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Abstract We have developed a new method that permits the
complete in vitro construction and selection of peptide or protein
libraries. This method relies on an in vitro transcription/
translation reaction compartmentalized in water in oil emulsions.
In each emulsion compartment, streptavidin (STA)-fused poly-
peptides are synthesized and attached to the encoding DNA via
its biotin label. The resulting protein-DNA fusion molecules
recovered from the emulsion can be subjected to affinity selection
based on the properties of the peptide portion, whose sequence
can be determined from that of its DNA-tag. This method,
named `STABLE' (STA-biotin linkage in emulsions), should be
useful for rapid in vitro evolution of proteins and for ligand-based
selection of cDNA libraries.
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1. Introduction

In vitro selection of biological macromolecules is a useful
tool for the study of molecular interactions and the search for
therapeutics. During the last decade, applications of in vitro
selection have been extended from RNA [1^3] and DNA [4] to
peptides and proteins (reviewed in [5,6]). In contrast to RNA
and DNA, the in vitro selection of proteins requires the es-
tablishment of a physical linkage between each protein and its
encoding nucleic acid. This linkage has been achieved by sev-
eral methods, such as a phage display system [7], `peptides on
plasmids' [8] and cell-surface display systems [9]. However,
these methods include a step of transformation of living cells
and therefore, the library sizes and the sequence varieties in a
library are limited. So far, random sequence protein libraries
have been constructed by many researchers (see [10] and refer-
ences cited therein), but screening for proteins with entirely
new functions has not yet been successful because of the lim-
ited diversity and complexity of the libraries.

Recently, in vitro selection systems based on cell-free trans-
lation have been developed [5]. An in vitro translated poly-
peptide can be attached to its encoding mRNA through ribo-
some-mediated complexes (ribosome display) [2,11^15] or
through a puromycin derivative (`in vitro virus' [16] or
`RNA-peptide fusion' [17]). These approaches can potentially

overcome the limitation regarding the diversity and complex-
ity of libraries. In these methods, however, a¤nity selections
must be performed under RNAse-free conditions. Further,
these methods require mRNA without a stop codon and
thus cannot be easily applied to the screening of heterologous
natural protein libraries such as cDNA libraries.

Here, we describe a new method in which a DNA is at-
tached to the protein which it encodes through a stable link-
age in a compartmentalized in vitro transcription/translation
system (see Fig. 1). It is known that cell-free translation re-
actions work e¡ectively in reversed micelles (water in oil emul-
sions) [18]. Such emulsions can be used as cell-like compart-
ments that keep the DNAs and the proteins they encode
together [19]. When an in vitro synthesized polypeptide is
directly attached to its encoding DNA in each compartment,
the resulting protein-DNA fusion molecules can be recovered
from the emulsion and be subjected to a¤nity selection. We
chose the streptavidin (STA)-biotin complex as a connector
for the protein-DNA fusion. As a model experiment, a ran-
dom peptide library was fused to STA by inserting degenerate
oligonucleotides at the end of the STA gene in a biotinylated
DNA fragment. The linkage between the biotinylated DNA
(genotype) and STA-fused peptides (phenotype) allowed for a
speci¢c DNA to be enriched from a pool of random sequence
DNAs based on the properties of its encoded peptide. We
have named this method STA-biotin linkage in emulsions
(`STABLE'), because (i) the STA-biotin conjugate is so stable,
virtually equivalent to a covalent bond and (ii) DNA is more
stable than RNA as a genetic material.

2. Materials and methods

2.1. DNA preparation
The STA gene was ampli¢ed from the genome DNA of Streptomy-

ces avidinii (obtained from the Japan Collection of Microorganisms in
RIKEN) by polymerase chain reaction (PCR) with Ex Taq DNA
polymerase (Takara Shuzo) and cloned into pUC18, resulting in
pUC-STA. A mutant STA gene was ampli¢ed from pUC-STA by
PCR using a primer containing a N-terminal T7Wtag sequence (i.e.
the initial 11 amino acids of the T7 gene 10 protein) [20] and digested
with NheI and HindIII. Similarly, a PCR fragment containing a T7
RNA polymerase promoter was ampli¢ed from pET20b (Novagen)
and digested with NdeI and NheI. These fragments were simultane-
ously ligated into the NdeI-HindIII backbone vector pUC19, resulting
in pT7-STA. To construct a STA-fused random sequence library
(STA-Random; Fig. 2), the STA gene was ampli¢ed from pT7-STA
by PCR with a sense primer containing a T7 promoter and a reverse
biotinylated primer containing a C-terminal random sequence (10 co-
dons of the form NNY: N = A, G, C or T; Y = C or T). A mutant
STA gene (STA-His; Fig. 2) was also ampli¢ed from pT7-STA by
PCR with a reverse biotinylated primer containing an additional hexa-
histidine-encoding sequence. A gfp gene ampli¢ed from pND101 [21]
by PCR was employed as a carrier DNA for dilution of all DNA used
for the in vitro transcription/translations. All DNAs were puri¢ed
using Recochip (Takara Shuzo) and/or Wizard PCR Preps (Promega).
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2.2. In vitro transcription/translation in reversed micelles
In vitro transcription/translation reactions in water in oil emulsions

were performed as described by Taw¢k and Gri¤ths [19] with minor
modi¢cations. 50 Wl reaction mixtures of the Escherichia coli S30 ex-
tract system for linear DNA (Promega) were prepared on ice accord-
ing to the manufacturer's speci¢cations, but supplemented with 10 nM
carrier DNA, 1 nM DNA library, 40 U of RNAse inhibitor (Toyobo),
100 U of T7 RNA polymerase (Promega) and 0.5% w/v sodium de-
oxycholate (Nacalai Tesque). This reaction mixture was added to
950 Wl of the oil phase at 4³C whilst stirring as described [19] and
the mixture was incubated for 1 h at 25³C.

2.3. Enrichment procedure
To recover the protein-DNA fusions, the emulsions were broken as

previously described [19], but with quenching bu¡er (10 mM Tris-
HCl, pH 8.0, 1 M NaCl, 10 mM 2-mercaptoethanol, 10 mM imida-
zole, 1 WM D-biotin). The protein-DNA fusions were captured on
Ni-NTA agarose resin (Qiagen). The resins were washed ¢ve times
with bu¡er (0.1 M NaH2PO4, 10 mM Tris-HCl, pH 8.0, 2.25 M
GuHCl, 2 M NaCl, 20 mM 2-mercaptoethanol, 1% Tween-20,
20 mM imidazole). Aliquots of the washed resins were dissolved in
2 M 2-mercaptoethanol and incubated at 95³C for 3 min to free the
biotinylated DNA from STA [22]. The DNA was ampli¢ed by PCR,
cloned into pUC18 vector and sequenced using a CEQ2000 DNA
analysis system (Beckman Coulter).

3. Results

3.1. Library design
Biotinylated linear DNA fragments for expressing STA-

fused peptides under the control of a T7 promoter were con-

structed (Fig. 2). We cloned the STA gene from S. avidinii by
PCR based on its reported nucleotide sequence [23]. At the
N-terminus of STA, a T7Wtag sequence (MASMTGGQQMG)
that is known to enhance the protein solubility [20] was li-
gated. A random decapeptide library was constructed by fus-
ing a degenerate oligonucleotide at the 3P-end of the STA gene
(STA-Random in Fig. 2). We also constructed a STA mutant
gene with a C-terminal hexahistidine sequence (STA-His in
Fig. 2). The protein expression of this DNA was con¢rmed
in a non-emulsi¢ed E. coli S30 extract reaction system (Fig. 3).

3.2. STA-biotin linkage in emulsions
Water in oil emulsions were prepared according to the pro-

tocol of Taw¢k and Gri¤ths [19]. The size of the emulsion
compartments was in the range of 1^5 Wm in diameter and the
number of compartments was approximately 1010/ml of emul-

Fig. 1. Schematic representation of the STABLE selection system.
(1) A biotinylated DNA library encoding STA-fused random se-
quence proteins is introduced into an in vitro transcription/transla-
tion system. (2) A single DNA molecule compartmentalized in a
water in oil emulsion is transcribed and translated in vitro. In each
emulsion compartment, the translated protein binds to its encoding
DNA through STA-biotin linkage. (3) The protein-DNA fusions are
recovered from the emulsion. (4) A desired protein-DNA fusion is
a¤nity-selected by binding of the random sequence protein portion
to a target molecule. (5) The tagging DNA is ampli¢ed by PCR
and used for the next cycle of enrichment.

Fig. 2. Schematic diagram of STA genes used in this study.

Fig. 3. Expression of STA gene and formation of a protein-DNA
fusion. The STA-His DNA (Fig. 2) without a label (lane 1), with a
5P-end FITC label (lane 2) or with both 5P-FITC and 3P-biotin la-
bels (lane 3) was transcribed and translated in vitro. The products
were analyzed by 10% sodium dodecyl sulfate-PAGE. The STA-His
proteins bound to £uorescein-biotin conjugate (Flu-biotin; lanes 1
and 2), the FITC-labelled DNA (lanes 2 and 3) and the protein-
DNA fusion (lane 3) were detected with a FluorImager 595 (Molec-
ular Dynamics).
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si¢ed reaction [19]. Since 1010 DNA molecules (in 50 Wl of S30
reaction mixture supplemented with 1 nM DNA library) were
added to 1 ml of emulsi¢ed reaction mixture, each compart-
ment was expected to contain on average one DNA molecule.
Thus, an in vitro synthesized STA-fused peptide can be linked
with the corresponding genetic information (the biotinylated
DNA).

As STA forms a tetramer [24], four copies of peptides can
be displayed on a STA-biotinylated DNA fusion particle.
Since the e¤ciency of the protein-DNA fusion formation
was estimated as 1% of the total DNA (Fig. 3), a large
amount of free biotinylated DNA would still remain in the
emulsi¢ed reactions. To prevent crosslinking of such DNA
with the three empty sites of a protein-DNA fusion, a quench-
ing bu¡er containing free biotin was added before emulsions
were broken.

3.3. In vitro selection of random peptide library
We have tested the STABLE selection system using protein-

DNA fusions in a model experiment. To estimate the e¤-
ciency of enrichment in a selective step, protein-DNA fusions
were constructed from a series of dilutions of the STA-His
DNA into the STA-Random library in emulsi¢ed reactions
and were recovered from the emulsions. Aliquots of each
mixture of protein-DNA fusions pooled before and after af-
¢nity selection with Ni-agarose resin were ampli¢ed by PCR
with a reverse £uorescein isothiocyanate (FITC)-labelled
primer and digested with BamHI, which cleaves only the
STA-His DNA (see Fig. 2). The DNA was subjected to 10%
polyacrylamide gel electrophoresis (PAGE) and analyzed with
a Molecular Imager FX (Bio-Rad). As shown in Fig. 4, STA-
His was enriched 10-fold relative to STA-Random after a
single round of a¤nity selection. The STA-His sequence was
con¢rmed by cloning and sequencing of the enriched DNA.

4. Discussion

We have developed a new method that permits the complete
in vitro construction and selection of peptide or protein libra-
ries by using a stable linkage of the peptide to its encoding
DNA (Fig. 1). This method relies on a cell-free protein syn-
thesis system in reversed micelles. Although Taw¢k and Grif-
¢ths developed the compartmentalized in vitro system for
screening of enzyme catalysts [19], we have applied it for in

vitro protein selection based on physical association. In this
study, we used STA as a fusion partner of the random peptide
library, but many other proteins (e.g. DNA-binding proteins
[8]) could also be used as adapters for the protein-DNA link-
age.

The advantages of our STABLE selection system compared
to other in vitro systems (ribosome display [11^15] and in
vitro virus or RNA-peptide fusion [16,17]) are as follows.
First, the STABLE method is technically simpler because it
does not require reverse transcription steps and a spacer liga-
tion step (required for RNA-peptide fusion). The simpler pro-
cedure allows for faster in vitro protein evolution. Further,
the genetic information is carried on DNA but not on RNA,
which would be less robust with respect to the selection proc-
ess.

One of the most useful applications of the STABLE method
would be ligand-based selection of cDNA libraries. So far,
protein-protein interactions have been screened by using yeast
two-hybrid systems [25] or phage display systems [26,27].
However, some cDNAs are harmful or lethal when expressed
in yeast or E. coli [28]. This limitation can be overcome by
using totally in vitro systems such as ribosome display and
RNA-peptide fusion [5]. In these methods, however, full-
length cDNAs cannot be used because they contain stop co-
dons. In contrast, there is no technical di¤culty in displaying
cDNA libraries on protein-DNA fusions using the in vitro
STABLE system. For expression of cDNAs, coupled wheat
germ extract or rabbit reticulocyte lysate systems would be
more suitable than the E. coli S30 extract system used here.
Experiments along this line are in progress in our laboratory
and the results will be published elsewhere.
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