another approach to increase
translation yield in a wheat germ cell-free system has used
a preincubation without RNA to trigger the formation of
the preinitiation complex, formed from initiation factor
eIF-2, GTP, aminoacyl-tRNA and the ribosomal 40S sub-
unit (which is the rate-limiting step in the initiation of
protein synthesis). Subsequent addition of mRNA and
replenishment of energy and amino acids leads to higher
yields than by directly starting mRNA translation [17].

Recent extensive studies have focused on the composition
of the reaction mixture and methods to prepare the cell
extracts in order to prolong protein synthesis and, as a con-
sequence, increase protein yield [18–20]. It was found that
the productivity of a batch-mode cell-free protein synthe-
sis system could be significantly improved by simply
increasing the concentration of the components in the
reaction mixture, such as ribosomes, PEP, and polyethyl-
ene glycol. Condensed extracts of both E. coli and wheat
germ have been prepared by concentrating the original
preparation with ultrafiltration membranes with different
molecular cut-offs [19], with a cut-off of 300 kDa showing
the highest productivity (~30 µg ml–1 h–1 production of
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dihydrofolate reductase protein) and the lowest specific
activity of acid phosphatases, which may have been dia-
lyzed out. As the crude ribosome preparation pelleted from
the E. coli S30 extract by ultracentrifugation is sufficient
for efficient in vitro synthesis of proteins, the factors
required for translation must be generally associated with
ribosomes [21]. The highest level of production per vol-
ume in the batch system was demonstrated when the
E. coli extract was condensed eightfold with an ultrafiltra-
tion membrane with a molecular cut-off of 10 kDa and
combined with an increased concentration of PEP and
polyethylene glycol. The level of newly synthesized active
chloramphenicol acetyltransferase reached was 0.3 mg ml–1

[20]; however, there was only a marginal net increase of
produced protein per amount of cell extract.

mRNA production, translation and degradation 
Protein production in vitro, especially on a preparative
scale, requires relatively large amounts of mRNA. The
eukaryotic mRNA 5′-cap structure 7mGpppN, where N can
be any nucleotide) has an important role for stability and
translation, and capping of mRNA improves translational
efficiency. The same level of produced protein, however,
can be reached by using a 2–3 times higher concentration
of uncapped and, therefore, considerably cheaper mRNA.
Preparative amounts of both capped and uncapped mRNA
can be produced with phage RNA polymerases from either
circular or linearized plasmids or from PCR products (for a
review and protocols see [22,23••,24]). 

mRNA can also be made directly in the translation reac-
tion in a so-called coupled transcription/translation
reaction with either endogenous E. coli RNA polymerase
or exogeneous phage RNA polymerases in bacterial sys-
tems [25–27] or exogeneous phage RNA polymerases in
eukaryotic systems [28,29], obviously requiring a DNA
template with the appropriate promoter. In bacterial
extracts, the endogenous E. coli RNA polymerases can be
more efficient in coupling transcription and translation
than the highly productive phage RNA polymerases,
which can overload the translational machinery of E. coli
and lead to mRNA not protected against nucleases by the
ribosomes. In the latter case, mRNA accumulates faster
than it gets processed in translation and the higher
amount of mRNA does not result in more protein product.
Secondary and tertiary structures of some mRNAs can
decrease the ability of the ribosomes to bind to the trans-
lation initiation site, whereas in a tight coupling between
transcription and translation ribosomes are able to initiate
translation as soon as nascent mRNA protrudes out of the
RNA polymerase [30]. The ratio of mRNA to the amount
of ribosomes, therefore, needs to be optimized by varying
the amount of phage polymerase added exogenously or
made from its corresponding DNA [12,27], as an excess of
mRNA will inhibit translation, especially in eukaryotic
systems. mRNA templates can also be transcribed from
linear or circular plasmids or PCR products, even in such
coupled transcription/translation systems [26,31•,32,33].

Transcription is generally carried out under reducing con-
ditions, as RNA polymerases are inactivated by oxidation.
Thus, if the optimal folding of the protein requires oxida-
tive conditions, separate reactions must be used. Another
attractive possibility to produce high amounts of mRNA
directly in the translation mixture is the use of co-transla-
tional mRNA replication with Qβ RNA polymerase which
uses RNA as a template (reviewed in [34]).

The translational efficiency of mRNA depends on its struc-
tural features. Most cDNA sequences can be sufficiently
well expressed without any addition of translational
enhancers. The sequence of interest needs only to be pro-
vided with a favorable Kozak sequence in eukaryotic and
the Shine-Dalgarno sequence in prokaryotic cell-free sys-
tems, the respective sequences upstream of the ATG codon
that are responsible for translation initiation. The most pre-
ferred AUG context for plant and animal genes is
AACAAUGGC. The critical positions in both cases are a
purine at position -3 and a guanine at position +4 (where A
at the AUG is +1) [35,36]. In prokaryotes, the interaction of
the Shine-Dalgarno sequence upstream of the start codon
with the 16S rRNA of the small ribosomal subunit directs
ribosomes to the initiation site and is, therefore, essential for
efficient translation in the E. coli system (reviewed in [37]).

The stability of mRNA is one of the major parameters lim-
iting the efficiency of protein synthesis in a cell-free
system where endogenous ribonucleases are present. The
degradation of template RNA becomes a serious problem
in the E. coli cell-free translation system, even if partially
ribonuclease-depleted extracts (e.g. E. coli strain MRE600,
lacking RNase I) or RNase inhibitors are used. The rapid
degradation of mRNA favors the use of coupled S30 E. coli
transcription/translation systems where a high steady state
level of mRNA can be preserved by ongoing transcription.
It is, therefore, the method of choice for obtaining maximal
yields unless the redox requirements for transcription and
the folding of the synthesized protein are different, such as
for proteins with disulfide bonds. mRNA could, however,
also be stabilized by chemical modifications using
nucleotides with 2′-O-acetyl groups (as shown with a wheat
germ cell-free system [38]) and with a phosphorothioate
backbone (in T. thermophilus and E. coli cell-free systems
[39,40]). The phosphorothioate-containing mRNA, where
only one NTP was substituted with the corresponding
NTPαS, functioned as a stable template in a prokaryotic
cell-free translation system, which apparently resulted
from the increased mRNA stability against nucleolytic
attack, and the translation system produced functional
products identical to those obtained with unsubstituted
mRNA [39]. The single substitution of adenosine residues
resulted in the highest stability and translation activity of
thio-modified mRNA [39]. Yet, the stability of thio-modi-
fied RNAs seems to be sequence-dependent and, as a
consequence, the half-life of differently substituted
mRNA constructs in the E. coli cell-free system varies from
5 to more than 15 min [39,40]. 
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In bacterial extracts, mRNA can also be stabilized by the
introduction of secondary structural elements at the 5′ and
3′ ends. The 3′ stem-loop structures, such as repetitive
extragenic palindromic (REP) sequences and rho-
independent transcription terminators, can protect RNA
from 3′-exonucleolytic digestion by 3′-5′-exonucleases
such as PNPase or RNase II, two major exonucleases
involved in mRNA turnover (for review see [41]). Also, the
5′-leader sequence of stable transcripts, such as that from
phage T4 gene 32 or E. coli ompA, might stabilize mRNA.
Two elements of the ompA transcript, the 5′-terminal stem-
loop and the single-stranded RNA segment (ss2)
containing a ribosome-binding site highly complementary
to 16S rRNA were found to be responsible for this stabiliz-
ing effect. The bound ribosomes are believed to hinder
attack of RNase E [42].

In wheat germ or reticulocyte lysates, however, there
appears to be little in vitro degradation of mRNA during
cell-free translation, and the degradation pathway is
slowed down in vitro, compared to the in vivo situation. Cis-
acting elements on the mRNA can influence its stability
through the interaction with trans-acting protein factors,
other than RNases themselves. At least three cis-elements
can affect stability of many mRNAs, namely the poly(A)
tail, AU-rich elements (AUREs) and oligo(U) regions in
some 3′-untranslated regions (UTRs) (reviewed in [43]).
Many AUREs can function in concert with AURE-binding
proteins as destabilizing elements in vivo and in vitro. As an
example, AUF1, a member of the AURE-binding protein
family, binds an AURE as a hexameric protein [44] and
serves as a signal for an mRNA-degradation pathway. The
poly(A) sequence, attached to the 3′-end of most eukary-
otic mRNAs, also influences RNA expression as well as
RNA stability in the cytoplasm and can protect mRNA
from rapid degradation by complex formation with a
poly(A)-binding protein (PABP) (for review see [43]). The
deadenylation of mRNA can trigger mRNA decapping,
and mRNAs without caps are more unstable in cell-free
systems. It was found that the complex between PABP and
the poly(A) tail can physically interact with the capped
5′-UTR of the same mRNA, and this interaction may
decrease RNA turnover as well as increase translation [45].
In yeast [46••], PABP interaction with the 5′-UTR is medi-
ated by the elongation factor eIF4G, which is part of the
cap-binding initiation factor eIF4F. In plants, eIFiso4G,
the isoform of elongation factor eIF4G, appeared to be
involved in the interaction with PABP [47••]. In mam-
malian cells, the interaction between PABP and the
5′-UTR might be mediated by the new eIF4G homolog
PABP-interacting protein (PAIP) [48•]. 

The 5′- and 3′-UTRs, especially of some viral genes, can
be fused to the mRNA of the protein of interest to
enhance its translation rate in vitro (for examples see
[49–53]). Some 5′-UTRs can enhance translation by func-
tioning as an internal ribosome entry site (reviewed in
[54]). As examples, the tobacco etch potyvirus and

encephalomyocarditis virus 5′-UTRs were used to
enhance translation of a reporter enzyme by promoting ini-
tiation in order to decrease dependance on the presence of
a cap in the mRNA [18,55].

Less common translation systems 
Other mammalian cell-free systems, such as from Ehrlich
ascites cells and similar cell-types (e.g. human HeLa or
mouse L-cells), have also been widely used, despite their
comparatively low protein synthesis activity. Recently, an in
vitro translation system from isolated tobacco chloroplasts
was developed [56]. This system is strongly dependent on
the exogenously added mRNA, produces discrete transla-
tional products and gives reproducible results, but also
suffers from low protein yields. The extracts from
Saccharomyces cerevisiae are now extensively used for study-
ing the mechanisms of gene expression in yeast. In vitro
translation in yeast is strongly dependent on a 5′-terminal
cap and a 3′-poly(A) tail, but cap-independent translation
can also be studied in the yeast cell-free system [57]. Using
a yeast S30 extract, in vitro evidence was provided that the
poly(A)-tail and PABPs mediate the recruitment of
ribosomal subunits to the 5′-end of mRNA [58]; however,
the high level of degradation activity and relatively low pro-
tein yield are limiting parameters of these systems for
protein production. In summary, functional in vitro systems
can in principle be prepared from any cell type, but many
factors contribute to protein production efficiency.

Continuous-flow cell-free expression systems
The main obstacles for cell-free translation carried out in
batch mode are the short duration of translational activity
and the consequently low yield. As detailed above, the
mRNA degradation and depletion of nucleotide triphos-
phates and the accumulation of their hydrolysates are the
central molecular causes of low yield. The problem of how
to achieve longer reaction times of cell-free expression was
solved by Spirin and co-workers [59,60] several years ago
by using a continuous-flow cell-free (CFCF) translation
aparatus. The basic idea is to continuously supply energy
components and amino acids (feeding solution) and to con-
tinuously remove small molecule by-products (mainly
products of triphosphate hydrolysis) and the synthesized
polypeptides. The protein bioreactor (Figure 1a) consists
of a reservoir from which the feeding solution is continu-
ously pumped through the reaction chamber, which
contains all translation components. The products are con-
tinuously removed from the reaction chamber through an
ultrafiltration membrane with a MW cut-off in the range of
10–300 kDa and collected by a fraction collector. This sys-
tem can function for more than 20 hours and results in
preparative protein expression of on average 0.1–0.3 mg
protein ml–1 reaction volume, accumulated during
20–30 hours of synthesis. The template for translation in
this system can either be mRNA directly [60–62], DNA
transcribed by the endogenous bacterial RNA polymerase
or by added phage RNA polymerase [21,29,60,63] or self-
replicating RNA in the presence of Qβ replicase [64]. In
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most cases, undoubtedly depending on the particular pro-
tein product, proteins produced in CFCF systems remain
active even after prolonged incubation. For example, the
CFCF synthesis of the cytokine interleukin-6 with the
same specific activity as recombinant interleukin-6
obtained from bacteria (see Table 1) and with a purity of
greater than 80% in the effluent was reported [62]. 

A number of laboratories attempting CFCF expressions
have had difficulties, however, in establishing this complex
system. The main problems are the RNA degradation
when using bacterial extracts (even in the coupled tran-
scription/translation mode), the low efficiency of initiation
complex formation (which might cause leakage and, there-
fore, loss of some translation components by ultrafiltration),
and clogging of the ultrafiltration membrane, resulting in a

low rate of protein synthesis compared to the batch format.
Also, the problem of reproducibility of the system needs to
be solved. 

Recently, several groups have reproduced and significant-
ly improved this technology [5,12,65]. These studies
provided modifications that might be critical, or at least
can considerably enhance the performance and repro-
ducibility of the system. Translation initiation is thought
to be, in most cases, the rate limiting step in protein syn-
thesis. In eukaryotes, the 5′-cap structure strongly
stimulates the translation initiation events and increases
mRNA stability, as detailed above, and the use of capped
RNA should result in a higher rate of protein synthesis.
For example, cytoplasmic aldolase from rice (MW of
40 kDa) was produced with the specific activity of the
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Overview of continuous flow systems. (a) Scheme of continous flow
cell-free (CFCF) and (b) semicontinous flow cell-free (SFCF) protein
synthesis systems. All components required for translation or coupled
transcription/translation are inside the reactor. Amino acids and energy
components are supplied in the feeding buffer from the substrate
reservoir. The protein product and small molecular by-products, such as
trinucleotide hydrolysates, are removed from the reactor either through

the ultrafiltration (UF) membrane in (a) the CFCF system, or the
hydrolysates get accumulated in the substrate reservoir in (b) the SFCF
system, while the protein product can be retained by the dialysis
membrane, depending on the pore size. The reactor needs to be stirred
gently. (c,d) Schematic drawing of two alternative CFCF bioreactors. In
(c), the ultrafiltration membrane is located at the top of the reaction
chamber [63], and (d) shows a hollow fiber membrane reactor [69].



native enzyme in a CFCF wheat germ cell-free translation
system at 37°C, using capped RNA or a coupled tran-
scription/translation system, presumably generating
capped mRNA, both resulting in similar yields of about
6 µg ml–1 h–1 [5]. The incubation temperature in both
cases was 37°C, which is unusually high for the wheat
germ system, indicating that the stability of the capped
mRNA was not significantly affected by increasing the
incubation temperature.

The rate of feeding should be carefully optimized
[12,66], and this appears to be important for the mainte-
nance of high concentrations of triphosphates during the
CFCF run [18]. It was shown that protein synthesis can
stop if the biochemical energy level, defined by Atkinson
[67] as ([ATP]+1/2[ADP])/([ATP]+[ADP]+[AMP]),
declined to 0.85, and restarted when the energy level was
raised to 1.0 by replenishment of ATP and GTP [18].
This suggests that the success of the CFCF system is
mainly due to the constant maintenance of the high ener-
gy level and the low level of triphosphate hydrolysis
products in the reaction mixture.

Thio-modified mRNA can also be used for long-time
translation reactions. The higher translation activity of
ATP-substituted thio-mRNA encoding dihydrofolate
reductase compared with unsubstituted mRNA was shown
for an E. coli CFCF translation system during six hours of
translation [39].

The problem of continuous product removal from the pro-
tein bioreactor is still not fully solved. The use of
ultrafiltration membranes has some limitations, because

proteins may not pass through the membrane, or they may
stick to the membrane. There is another way of carrying
out prolonged expression, namely by using diffusion
instead of pumping to supply substrates and remove by-
products. This has been called a semicontinous flow
cell-free system (SFCF) [65]. The reaction mixture is sep-
arated from the feeding solution by a dialysis membrane.
Continuous supply of low MW substrates and removal of
by-products, but not synthesized polypeptides, is
achieved by in- and outward diffusion using dialysis mem-
branes with small MW cut-offs (Figure 1b). The high
accumulation of chloramphenicol acetyltransferase has
been reported after 14 hours of a semicontinous flow cell-
free system with an E. coli transcription/translation system
[65] (Table 1); however, the synthesized protein has to be
purified from the translation mixture. Similar strategies to
those used in in vivo protein production have been con-
sidered, such as immobilized affinity ligands, to which the
protein product will bind even directly in the reaction
mixture. The synthesis of active dihydrofolate reductase
was reported for a bacterial cell-free system in the pres-
ence of matrix-bound methotrexate, an affinity ligand
[68]. Additionally, the use of the affinity ligand may stabi-
lize the native structure of the protein during continued
protein synthesis.

A third type of bioreactor for CFCF synthesis, termed a
hollow fiber membrane reactor, was initially proposed by
Spirin [60] and experimentally demonstrated by Suzuki
and co-workers [69]. Here, the feeding solution enters via
an ultrafiltration fiber coil in the chamber with the reaction
mixture (Figure 1d). The advantage of this reactor is its
large membrane filtration area compared to the reactor
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Table 1

Summary of recent results on protein production in cell-free flow bioreactors.

Mode of translation Cell-free system Expressed Time of Membrane Produced protein Activity Reference
protein synthesis (h) (µg/ml) (U/mg)

CFCF translation S23 wheat germ DHFR 17 XM 50 27.4 nd (active) [61]
extract

IL-6 50 XM 50 93 0.5 × 103 [62]

CFCF translation S23 wheat germ ALD 30 XM 50 255 12 × 103 [5]
(capped mRNA) extract

CFCF coupled S23 wheat germ ALD 30 XM 50 205 14 × 103 [5]
transcription/translation with extract
SP6 RNA polymerase in the
presence of cap-analogue

CFCF coupled E. coli S30 CAT 20 YM 100 143 5.6 × 103 [12]
transcription/translation with extract
T7 RNA polymerase

SFCF coupled E. coli S30 CAT 14 Dialysis membrane 1200 nd (low [65]
transcription-translation with extract (MW cut-off = 8–10 kD) activity)
T7 RNA polymerase

ALD, rice cytoplasmic aldolase; CAT, chloramphenicol acetyltransferase; CFCF, continous-flow cell-free; DHFR, dihydrofolate reductase; IL-6,
interleukin 6; nd, not determined; SFCF, semicontinuous-flow cell-free; XM and YM are trade names from AMICON.



volume. The production of functional luciferase in this
bioreactor during a 20 hour run was reported, but the yield
was low and further development is required [69].

Cotranslational folding and folding catalysts
One of the central problems in biotechnological applica-
tions of cell-free translation is whether the protein will
fold correctly. If the protein folds post-translationally, this
would be identical to refolding in vitro, except that the
starting conformation is not a random coil, solubilized by
a denaturant solution, but kept soluble by binding to
chaperones. In cotranslational folding, however, the
nascent protein would sequentially attain its structure
while one end of the chain is still attached to the ribo-
some, which may or may not facilitate folding by forcing
an order of events on the folding of protein domains. In
both co- and post-translational folding, molecular chaper-
ones may block off-pathways to aggregation, and catalysts,
such as prolyl cis-trans isomerases, may catalyze individual
folding steps. Normally, no disulfide-forming or disulfide-
isomerization catalysts are present in the cytoplasm but
these can, however, be added exogeneously to the cell-
free system (see below).

Recently, the question of cotranslational folding was
reviewed independently by two groups [70,71•]. Both
emphasize the observation that cotranslational folding is an
essential characteristic of the folding pathway of many pro-
teins of prokaryotes and eukaryotes alike, and its
occurrence may even depend on the exact conditions. The
hypothesis of some authors that cotranslational folding on
prokaryotic ribosomes is generally a rare event [72] appears
to be in contradiction with a number of published results
on folding in cell-free systems, which include reports on
cotranslational protein folding in prokaryotic in vitro sys-
tems (see [70,71•] and references therein). 

The folding of rhodanese in an E. coli extract [73] as well
as the formation of enzymatically active luciferase in a
wheat germ extract [74,75], both while still attached to the
ribosome, has been demonstrated in constructs where the
protein was carboxy-terminally extended by at least 25
additional amino acid residues to allow the folded enzyme
to protrude from the ribosome. The binding of co-factors,
ligands or substrates to nascent polypeptides can also occur
cotranslationally. Ribosome-bound α-globin fragments
longer than 86 amino acid residues are fully capable of
heme binding [76]. Finally, ribosome display experiments
[23••,77••] suggest that a eukaryotic protein can fold
cotranslationally and remain attached to either eukaryotic
or prokaryotic ribosomes, if a long enough carboxy-termi-
nal tether sequence ensures that the entire protein is
outside of the ribosomal complex and can fold there. It
should be noted, however, that in such experiments the
release of the protein from the ribosome is artificially
retarded. The folded state can, therefore, have been
reached after the protein would have normally been
released. It has been shown recently that free luciferase

displays an increased enzymatic activity, however, com-
pared to luciferase still attached to the ribosome via a
tether sequence [78]. Although the authors ascribe this
observation to putative additional conformational
rearrangements after protein release from the ribosome, it
might also be due to the fact that some shorter protein
species would attain the native structure only once they
are dissociated from the ribosome.

Molecular chaperones and folding catalysts, such as prolyl
cis-trans isomerase, are known to be important factors in
cotranslational protein folding (for review see [71•]).
Several chaperones have been shown to interact with the
nascent polypeptide (see [71•,79] and references therein).
These include the trigger factor (a peptidyl-prolyl cis-trans
isomerase), DnaJ/DnaK/GrpE and GroEL/GroES in
prokaryotic cells and members of the hsp60 and 70 family
in eukaryotic cells. 

In eukaryotic cells, disulfide formation occurs in the endo-
plasmic reticulum while the nascent protein is being
transported through the membrane [80]. In E. coli, disul-
fide formation, catalyzed by the DsbABCD proteins [81];
occurs in the periplasm, and both cotranslational and
post-translational mechanisms have been described [82].
In order to produce preparative amounts of disulfide-con-
taining, functional antibodies in an E. coli cell-free
translation system, the factors contributing to efficient
folding and proper disulfide bond formation were identi-
fied [83•]. It was suggested that chaperones, mostly DnaK
and DnaJ, influence the amount of ‘soluble’ single-chain
antibody fragments (scFv) in an E. coli S30 cell-free sys-
tem, but do not affect the amount of ‘functional’ proteins,
indicating that there are soluble, misfolded species.
Eukaryotic protein disulfide isomerase as an efficient
disulfide isomerization catalyst, added cotranslationally in
the cell-free system, dramatically increased the amount of
functional antibodies. Evidence was provided that the iso-
merization reaction, and not the net disulfide bond
formation, is crucial in the in vitro folding of scFv frag-
ments. The use of proper redox conditions and the
addition of folding catalysts can, therefore, have a
significant effect on the preparative production of disul-
fide-containing biologically active proteins in vitro.

It has long been suspected that the ribosomes themselves
might be involved in protein folding. It has now been found
experimentally that the large prokaryotic and eukaryotic
ribosomal subunits can have chaperone-like activity in vitro
in that they increase the in vitro folding yield of several sub-
strate proteins [84,85]. As such an activity might in
principle be unspecific and not of biological relevance, it
was of great interest to test whether specific antibiotics that
block particular sites on the ribosome might inhibit this
activity. Indeed, such an inhibition was found [86], and it
was deduced that the 23S and 28S rRNA, particularly the
domain V of 23S rRNA, seem to be involved. Furthermore,
a chaperone-like activity in elongation factor EF-Tu was
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found during in vitro refolding experiments [87].
Unfortunately, no genetic experiments to test the role of
these activities in vivo are possible, as these components
are, of course, all essential. To study these questions in
vitro an E. coli system deficient in molecular chaperones
has been described recently [88].

Applications
A clear advantage of in vitro translation compared to in vivo
expression is the relative ease with which single compo-
nents of the system, such as a specific tRNA, can be
altered or exchanged. In addition, compared to in vivo
experiments, the simultaneous expression of several pro-
teins and the study of their interaction is relatively
straightforward. On the other hand, the impact of this tech-
nology is still limited by comparatively low yields and is
currently used only for analytical purposes.

Incorporation of unnatural amino acids and selective
labelling
The possible extension of the genetic code by using
unnatural amino acids is one of the most exciting features
of in vitro systems. In the past, protocols for the alterna-
tive acylation of tRNAs have been published, where a
suppressor tRNA, which binds to a stop codon, was
charged chemically and enzymatically with an unnatural
amino acid (reviewed in [89]). By introducing a suppress-
able termination codon in the protein sequence and by
translating the sequence in an in vitro system, supple-
mented with the charged suppressor tRNA, an efficient
incorporation of the new amino acid residue at the engi-
neered position was achieved. Of course, at the very best,
stoichiometric amounts of a chemically charged tRNA
can be converted to proteins and, usually, very much
smaller amounts are obtained. Nevertheless, this
methodology has been used to address questions of pro-
tein stability, signal transduction and enzyme
mechanisms with unnatural amino acids. Recently, this
strategy was used to probe the mechanism of aspartate
aminotransferase with unnatural amino acids [90••], an
experiment which is so far impossible by in vivo protein
engineering. In addition, the use of suppressor tRNAs
with unnatural amino acids further enhances the possibil-
ities of directed evolution in vitro (see next section). 

Instead of using unnatural amino acids, Wemmer and co-
workers [91] demonstrated that the incorporation of a
particular 13C-labelled residue, encoded as described
above by a suppressor tRNA, made it possible to follow
this amino acid upon denaturation and refolding of the pro-
tein by NMR spectroscopy. In order to make large proteins
available for NMR studies, a segment-selective labelling
method has been proposed [92]. The idea is based on
using translation mixes depleted of either one amino acid
and/or its tRNAs and/or its tRNA-synthetase and consists
of three steps. The template RNA is coupled to a column
so that the translation reaction mixture can be easily
exchanged. First, the unlabelled amino-terminal region is

synthesized up to the first codon without matching tRNA.
The ribosomes pause, and the translation mix is
exchanged against a mix containing 13C-labelled amino
acids, but now lacking a different amino acid, tRNA or
tRNA-synthetase. Translation resumes, thereby labelling
the region until ribosomes encounter the first codon with-
out corresponding tRNA. In the last step, the
carboxy-terminal portion is synthesized without label, and
the protein is released from the ribosome. This method
produces a protein in which a specific region contains 13C-
labelled amino acids to facilitate NMR studies; however, to
date the technique is suffering from low protein yields, as
it can, at the very best, produce protein stoichiometric to
the immobilized mRNA.

It should be noted that the use of selective labeling or
unnatural amino acids by in vitro translation is receiving
serious competition from the chemical synthesis of whole
proteins. By using chemical segment condensation of
unprotected peptides, a new realm of protein synthesis is
accessible [93••]. Furthermore, the discovery of inteins
(protein segments that get spliced out at the protein level,
rather than at the RNA level) has lead to some exciting
developments in biochemical segment condensation [94].
It will have to be seen how in vitro translation and chemical
synthesis of large amounts of complex proteins with unnat-
ural amino acids will compare, but the advent of segment
condensation chemistry may put total chemical synthesis
currently in the lead.

Fast production and analysis of protein mutants
The direct expression of PCR products, carrying engi-
neered or random mutations, with in vitro systems
[23••,31•,33] has been demonstrated. Here, the sequence
pool from a PCR reaction can be directly used for in vitro
expression. The effects observed with the produced
mutant protein can be quite safely attributed to the engi-
neered mutation (provided the primers are correct), as
PCR errors will be unimportant because a pool of
sequences is analyzed. During the cloning of PCR prod-
ucts for in vivo expression, however, the descendants of a
single molecule are analyzed, always requiring DNA
sequencing as a control. Using this mutagenesis technique
the entire binding region of an antibody has been rapidly
scanned and mapped (termed scanning saturation muta-
genesis [31•]). Nevertheless, a quantitative analysis
(where all mutations have been analyzed by dissociation
constants or, in the case of an enzyme, kinetic parameters)
has not yet been reported. Like many other in vitro tech-
niques, scanning saturation mutagenesis is an ideal
candidate for automation. The limitation of this technolo-
gy is reached, however, when certain analyses need large
amounts of protein or the protein to be purified from the
translation reaction.

Eukaryotic in vitro translation systems offer a very simple
possibility to produce and study carboxy-terminally trun-
cated proteins to investigate, for example, domain
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functions or define epitopes. In contrast to E. coli extracts,
these systems lack a strong endogenous RNase and RNase
H activity. The addition of DNA primers complementary
to the mRNA directly or after a prior incubation with
exogenous RNase H provokes ribosome stalling at the het-
eroduplex, followed by the release of the truncated
polypeptide from the ribosome [95]. Alternatively, genes
coding for defined truncated proteins can nowadays be
obtained very easily by using PCR and, following tran-
scription, the mRNA can subsequently be used for
producing the protein in vitro by direct expression [75]. On
the other hand, in vitro expression with eukaryotic transla-
tion systems has also been used to uncover disease-causing
nonsense mutations that lead to premature translation ter-
mination. This technique, termed protein truncation test,
is based on isolating RNA from blood or tissue samples,
producing cDNA and, after PCR, expressing the protein in
vitro and analyzing its size [96].

Complex membrane assemblies
The rabbit reticulocyte lysate in vitro translation system
has been used together with microsomal membranes to
study the biosynthesis of membrane proteins [97], protein
translocation and post-translational modifications, such as
signal peptide cleavage or core glycosylation. Furthermore,
the chaperones resident in the endoplasmic reticulum
(such as protein disulfide isomerase and calnexin) can be
used to facilitate the folding of secreted proteins. 

Recently, several groups have reported the production of
functional lipoproteins [98] and membrane proteins, such
as the T-cell receptor–CD3 complex [99••], inositol
triphosphate receptors [100] and ion channels [101•].
Functionality was monitored either by specific assembly or
oligomerization or by a functional assay. 

Two examples will pinpoint the degree of complexity that
can be achieved with in vitro systems. First, by adjusting
the redox conditions Huppa and Ploegh [99••] could suc-
cessfully cotranslate the six chains of the T-cell
receptor–CD3 complex together with CD4 and the two
chains of the corresponding MHC. Interestingly, the com-
plex only formed when all chains were expressed
simultaneously, as one CD3 subunit only oxidized correct-
ly when cotranslated with the mRNA of the other CD3
elements. All nine chains integrated into the microsomal
membranes, and in the presence of the appropriate pep-
tide ligand assembled specifically to form a complex. The
subunit-specific assembly of the TCR was demonstrated
by immunoprecipitation with antibodies against single
chains of the complex. The authors concluded from these
experiments that glycosylation and microsome-embedded
chaperones were crucial to this process. 

The second example describes the cell-free assembly of
functional gap junction membrane channels [101•].
Connexins, translated in rabbit reticulocyte lysate, inte-
grated into the microsomal membrane and assembled to

form hexameric gap junction membrane channels. These
complexes were subsequently reconstituted in lipid
bilayers by fusion with the microsomal membranes.
Single channel patch clamp recordings could then
demonstrate their functionality. The advantage of this
method compared to in vivo expression in complex het-
erologous systems, such as oocytes or tissue culture cells,
may be the simpler interpretation of the results, as fewer
components are present.

Making virus in vitro
The demonstration of the de novo synthesis of infectious
poliovirus in a cell-free extract from uninfected HeLa cells
by Molla and co-workers [102] gave an efficient tool to study
different stages of phage and viral morphogenesis. About
10 hours were necessary for the synthesis of infectious par-
ticles, and the in vitro reactions support all stages of the
process, from the translation of the viral RNA to polyprotein
processing, RNA replication, and assembly of infectious
virus particles. Since then, the cell-free assembly of viral
capsids has been reported for Mason-Pfitzer monkey virus
[55] and HIV type I [103,104], two retroviruses which follow
different types of capsid assembly in the host cell. In vitro
assembly was also demonstrated for MS2 phage [105].

Replication-competent poliovirus RNA polymerase func-
tions in replication, in the genetic recombination of
poliovirus RNA, as well as in the generation of infective
poliovirus recombinants. It was studied in a cell-free sys-
tem derived from HeLa-cells [106,107]. Thus, cell-free
systems can also be useful tools to study the mechanism of
viral RNA replication and evolution of RNA viruses. 

Another multifunctional polymerase from duck hepatitis B
virus was produced in reticulocyte lysate by in vitro tran-
scription/translation [108,109]. This enzyme, which
includes the activities of DNA polymerase, reverse tran-
scriptase and RNase H, was difficult or impossible to
express in vivo as an active enzyme. In vitro translation is
not a miracle cure, however, as the production of active
human hepatitis B virus polymerase is still difficult in vitro
as well as in vivo.

Recently, the assembly of immature retrovirus capsids from
Gag monomers has been reproduced in vitro to study the
process of virus production. The formation of a type D retro-
virus capsid, Mason-Pfitzer monkey virus, in a reticulocyte
coupled transcription/translation system mimics the assem-
bly into procapsids in the host cell cytoplasm [55,110]. The
formation of immature HIV-1 capsid, which in vivo requires
plasma membrane targeting, was also shown to occur in cell-
free reaction systems, prepared either from reticulocyte
lysate [103] or wheat germ extract [104].

An E. coli extract programmed with phage MS2 RNA was
used to produce MS2 infectious units which were able to
infect E. coli F+ cells [105]. It was suggested, however, that
the nature of this infectivity is the formation of minimal
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infectious units, consisting of RNA and maturation pro-
teins. Unlike normal MS2 phages, the particles produced
in vitro are very sensitive to RNase or protease treatment.

In vitro selection from large libraries
The principle
All selection techniques currently used for screening
libraries of peptides or proteins make use of living cells for
producing the polypeptides. Examples are phage display,
selectively infectious phages (SIP), peptides on plasmids,
E. coli and yeast surface display, the two-hybrid system and
others [111]. As a consequence, their initial library size is
limited by the efficiency of transformation. The more com-
plex the design of the library, the smaller the fraction of
clones which can actually be screened. In an evolutionary
strategy, selected molecules must be randomized after
each round. Because of the labor involved in transforming
large libraries, evolution over many generations is very
cumbersome with in vivo methods. The only way to gain
fast and convenient access to library sizes of 1012 or higher
is the development of alternative selection tools that are
independent of transformation.

Any selection technique is based on the coupling of geno-
type and phenotype: the amplifiable genomic information
(DNA or RNA) must be physically linked to the selec-
table entity (the peptide or protein). As outlined in
Figure 2, two different approaches have been published
which make such coupling possible in an in vitro transla-
tion set-up. The first principle is referred to as ribosome
display [23••] in this review, although other names such as
polysome display [112,113], polysome selection [24] and
ARM selection [77••] have been used. The key to success
for selecting whole proteins was to find conditions so that
the polypeptide folds correctly but does not leave the
ribosome, the mRNA does not leave the ribosome and the
polypeptide recognizes a specific ligand thereby coupling
genotype and phenotype. The method is based on the
possibility of expressing peptides and proteins from
mRNA lacking a stop codon and the direct use of the
ternary complexes, consisting of polypeptide, the ribo-
some and the encoding mRNA, for affinity enrichment
(Figure 2a). The absence of a stop codon prevents release
from the ribosome. That such ternary complexes might
form and can be trapped is suggested from observations
made by several groups [114–117], who all found that spe-
cific mRNA could be enriched by precipitating the
ribosomes with antibodies against the protein product.
Before the advent of molecular cloning, this technique
was very important for isolating the mRNA corresponding
to a particular protein. After affinity selection the RNA is
recovered, reverse transcribed and PCR-amplified. This
PCR product can then serve as a template for the next
selection round. The most exciting aspect of this technol-
ogy is that when a polymerase without proofreading
activity, such as Taq, is used for PCR, mutations are intro-
duced into the template such that an evolution of the
protein can be achieved by going through several rounds

[23••,118•]. The selection of functional proteins using this
principle necessitated a thorough optimization of mRNA
stability and cotranslational protein folding [23••].

The second selection principle has been published under
the name ‘in vitro virus’ [119•] or ‘RNA–peptide fusion’
[120••] and is directly related to ribosome display, but uses
a puromycin-tagged RNA. Puromycin is chemically cou-
pled to DNA, which in turn is ligated to the RNA
encoding a peptide or protein library. At the end of trans-
lation the coupled antibiotic serves as an acceptor for the
nascent polypeptide chain emerging from the ribosome
(Figure 2a). The peptide–nucleic acid fusion is thus iso-
lated. Instead of a ribosome-mediated complex, the result
of this technique is a direct and chemically more robust
linkage of a peptidyl chain and the encoding nucleic acid.
Under physiological conditions and at low temperature,
however, both the ribosome-mediated and the fusion
complex seem to be comparably stable. The preparation
of the puromycin–mRNA fusion, which has to be repeat-
edly constructed for each selection cycle, is clearly a
time-limiting factor, but the fusion complexes may be
used under very harsh selection conditions (high temper-
ature, high concentration of denaturants) as long as the
RNA does not hydrolyze.

Apart from the independence of transformation, another
advantageous feature of the two in vitro selection techniques
is the ease with which the genetic information of all select-
ed molecules can be recovered, as they do not have to be
eluted. Instead of requiring selective and complex elution
strategies, ribosome disruption or direct RT-PCR allow for
the selection of very tight and even covalent binders
(Figure 2b).

Applications
Following the classical work on ribosome-bound polypep-
tides from the 1970’s and 1980’s [114–117], ribosome display
was suggested a number of years ago [P1], yet without giving
any experimental details. The first experimental demonstra-
tion came only recently for a selection of peptide ligands
using an E. coli extract [112,113]. In the past year, the use of
a wheat germ lysate has also been reported for peptide selec-
tion [24]. The selection of functional antibody fragments was
reported using a translation system, optimized for the yield
of ternary complexes and allowing disulfide formation [23••].
A diluted, antigen-binding antibody fragment was selected
108-fold over several rounds from a mixture with non-
binders. The most exciting observation was that all selected
molecules had acquired several mutations due to PCR errors
without losing functionality. More recently, this experimen-
tal setup has been used to select antibodies from a murine
library, and it was shown that affinity maturation occurs dur-
ing the selection due to the combined effect of PCR errors
and selection. An scFv fragment with a dissociation constant
of about 10–11 M was obtained [118•]. Selection of binding
antibody fragments from a large, synthetic library and a thor-
ough analysis of the effect of the chosen in vitro translation
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system on the selection process are in progress (L Jermutus
et al., unpublished data). 

The use of commercial rabbit reticulocyte lysate was
reported for the enrichment of a three-domain antibody-
construct from a binary mixture [77••]. However,
translation and selection were carried out in the presence
of 2 mM dithiothreitol, which does not appear to be of
general applicability to antibodies as many would not fold
under reducing conditions [83•]. Furthermore, no assay of
the functionality of the enriched protein, such as by radio-
immunoassay or ELISA, was reported.

For the puromycin-based method, the existence of the
fusion molecule [119•] and the selection of binding pep-
tides [120••] from a doped random library have been
shown. Both experiments used a rabbit reticulocyte lysate
for in vitro translation, but the selection of folded proteins
has not been reported yet. Currently, it is difficult to assess
the pros and cons of the puromycin-based technique com-
pared to ribosome display (see above). 

In vitro selection techniques appear to be not only suited
for affinity selection from large libraries but also for direct-
ed evolution. Because the PCR amplification can be easily
coupled with random mutagenesis or PCR-mediated
recombination, several cycles of selection and mutagene-
sis/recombination are possible in a short time, as no cloning
steps are involved. Furthermore, it is not necessary to
define the sequence stretches to be randomized (such as
complementary-determining regions or frameworks in the
case of scFvs) by first creating a library with degenerate
primers. Instead, random mutagenesis on the entire coding
region and appropriate selection conditions can evolve
molecules with the desired properties. The challenge for
the future will be to clearly describe the selective pressure
for enriching molecules with defined properties, such as
affinity or stability.

Conclusions
In vitro translation, when carried out under conditions
optimizing protein folding, is a powerful technology for
contributing to many scientific questions. PCR has been

the key ingredient in many new exciting developments,
such as rapid scanning mutagenesis or the translation-
based selection and screening technologies. Whereas
progress in large scale translation has been made on many
fronts, it is more gradual, and no serious competition to in
vivo methods is expected at least for the immediate
future. Progress in analytical methods, however, may
make it possible to obtain answers to many questions with
the amounts of materials conveniently accessible from
current cell-free translation protocols. The combination of
fast mutant analysis or the use of unnatural amino acids
with the functional expression of toxic or complex pro-
teins constitutes a promising alternative to in vivo
expression. The set-up of cell-free translation is fast and
in most cases simple, an important aspect considering the
number of protein sequences without attributed function
which are continuously being discovered in various
genome sequencing projects. Finally, it appears that the
cell-free selection methods are an extremely powerful
tool, and will bring the directed evolution of proteins
(evolution implying gradual improvement over many gen-
erations) to reality shortly. 
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