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In vitro display technologies, especially ribosome display, are valuable tools for many applications.
In this paper, ribosome display technology and its applications for directed evolution of functional
proteins will be reviewed. Ribosome display has great potential for directed evolution of protein stability
and affinity, the generation of high-quality libraries by in vitro preselection, the selection of enzymatic
activities, and the display of cDNA and random-peptide libraries. Ribosome display is carried out fully
in vitro, which overcomes some of the limitations of cell-based display systems. We anticipate that
ribosome display will have a great impact on applications in biotechnology, medicine and proteomics.

In the past decade, recombinant antibody engineering has
emerged as one of the most promising approaches for the design,
selection and production of reagents for basic research, medicine
and the pharmaceutical industry [1-3]. Now, the first antibody
derived from phage display technology has been approved in the
USA by the FDA (Table 1). Antibody engineering is continuously
developing new and robust discovery platforms and novel anti-
body formats, which points to the versatility of antibodies as
therapeutic and diagnostic agents.

The in vitro selection and evolution of antibody library technol-
ogy now provides us with powerful tools for producing antibodies
without using animals and the human immune system. Several
display methods have been used for antibody selection. They
include cell-based systems, such as phage display [4] and cell-
surface display [5,6], and cell-free methods, such as ribosome
display [7-9] and mRNA display [10].

In thelast few years, cell-free display technologies, in particular
ribosome display technology, have been gaining attention from
researchers from different areas of science [7]. Many of the limita-
tions of phage display (such as the inability to select under
conditions different from the cellular environment, problems
with the selection of proteins that are toxic, cells circumventing
selection pressure and low transformation efficiency) can be
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circumvented by using in vitro ribosome display [11], a strategy
initially described for peptides by Mattheakis et al. [7]. This was
followed by Gersuk et al. [12] who selected high-affinity peptide
ligands to prostate-specific antigen from a random peptide
library. Ribosome display has the prospect of becoming an
increasingly important tool in the advancement of antibody
therapeutics and can become a very powerful method for the
directed evolution of proteins.

The principle of ribosome display

Ribosome display is a technique used to perform in vitro protein
evolution to create proteins that can bind to a desired ligand
(Figure 1). The process results in translated proteins that are
associated with their mRNA progenitor that is used, as a complex,
to bind to an immobilized ligand in a selection step. The mRNA-
protein hybrids that bind well are then reverse-transcribed to
cDNA and their sequence amplified using PCR. The end result is
a nucleotide sequence that can be used to create tightly binding
proteins. The key issue of the strategy is dependent on coupling
individual nascent proteins to their corresponding mRNA for
selection. This selection enables the isolation of proteins against
virtually any antigen, including self-molecules, certain drugs,
potent toxins and haptens, which would normally be impossible
to raise with in vivo-based systems because of toxicity and/or lack of
immunogenicity [13-15]. Molecular evolution can be mimicked
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TABLE 1

US and EU therapeutic mAb approvals to date®

Generic

Company/location

Trade

Description

Therapeutic category

Approval date

Muromonab-CD3

Johnson and Johnson

Orthoclone OKT3

Murine, 19G2a, anti-CD3

Immunological

19/06/1986 (US)

(
Abciximab Centocor ReoPro Chimeric, IgG1, anti-GPlIb/Illa; Fab Hemostasis 22/12/1994 (US)
Rituximab Genentech Rituxan Chimeric, 1gG1k, anti-CD20 Oncological 26/11/1997 (US)
02/06/1998 (EV)
Daclizumab Hoffmann-La Roche Zenapax Humanized, I9G1k, anti-CD25 Immunological 10/12/1997 (US)
26/02/1999 (EV)
Basiliximab Novartis Simulect Chimeric, IgG1k, anti-CD25 Immunological 12/05/1998 (US)
09/10/1998 (EU)
Palivizumab Medimmune Synagis Humanized, IgG1k, Anti-infective 19/06/1998 (US)
anti-respiratory syncytial virus 13/08/1999 (EV)
Infliximab Centocor Remicade Chimeric, 1gG1k, Immunological 24/08/1998 (US)
anti-tumor necrosis factor (TNFa) 13/08/1999 (EU)
Trastuzumab Genentech Herceptin Humanized, IgG1k, anti-HER2 Oncological 25/09/1998 (US)
28/08/2000 (EV)
Gemtuzumab Wyeth Mylotarg Humanized, 1G4k, Oncological 17/05/2000 (US)
0zogamicin anti-CD33; immunotoxin

Alemtuzumab Genzyme Campath-1H Humanized, IgG1k, anti-CD52 Oncological 07/05/2001 (US)
06/07/2001 (EU)
Ibritumomab Biogen Idec Zevalin Murine, 19G1k, Oncological 19/02/2002 (US)
tiuxetan anti-CD20; radiolabeled (Yttrium 90) 16/01/2004 (EU)
Adalimumab Abbott Humira Human, IgG1k, anti-TNFa Immunological 31/12/2002 (US)

1/09/2003 (EU)
Omalizumab Genentech Xolair Humanized, IgG1k, anti-IgE Immunological 20/06/2003 (US)
Tositumomab-1131 Corixa Bexxar Murine, IlgG2a\, Oncological 27/06/2003 (US)

anti-CD20; radiolabeled (lodine 131)

Efalizumab Genentech Raptiva Humanized, IgG1k, anti-CD11a Immunological 27/10/2003 (US)
20/09/2004 (EU)
Cetuximab Imclone Systems Erbitux Chimeric, 1gG1k, Oncological 12/02/2004 (US)
anti-Epidermal growth factor receptor 29/06/2004 (EU)
Bevacizumab Genentech Avastin Humanized, 1gG1, Oncological 26/02/2004 (US)
anti-vascular endothelial growth factor 12/01/2005 (EU)
Natalizumab® Biogen Idec Tysabri Humanized, 1G4k, anti-a4-integrin Immunological 23/11/2004 (US)

2 Adapted from Ref. [47].

in vitro either by using an error-prone polymerase or by shuffling
the library DNA between rounds of selection to make new combi-
nations of antibody fragments. Generally, the number and affinity
of the antibodies generated to a particular antigen is a function of
library size and diversity, with larger libraries yielding a greater
number of high-affinity antibodies [16,17].

Ribosome display offers two important advantages. First, large
libraries can be made rapidly because there is no need to transform
large numbers of mutant plasmids into a host and, second, addi-
tional mutations can be introduced at every round because a PCR
step is included in each selection cycle rather than an in vivo
amplification step [18].

Construction and screening of ribosome-displayed
antibody libraries

Construction of scFv ribosome display libraries

One of the most powerful applications of ribosome display has
been the isolation of recombinant antibodies with high affinity
specificity. In this regard, ribosome display technology can be
used: (i) to isolate human antibodies from patients exposed to

certain viral pathogens to understand better the immune response
during infection and how protective antibodies are generated; (ii)
to generate human antibodies, significant for cancer immunother-
apy; and (iii) elucidate the specificity of autoimmune antibodies. A
protocol of production of human single-chain Fv antibodies
(scFvs) by ribosome display is established by He et al. [9,19,20]
(Figure 2). With a cell-free display system, all the steps are nucleic-
acid-based, which this allows the assembly of a large library with
upto 1 x 10'S members. In ribosome-display strategy, naive reper-
toires [8], immune repertoires [21] and synthetic repertoires [22]
are the three main types of libraries.

Choice of cell-free system

The choice of a cell-free system for protein synthesis is generally
based on the origin of the proteins to be expressed and their
downstream applications. The commonly used rabbit reticulocyte
lysates, wheat germ and Escherichia coli S30 extracts are commer-
cially available in both coupled and uncoupled formats (coupled
cell-free expression systems use DNA as a template, uncoupled cell-
free expression systems use RNA as a template). Coupled systems
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FIGURE 1

Principle of in vitro ribosome display. Library construction (a) and selection cycle (b). DNA is amplified using terminal primers and is transcribed by T7 RNA
polymerase. RNA forms stem loops which promote ribosome binding to the ribosome binding site (RBS). The ribosome translates RNA into a polypeptide
consisting of a FLAG tag (F), the antibody protein and a spacer peptide and remains bound due to the absence of a stopsignal codon. (b) Step 1,

a DNA scFv library is first amplified by PCR, whereby a T7 promoter, ribosome binding site, and stem-loops are introduced, and then transcribed to RNA.
Step 2, after purification, mRNA is translated in vitro in an Escherichia coli S-30 system in the presence of different factors enhancing the stability of
ribosomal complexes and improving the folding of the scFv antibodies on the ribosomes. Step 3, the desired ribosome complexes are affinity selected
from the translation mixture by binding of the native scFv to the immobilized antigen. Step 4, the bound ribosome complexes can then be dissociated

by EDTA (step 4b), or whole complexes can be specifically eluted with antigen (step 4a). Step 5, RNA is isolated from the complexes. Step 6, isolated
mRNA is reverse transcribed to cDNA, and cDNA is then amplified by PCR. Step 7, cloning and expression.

are generally simpler and more efficient; they also avoid problems
of mRNA degradation and mRNA secondary structure [23].

The choice of cell-free system can affect the production of a
particular protein. Parallel expression of five different coding
sequences of bacterial and eukaryotic origin in either E. coli S30
extract, wheat germ extract or rabbit reticulocyte lysate systems
has revealed that, although predominantly full-length products of
all five sequences tested were generated in the two eukaryotic
systems, many incomplete nascent polypeptides accompanied the
full-length product in E. coli S30 extracts [24,25]. It was suggested
that the generation of these incomplete polypeptides was caused
by pausing of the E. coli ribosome [25]. In addition, co- and post-
translational modifications can only be carried out in eukaryotic
systems [24]. A comparison between the efficiency of E. coli ribo-
some-display system and coupled rabbit reticulocyte ribosome-
display system showed the efficiency of the E. coli ribosome display
system was 100-fold [26].

Applications of ribosome display in drug discovery
Because ribosome display avoids the problems of cytotoxicity,
soluble protein expression and secretion bias in cell-based systems,
it could be an ideal means by which to display functional (single
chain) proteins for drug discovery applications like target discov-
ery and functional identification. With the completion of genome
sequences, it is possible to design general cDNA libraries for
ribosome display. In combination with high-throughput protein
arrays [27,28], the screening power of ribosome display could be
further increased, permitting library-versus-library screening and
genome-wide analysis of protein—protein interactions. Because the
antibody-ribosome-mRNA (ARM)display procedure is contained
within a single tube [9,29], it could be developed into an auto-
mated process for proteomics applications where high-throughput
manipulation is necessary. A reconstituted cell-free system has
been described [30] that could be useful for further optimization
and improvement of ribosome-display technology.
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FIGURE 2

A strategy for the construction of V,/K and V,/VA-Ck PCR libraries from mRNA. V,;/K is generated by linking the heavy-chain variable domain (VH)
to the complete k chain. Vii/VX-Ck is made by linking VH to a fusion of variable region of \ chain (VA) and constant region of k chain (Ck). The heavy-chain
‘elbow’ region, which is a continuation of the VH domain, is used as the peptide linker to join heavy chains with light chains. The Ck domain provides

a spacer region to allow an antibody fragment to be displayed on the surface of ribosome and to offer priming sites for RT-PCR recovery after selection.

Adapted, with permission from Ref. [20].

Ribosome display has been exemplified in both prokaryotic and
eukaryotic systems and successfully used for selection and evolution
of peptides [7,31-34], single-chain antibodies [8,9,11,19,20,35],
enzymes [36,37], and ligand-binding proteins [38-42].

Peptides

Mattheakis et al. [7] first published the concept of a polysome
display system for identifying ligands from very large peptide
libraries. They successfully constructed a pool of DNA sequences
encoding 10'? random decapeptides in an E. coli $30 coupled
transcription—-translation system, the binding affinities of
enriched peptides for mAb D32.39 ranged from 7.2nM to
140 nM. Lamla and Erdmann [31] constructed a synthetic library
based on the scaffold of bovine heart fatty-acid-binding protein
(FABP) with 1.1 x 10'* independent members. Ribosome display
was applied to select streptavidin-binding peptides in vitro from
2 x 10" molecules of the library each encoding FABP with 15
contiguous random amino acid residues at its N terminus. The
selection yielded several different binding peptides. The best
binder possessed a dissociation constant of 4 nM.

A wheat-germ ribosome-display system was used to display a
20-mer random library, which was selected for binding to pros-
tate-specific antigen (PSA), a tumor marker [12]. After four rounds of
selection, several peptides showing higher affinity to PSA than to
bovine serum albumin or gelatin were isolated, but no quantitative
data were reported. A randomized region in the cytotoxic T-lym-
phocyte-associated protein-4 (CTLA-4) scaffold was also used as the
basis for a library which was selected against lysozyme. Although
binders were found, no quantitative data were reported [32].

Recently, ribosome display was used to identify the main
antigenic polypeptides of Staphylococcus aureus [33]. Wu et al. [34]
further investigated the roles of type IVB pili of Salmonella enterica
serovar Typhi (S. Typhi), a 12-mer peptide (RQERSSLSKPVV), bind-
ing to the structural protein PilS of the type IVB pili of S. Typhi, was
isolated with a ribosome-display system. The specific binding con-
stant K, between the 12-mer peptide R and PilS protein was between
0.4 x 10°and 2.2 x 10° Lmol . Their findings suggest that the type
IV pili-binding peptide R has potential as an antibacterial peptide
effective against S. Typhi infections, in terms of prevention and
therapeutic treatment.

Single-chain antibodies

Hanes and Pliickthun [8] reported a system with which a correctly
folded complete protein and its encoding mRNA remain attached to
the ribosome and can be enriched for the ligand-binding properties
of the native protein. They successfully selected a single-chain
variable fragment (scFv) of an antibody that has a 10%-fold specific
enrichment of target mRNA using five cycles of transcription,
translation, antigen-affinity selection, and PCR. He and Taussig
[9] developed the simple and rapid eukaryotic ARM display method,
which completes each cycle in 8h, including analysis. We
also successfully screened the human single-chain antibody library
for lung cancer using ribosome-display technology, the target anti-
gens are human vascular endothelial growth factor receptor 2
(VEGFR-2) and digoxin [35] (X.H. Yan, PhD thesis, Zhejiang Uni-
versity, 2006). After three selection cycles, anti-VEGFR-2 scFv DNA
and anti-digoxin scFv DNA were obtained successfully [35]. The
affinity constant of anti-VEGFR-2 scFv and anti-digoxin scFv were
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7.7 x 107 M and 8.3 x 1078 M, respectively, using a noncompe-
titive enzyme-linked immunosorbent assay.

Many methods, such as DNA shuffling, site-directed mutagenesis,
error-prone PCR and off-rate selection, are used for affinity matura-
tion and stability enhancement of scFv molecules [18,43-46].

Enzymes

Amstutz et al. [36,37] first reported the in vitro selection for catalytic
activity based on catalytic turnover using ribosome display. They
designed and synthesized a mechanism-based inhibitor of B-lacta-
mase, biotinylated ampicillin sulfone, appropriate for selection of
catalytic activity of the ribosome-displayed B-lactamase. This deri-
vative of ampicillin inactivated B-lactamase in a specific and irre-
versible manner. Under appropriate selection conditions, active
RTEM-B-lactamase (penicillin amido-B-lactam hydrolase, EC
3.5.2.6) was enriched relative to an inactive point mutant >100-
fold per ribosome-display selection cycle. Selection for binding,
carried out with B-lactamase inhibitory protein, gave results similar
to selection with the suicide inhibitor, indicating that ribosome
display was similarly efficient in catalytic activity and affinity
selections. The capacity to select directly for enzymatic activity
using an entirely in vitro process could allow for a significant increase
in the explorable sequence space relative to existing strategies.

Ligand-binding proteins
Lamla and Erdmann [38] first described the use of a protein with a
binding property, which is not an antibody, for ribosome display.
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