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In vitro display technologies: novel developments and applications
Patrick Amstutz, Patrik Forrer, Christian Zahnd and Andreas Pluckthun*

In vitro display techniques are powerful tools to select
polypeptide binders against various target molecules. Novel
applications include maturation of protein affinity and stability,
selection for enzymatic activity, and the display of cDNA and
random polypeptide libraries. Taken together, these display
techniques have great potential for biotechnological, medical
and proteomic applications.
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Abbreviations
PCR polymerase chain reaction
sckv single-chain Fv

Introduction

The growing interest of the research community and phar-
maceutical companies in protein—protein interactions has
led to an increasing demand for sophisticated methods for
the rapid identification, characterization, and potential
improvement of interaction partners. T'he most popular of
these methods, namely the yeast two-hybrid system [1] and
phage display [2] (see the article by Sidhu and Pelletier in
this issue pp 340-347), are limited by the involvement of
living cells in the process of library generation or screening.
"This is not the case for i vitro selection technologies. In
these techniques the number of molecules that can be han-
dled is not limited by cellular transformation efficiencies;
thus, very large libraries of up to 1014 members can be built.
"This feature also facilitates directed evolution experiments,
in which rounds of randomization and selection alternate,
as transformation can be avoided between rounds.
Furthermore, special reagents such as the reducing agent
dithiothreitol or detergents can be added to select binders
under conditions chosen by the experimentor.

"Two main groups of iz vitro selection technologies can be
distinguished. The first group imitates the compartmen-
talization of living cells by performing translation and
selection within a water-in-oil emulsion [3-5]; this method
was recently summarized in an excellent review [6]. This
compartmentalization ensures the coupling of genotype
and phenotype — a prerequisite for any selection method.
The second group, the /2 vitro display technologies, makes
use of a physical link between messenger RNA (mRNA)
and nascent polypeptide during translation to couple geno-
type and phenotype. The most popular iz vitro display
technologies are ribosome display and mRNA display
(reviewed in [7-12]). This review focuses on the recent

advances in the field of /# vitro display methods and
discusses the potential of these technologies for future
applications in basic and applied research.

In vitro display technologies

Ribosome display (Figure la) was first developed by
Mattheakis ¢z /. [13] for the selection of peptides and fur-
ther improved for the selection of folded proteins by Hanes
and Pliickthun [14] and He and Taussig [15]. This method
relies on non-covalent ternary complexes of mRNA, ribo-
some and nascent polypeptide, ensuring the coupling of
genotype and phenotype. A fusion protein is constructed in
which the the domain of interest is fused to a C-terminal
tether, such that this domain can fold while the tether is
still in the ribosomal tunnel. This fusion construct lacks a
stop codon at the mRNA level, thus preventing release of
the mRNA and the polypeptide from the ribosome. High
concentrations of magnesium and low temperature further
stabilize the ternary complex. These complexes, which are
formed during z vitro translation, can directly be used to
select for the properties of the displayed protein.

The related technology of mRNA display (Figure 1b),
which has also been termed ‘mRNA-protein fusions’ [16]
or ‘in vitro virus’ [17], was predominantly developed by
Roberts and Szostak. This method relies on the covalent
coupling of mRNA to the nascent polypeptide. The
mRNA is first covalently linked to a short DNA linker
carrying a puromycin moiety. The library is then translat-
ed 7z vitro, as in ribosome display. When the ribosome
reaches the RNA-DNA junction the ribosome stalls and
the puromycin moiety enters the peptidyltransferase site
of the ribosome and forms a covalent linkage to the
nascent polypeptide. The protein and the mRNA are
thus coupled and are subsequently isolated from the
ribosome and purified. In the current protocol, a cDNA
strand is then synthesized to form a less sticky
RNA-DNA hybrid and these complexes are finally used
for selection.

The protocol of mRNA display has been significantly
improved since it was first reported by extending the
method from the display of short peptides to proteins [9].
The authors were also able to increase the yield of func-
tional mRNA-protein fusions about 40-fold compared
with the original protocol. Furthermore, the laborious link-
age of mRNA to the puromycin-containing DNA linker,
thus far an enzymatic ligation reaction, was also signifi-
cantly improved [18,19]. In the new method, a DNA linker
carrying a psoralen moiety is hybridized to the end of the
mRNA and directly photo-crosslinked to the mRNA.
These improvements have opened the door for mRNA
display to handle complex protein libraries, as has been
possible with ribosome display [11,15,20,21°,22°%,23,24].
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Figure 1
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In vitro display technologies. (a) Schematic
representation of a ribosome display selection (@)
round. A DNA library encoding the proteins of
interest is genetically fused to a tether, which
allows the protein to fold while the tether is
still in the ribosomal tunnel. The resulting
construct, which lacks a stop codon, is
transcribed in vitro into mMRNA and further
translated in vitro. The translation is stopped
such that stable ternary complexes of mMRNA,
ribosomes and nascent polypeptides are
formed. These complexes are directly used for
binding selection on the immobilized target.
The mRNA of the bound complexes is
rescued by dissociating the ribosome with
EDTA. A reverse transcription reaction
followed by PCR yields the genetic
information of the selected clones. These .
clones can then be analyzed or used as input 5", i
for the next selection round. (b) Schematic
representation of a mRNA display selection
round. A DNA library encoding the proteins of
interest is transcribed in vitro. The resulting
mRNA is covalently fused to a short DNA
linker which carries a puromycin moiety at its
3'-end. This linking can be achieved by
hybridization and subsequent photo-
crosslinking of a psoralen-labeled DNA linker (b)
to the mRNA (as shown here) or by an
enzymatic ligation reaction (not shown). The
resulting construct is translated in vitro.
During translation the ribosome reaches the
RNA-DNA junction and stalls. This allows the
puromycin moiety to bind to the ribosomal A
site. Thereby, the nascent polypeptide is
transferred to the puromycin moiety leading to
a covalent mRNA—polypeptide fusion. The
mRNA—fusion complex is subsequently
purified and the first cDNA strand is
synthesized. A selection for binding on
immobilized ligand is then carried out and the
bound complexes are eluted. The following
PCR yields the genetic information of the
selected clones. These clones can then be
analyzed or used as input for the next
selection round. In both (a) and (b), black lines
correspond to DNA and dotted lines
correspond to mRNA. In (b) the star
represents the puromycin moiety. For
simplicity, the crosslinked mMRNA—DNA hybrid
is not shown after the in vitro translation step.
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The stability of mRNA was repeatedly discussed as a weak
point of both ribosome and mRNA display, as RNA is
susceptible to hydrolysis and nuclease degradation.
Nevertheless, for ribosome display it has been shown that
the ternary complexes are stable for up to at least 15 days
(C Zahnd et al., unpublished data). To improve the stabili-
ty of mRNA display, Kurz ¢z @/. [25°] reported a method to
replace the mRNA molecule within the mRNA-protein

complex with its double-stranded ¢cDNA. This methodol-
ogy may be especially attractive for selections under harsh
conditions (e.g. high temperatures).

Improved library quality by preselection

The success of selection experiments depends to a large
extent on the quality of the library. Although the theoreti-
cal size of a library is virtually unlimited, the transformation
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efficiency for yeast (107-108 cells/ug DNA) and for
Escherichia coli (109-1010 cells/lg DNA) limits the achiev-
able library size. By contrast, iz vitro display technologies
can handle libraries with up to 104 members, depending
only on the scale of the 7z vitro translation used. A common
way to generate libraries involves the use of degenerate
oligonucleotides; however, such oligonucleotides often
contain deletions that result in frame-shifts and the appear-
ance of stop codons, thus decreasing the effective library
size. One way to avoid this is to use trinucleotides [26] as
building blocks, because even if deletions do occur the
correct reading frame is still maintained.

A generally useful approach to enlarge the percentage of
correct (i.e. in-frame and full-length) clones in a library is
to eliminate problematic sequences through preselection.
Because of the large library size accessible in the iz vitro
display technologies, a useful library diversity is main-
tained even after preselection. The library is cloned
between an N- and C-terminal tag and displayed such that
selection for the occurrence of these tags will yield
in-frame and full-length polypeptides. Premature stop
codons cause the ribosome to dissociate, and frame-shifts
will alter the C-terminal tag. Nonetheless, suppressor
tRNA present in the extract or mistakes in the synthesis
machinery appear to still let a fraction of undesired mole-
cules slip through this ‘filter’. Cho ¢z @/. [27°] performed
such a preselection using mRNA display. In this way they
were able to remove a large fraction of the non-functional
proteins from a large-scale /7 vitro translation (10 ml), thus
improving the proportion of correct proteins in three
different libraries by up to two orders of magnitude. They
still maintained a final complexity of about 1013
full-length molecules.

Selection experiments with two of these libraries have
been published. From one such library, Keefe and Szostak
[28°°] were able to select polypeptides, presumably with a
folded structure, that were able to bind ATP. This library
consisted of a completely random stretch of 80 amino
acids, which had been preselected as described above. All
selected sequences were full-length, indicating that
preselection was successful. From their results, the authors
estimated the number of ATP binders in a random
sequence to be 1 in 1011, which underlines the necessity of
having a high-quality full-length library, and a selection
method capable of handling libraries of this size.

Using the second of these preselected libraries [27°],
consisting of amphipathic 0-helical or 3-strand segments,
Wilson er al. [29] selected for streptavidin binders. The
highest affinity of the selected peptides for streptavidin
was about 5 nM, in contrast to micromolar affinities of
peptides selected in previous phage-display experiments
[30]. However, all of the selected peptides were derived
from frame-shifted sequences, even though preselection
had been performed. Because the library was designed
with restricted codon frequencies, such frame-shifted

sequences had a 700-fold increased probability of contain-
ing the known streptavidin-binding consensus sequence
His-Pro-GlIn. These results also demonstrate how impor-
tant the design of the initial library is, as the selected
molecules had no similarity to the designed a-helical or
B-stranded clements. Even though preselection was
performed, the rare frame-shifted sequences prevailed
over the much more abundant in-frame sequences.

Nevertheless, the preselection approach using iz vitro
display technologies may be a powerful tool for improving
library quality in terms of enlarging the proportion of
correct library members.

Directed evolution of proteins

Natural evolution has efficiently adapted proteins to their
tasks under given environmental conditions. Nevertheless,
the technological or medical application of proteins often
places different demands on them; thus, their performance
needs to be optimized. Using the Darwinian principle,
evolution of polypeptides can now be conducted in the
test tube: a pool of molecules (library) is subjected to alter-
nating rounds of selection and randomization. If the
randomization is carried out on the whole library, not only
the original library is screened for the best molecules but
the library composition is also adapted from round to round
so that sequences not present in the original library
become accessible to selection. With this approach, Hanes
et al. [21°] selected, by ribosome display, a set of different
antibody single-chain Fv (scFv) fragments from a synthetic
naive library, with up to 40-fold improved affinities when
compared with the progenitor sequences present in the
original library. All of the selected antibodies had accumu-
lated mutations as a result of amplification with a
low-fidelity DNA polymerase. This work demonstrated
that protein evolution can be an intrinsic part of each
ribosome display cycle. By including an additional diversi-
fication step in each round of ribosome display to increase
the error rate even further, for example, by error-prone
polymerase chain reaction (PCR) [31,32] (described in the
article by Kurtzman ez 4/. in this issue pp 361-370) or DNA
shuffling [33], Jermutus ¢z @/. [22°°] further confirmed the
potential of ribosome display for directed iz vitro protein
evolution. They demonstrated that distinct and pre-
dictable biophysical characteristics of scFvs, affinity and
stability, can be rapidly and efficiently evolved by combin-
ing these techniques (see below). Similarly, mRNA display
in combination with error-prone PCR proved to be a
powerful approach for / vitro evolution of proteins as
shown by Keefe and Szostak [28°°] (see above). Thus, the
work of these groups demonstrated that the PCR amplifi-
cation step inherent to ribosome and mRNA display can be
directly exploited for iz vitro protein evolution by relaxing
the accuracy of pool replication during selection cycles.
The large library size accessible by these iz virro display
techniques further supports successful evolution experi-
ments. Taken together, ribosome and mRNA display have
great potential for directed protein evolution.
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Maturation of protein affinity

Protein affinity maturation with molecular evolution tech-
nologies is an important step in producing selective and
high-affinity binding proteins for applications in biotech-
nology and medicine [23]. Both ribosome display and
mRNA display have allowed selection for binding proteins
to a wide variety of targets, such as small compounds
[22°°,28°°], peptides [20], whole proteins [21°,23,24,34°¢]
or even a specific DNA structure [35°°].

Recent work now also demonstrates that iz vitro display
technologies have great potential for the maturation of
high-affinity protein binders. Hanes ez a/. [21°] isolated
picomolar affinity scFvs from a synthetic naive library by
combining the intrinsic selection and evolution power of
ribosome display. An ‘off-rate’ selection procedure may
further favor protein affinity maturation [36]. In off-rate
selection, a pool of polypeptides is bound to an immobi-
lized ligand. By adding an excess of free ligand, every
dissociating library member will be immediately trapped.
After incubation, only those binders with the lowest
off-rate will remain bound to the immobilized antigen.
Thus, increasing the incubation time with the competitive
ligand increases the selection pressure applied. As the on-
rate normally only changes within a relatively small
window, lowering the off-rate will result in increased bind-
ing affinity. Using such off-rate selections over a period of
up to ten days, Jermutus ¢z @/. [22°°] were able to improve
an antifluorescein scFv that already had a high initial affin-
ity of 1.1 nM a further 30-fold. Using the same strategy,
peptide-binding scFvs were evolved to affinities in the low
picomolar range (C Zahnd ¢ /., unpublished data). These
results demonstrate that off-rate selection is a valuable tool
to select high-affinity binders from libraries. Interestingly,
the mRNA — normally thought to be a very labile entity
— was stable under these experimental conditions for
more than 15 days.

"Taken together, these results demonstrate that /7 vifro display
technologies are not only valuable tools for the selection of
binding molecules, but also for protein affinity maturation —
either of a given molecule or in conjunction with the selection
process from the initial library. This may have important
implications in biotechnological and medical applications.

Maturation of protein stability

A common requirement for most biotechnological and
medical applications of proteins is that they possess an
intrinsic high stability against denaturation. Stability
engineering is still a difficult task [37-40]. Evolutionary
methods to perform stability engineering have shown
promise, especially methods that employ phage display
(reviewed in [41]). In a model system using antibody scFv
fragments, Jermutus ¢z @/. [22°°] have shown that ribosome
display may be a valuable tool for iz vitro evolution of pro-
tein stability. Antibody scFv fragments were evolved that
are stable in the absence of disulfide bonds, which are nor-
mally required for their stability [37]. When the disulfide

bond was allowed to reform, these scFv mutants were
more stable than the corresponding wild-type protein, as
indicated by urea denaturation experiments. They gave
higher yields of functional protein upon periplasmic
expression in K. coli, where disulfide bonds do form. Most
importantly, the selected scFv mutants could also be func-
tionally expressed in the reducing environment of the
cytoplasm; an uncommon feature of an antibody scFv frag-
ment. This study illustrates the versatility of the ribosome
display approach — expression and selection can take
place in a cytoplasmic-like environment, when dithiothre-
itol is added. Such stable and well-behaved antibodies
might find application in tumor targeting [42] and as effec-
tive intrabodies [43,44] for the intracellular inactivation of
proteins. Stability engineering of proteins by using heat or
proteases as selection pressure (reviewed in [41]) may also
be achievable with iz vitro display technologies, especially
for mRNA display.

Selection for enzymatic activity

It has been stated several times [6,41,45,46] that a combina-
tion of directed evolution and the use of display technologies
provides a powerful strategy to evolve improved biocatalysts.
Although it is known that enzymes can be functionally dis-
played on the ribosome [47], ribosome display had so far not
been used to select for enzymatic activity. In this technique
the genetic information (i.e. the mRNA) is not covalently
attached to the protein. Thus, the mRNA can be simply
eluted, even in applications based on suicide inhibitors,
where the selected protein is covalently bound to the target.
P Amstutz ¢ a/. (unpublished data) have performed a selec-
tion for enzymatic activity using ribosome display. Using a
B-lactamase suicide inhibitor, an active RTEM-f3-lactamase
was successfully enriched over an inactive mutant. In these
experiments the efficiency of activity selection was compara-
ble to selection for affinity using a P-lactamase ligand.
Overall, in vitro display methods may open new roads for the
selection of catalytically active proteins.

Display of cDNA products

Phage display and two-hybrid systems are well-established
methods to screen or select cDNA libraries for binders
[1,2,48,49]. Recently, two groups investigated the potential of
in vitro display techniques for the display of cDNA products.
Bieberich er al. [50] reported the specific isolation of the
cDNA of sialyltransferase II by functional binding of the
encoded enzyme to its substrate, ganglioside GD3, in a sin-
gle-tube coupled ribosome display system. It remains unclear,
however, if their ribosome display construct is free of a stop
codon and if it contains an appropriate C-terminal tether. The
demonstration that ribosome display can be performed in a
single well of a microtiter plate may have implications for pro-
teomic applications where automation and high-throughput
screening are essential. By using ¢cDNA product libraries
displayed on mRNA, Hammond er a/. [34°°] isolated both
previously known and several novel binders of the antiapop-
totic protein Bcl-X| . The binding affinities of these isolated
proteins ranged from approximately 2 nM to 10 pM.
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In contrast to phage display or two-hybrid systems, /7 vitro
display techniques are not biased by cytotoxic or secretion-
incompatible cDNA products. In addition, 7z vitro display
libraries can be preselected (see above) to improve their
quality. Taken together, iz vitro display of cDNA product
libraries may be an interesting approach for proteomic
applications, where the ultimate objectives are to func-
tionally display all proteins and to minimize any selection
or expression bias.

Conclusions

In vitro display technologies, namely ribosome and mRNA
display, prove to be valuable tools for many applications
other than merely selecting polypeptide binders. They
have great potential for directed evolution of protein
stability and affinity, the generation of high-quality
libraries by 7z vitro preselection, the selection of enzymatic
activities, and the display of ¢cDNA and random-peptide
libraries. In addition, these technologies have several fea-
tures that should make them amenable to standardization
and automation: they comprise fast selection cycles, allow
the processing of huge libraries, are not limited by cellular
transformations, and are not biased by 7 vive environ-
ments. We envision that i vitro display technologies will
have a great impact on applications in biotechnology,
medicine and proteomics.
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