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bstract

Biological libraries are powerful tools for discovery of new ligands as well as for identification of cellular interaction partners. Since the first
evelopment of the first biological libraries in form of phage displays, numerous biological libraries have been developed. For the development of
ew ligands, the usage of synthetic oligonucletides is the method of choice. Generation of random oligonucleotides has been refined and various
trategies for random oligonucleotide design were developed. We trace the progress and design of new strategies for the generation of random
ligonucleotides, and include a look at arising diversity biases. On the other hand, genomic libraries are widely employed for investigation of
ellular protein–protein interactions and targeted search of proteomic binding partners. Expression of random peptides and proteins in a linear
orm or integrated in a scaffold can be facilitated both in vitro and in vivo. A typical in vitro system, ribosome display, provides the largest available
ibrary size. In vivo methods comprise smaller libraries, the size of which depends on their transformation efficiency. Libraries in different hosts
uch as phage, bacteria, yeast, insect cells, mammalian cells exhibit higher biosynthetic capabilities. The latest library systems are compared and
heir strengths and limitations are reviewed.
 2007 Elsevier B.V. All rights reserved.
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. General aspects of biological libraries

.1. Definition of biological library

A biological library consists of a pool of microorganisms
xpressing different polypeptides. Each microorganism carries
nly one encoding DNA or RNA sequence for a certain peptide,
epresenting one clone. Each single clone of the library can be
ropagated and it will express the same peptide.

A polypeptide library construction starts with the design of
he encoding DNA sequence. The source for this insert can be
pool of chemically synthesized degenerated oligonucleotides,
DNA, genomic DNA fragments, or mutagenized specific gene
ragments. The library will be constituted by viral particles or
y cells.

The next step is the screening of the library against the target
olecule. Clones, identified as binders to the target substance,
ill be sequenced, and their coding regions will be translated

nto the particular peptide sequences.

.2. Design of random oligonucleotides

One method of designing a random peptide library is the
se of random oligonucleotides. In a fully degenerated oligonu-
leotide, each triplet will code for one of the 64 possible
odons. At each coupling reaction, an equal mixture of all four
ucleotides (N) will be used for all three positions in the triplet.
n this way, the oligonucleotide will contain all 64 possible
odons, and all 20 amino acids and three stop codons will be
epresented.

If it is necessary to avoid certain stop codons or amino

cids, some positions in the triplet cannot be fully randomized.
or one position of the triplet, a mixture of only two or three
ucleotides will be used instead of a mixture of all four (see
able 1).

able 1
esign of random oligonucleotides for generation of peptide libraries

riplet Function Reference

NK All 20 amino acids possible [83,84]
Only 1 stop codon possible

NS All 20 amino acids possible [83,84]
Only 1 stop codon possible

NY + RNN No stop codon possible, but
Cys and Gln missing

[37]

NN + NNG + NHY Cys missing [85]

= A, C, G, T; K = G, T; S = G, C; Y = C, T; R = A, G, H = A, C, T.
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Another way to design randomized oligonucleotides was pre-
ented by LaBean and Kauffman [1]. This method minimizes
top codons and matches amino acid frequencies observed in 207
atural proteins. With the use of a refining-grid search algorithm,
ermination codons are minimized and amino acid compositions
f the peptides get balanced. Three mixtures of nucleotides are
esigned, each corresponding to one of the three positions in the
odon.

A different approach for the synthesis of randomized DNA
as described by Neuner et al. [2]. The strategy is based on

he use of dinucleotide phosphoramite building blocks in a
esin-splitting procedure. Seven dinucleotide building blocks are
equired to encode all the 20 natural amino acids (see Fig. 1).

There is also a way to constrain peptides by introducing
wo codons for cysteine in both sides of the random region.
he screening of pools of such cyclic libraries (CX5C, CX6C,
X7C) resulted in the isolation of ligands to several integrins [3].
yclic and linear peptide libraries were also employed to screen

or streptavidin binders. The analysis of the binding peptides
howed, that the conformationally constrained cyclic peptides
ound streptavidin three orders of magnitude higher than lin-
ar peptides [4]. The usage of split inteins [5,6] also allows the
roduction of cyclic peptides.

.3. Considerations for cloning steps

The introduction of DNA fragments into an appropriate
ector and the transformation into microorganisms require opti-
ized protocols to maximize the cloning efficiency, especially

or the construction of large libraries.
Because the cloning of a DNA fragment requires compatible

nds with the vector, the two DNAs must be cut with the same
estriction enzymes. The vector DNA must be linearized and
urified. A ligation reaction is set up, where degenerated DNA
ragments are mixed at a molar excess with the vector, and are
igated together with the enzyme T4 DNA ligase.

The amount of double stranded DNA fragments required
epends on the number of randomized nucleotides and on the
xpectation how many times a unique sequence should be rep-
esented in the library (library complexity). The other important
arameter is the transformation efficiency (number of transfor-
ants obtained from 1 �g vector DNA) of the system used.
sually, a transformation efficiency in E. coli obtained with
lectroporation is around 109 transformants per microgram of
upercoiled vector DNA, while the efficiency of a cut-and-
eligated vector, as in the case in building random sequence
ibraries, is about 10–100 times less. The ligation mix is used
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ig. 1. Strategy for the synthesis of a randomized DNA sequence containing the
0 most abundant codons in highly expressed genes of E. coli (from [2]).

o transform competent E. coli cells in several separated trans-
ormations. An aliquot of these transformed cells is grown on
solid medium and counted in order to calculate library com-
lexity. The library itself can be grown in liquid medium. The
lasmids can be harvested and purified to transform the final
ost organism of the library.

Other methods of inserting double stranded oligonucleotides
nto the vector, that have been described as alternatives, include:
ethods based on gap repair [7]; and a process consisting of

he ligation of a single stranded oligonucleotide to one end of
he vector, the subsequent synthesis of the second strand via
he Klenow fragment of DNA polymerase, and finally, a second
igation to the other end of the vector [8].

.4. Directed evolution by secondary libraries

To improve the affinity of peptide ligands that have been

solated, a secondary library can be constructed by introduc-
ng either targeted or random mutations into the binder’s coding
equence. This allows some fine-tuning of ligands: by using only
hose ligands that already display affinity to the target, and by

w
b
d
d

omatogr. B  861 (2008) 160–170

irecting the mutations, one should be able to generate ligands
ith progressively higher affinity to the target. In cassette muta-
enesis, the target regions are substituted by a synthetic DNA
uplex with the desired mutations [9]. In regional mutagenesis,
utations are introduced by chemical or enzymatic treatments

t a controlled rate of alterations per nucleotide. This mutated
NA is then cloned [10]. The combinatorial approach to muta-
enesis replaces a certain number of amino acids per peptide
sing the cassette method [11]. Lastly, spiked oligonucleotides
an be synthesized by adding a predetermined amount of a mix-
ure of different bases at specific preset locations. In this manner,
he wild type bases are “spiked” [12].

.5. Comparison of biological libraries over chemically
ynthesized peptide libraries

In general, biological libraries do not have specific advan-
ages over chemical libraries and vice versa. The choice of a
ibrary should be guided by practical matters. Of course, tech-
ical considerations, such as the experience of operators and
vailable equipment may well limit the choice. Beyond that,
owever, there are a set of specific factors that will make one of
hese systems the correct choice for a given application.

In chemical libraries the diversity is given by 20n (20 is the
umber of different amino acids, n is the number of random-
zed positions). For example, a complete library, constituted of
ve amino acids, will have 3.2 × 106 different molecules. The

onger the peptide sequences are, the synthesis will be more
rror-prone. In chemical libraries, there is no bias toward specific
mino acids, whereas in biological libraries some amino acids
re more represented than others, because of the codon degener-
cy. Furthermore, the incorporation of non proteinogenic amino
cids is only possible in chemically synthesized peptides.

In a fully degenerated oligonucleotide library the diversity
s given by (4 × 4 × 4)n, where 4 is the number of different
ucleotides and n is the number of randomized codons. The only
imits on the size of biological libraries are the microorganism’s
ransformation efficiency and the amount of cells that can be
andled. In E. coli, for example, the upper limit of the transfor-
ation efficiency is described as 109 transformants per 1 �g of

ector DNA. Biological libraries can also consist of long random
olypeptides. If the randomized amino acid positions total more
han seven, the library will be incomplete (e. g. seven randomized
mino acids result in 1.3 × 109 peptides). The representation of
mino acids in a biological library encoded by a degenerated
ligonucleotide is restricted by several biological exigencies.
he codon degeneracy, or the encoding of some amino acids by
ultiple triplets, ensures that some amino acids will not follow

n even, random distribution. Some peptides may prove toxic to
he cell, others may be expressed by the cell less efficiently. The
dvantage of long random sequences, expressed in incomplete
ibraries, is that the binding region is limited to a few amino acid
esidues in most cases. Since a long variable peptide will contain

ithin its sequence several short peptide sections, the total num-
er of different short peptides will be higher than the number of
ifferent clones representing the library. Furthermore, long ran-
om sequences allow affinity selection of peptide ligands that
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Fig. 2. Overview of available biolog

equire the interaction of few residues spaced apart, or small
tructural elements.

.6. Overview of biological libraries

The choice of a particular platform depends on the relative
mportance of library size, biosynthetic capability, and quantita-
ive precision to the particular application at hand. A summary
f available library systems is depicted in Fig. 2.

. In vitro polypeptide-display libraries
In vitro systems represent a special case among biological
ibraries: they are not propagated in living cells. The two major
dvantages of in vitro transcription/translation systems are the

(
w
a
t

Fig. 3. Principle of in vitro ribosome display for screening native prot
olypeptide-display library systems.

otential to generate very large libraries up to 1015 by obviating
cell transformation step and the ability to control screening

onditions independent of the maintenance of cell viability.
Ribosome display was first described by Mattheakis et

l. [13] for short peptides. It involves the preservation of a
olypeptide–ribosome–mRNA ternary complex as a genetic
nit. Ribosome display has been adapted in order to screen larger
roteins, e.g. single chain antibodies [14]. Optimization of the
n vitro transcription/translation reactions and protein folding
onditions can deliver a system that allows the identification of
roteins with improved expression, stability, and affinity [15]

see Fig. 3). In the first step, a DNA library is amplified by PCR,
hereas a T7 promoter, ribosome-binding site, and stem-loops

re introduced and then transcribed to DNA. After purifica-
ion, mRNA is translated in vitro in an E. coli S-30 system

ein libraries for ligand binding from Hanes and Pluckthun [15].
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n the presence of different factors that enhance the stability
f ribosomal complexes and improve the folding of the pro-
ein on the ribosomes. The translation process is terminated
y cooling on ice, and the ribosome complexes are stabilized
y increasing the magnesium concentration. In the next step,
he desired ribosome complexes are affinity selected from the
ranslation mixture by the binding of the native protein to the
mmobilized ligand. Unspecifically bound ribosome complexes
re removed by intensive washing. After washing, the bound
ibosome complexes can be dissociated by EDTA; alternatively,
he entire complex can be specifically eluted with its ligand.
he RNA is later isolated from the complexes. This isolated
RNA is then reverse transcribed into cDNA, and the cDNA

s amplified by PCR. The amplified cDNA is used for the next
ycle of enrichment; additionally, a portion of the newly minted
DNA can be analyzed by cloning and sequencing, and/or by
LISA.

Puromycin-linked peptide–RNA systems were first described
y Roberts and Szostak [16]. It consists of a nucleotide
ovalently linked to a polypeptide. Covalent RNA–peptide
omplexes are formed by linkage with puromycin in an in
itro transcription/translation reaction. One advantage of these
ovalent complexes is that they may be subjected to harsh
iochemical treatments and screening conditions that would
nactivate polysome complexes, viral particles, or cells.

To localize the phenotypic effects of a mutated enzyme,
awfik and Griffiths [17] dispersed an in vitro transcrip-

ion/translation reaction in an oil–water emulsion creating
queous compartments with cellular dimensions. This technique
s called emulsion compartments. In this method, the in vitro
ranscription/translation reaction mixture contains a library of

enes linked to a substrate that will be enzymatically converted
nto a marker for the desired reaction. Once the mixture is
ispersed, it forms a water-in-oil emulsion consisting of com-
artments that each contains one gene and the apparatus for

m
p

p

ig. 4. Schematic representation of filamentous phage and phagemid display. (A) Wi
f peptides fused to pIII. (D) Phagemid display of peptides fused to pVIII. (E) Phage
omatogr. B  861 (2008) 160–170

ranscription and translation. In the next step, the genes are both
ranscribed and translated within their compartments. At this
oint, proteins with enzymatic activities convert the substrate
nto a marker product linked to the gene. After breaking the
mulsion, the liberated gene–product complexes are selectively
nriched and amplified.

. In vivo polypeptide-display libraries

In vivo library display platforms can be created in hosts rang-
ng from simple phage particles to whole cells, and prokaryotic
icroorganisms and on through eukaryotic cells which can be

nduced to display complex proteins on their surface.

.1. Prokaryotic display

.1.1. Phage display
Phage display delivers proteins that are displayed as fusions

o a phage coat protein (see Fig. 4). Phage particles, propagated
n E. coli, are isolated by “panning” against a ligand bound to a
olid-phase support. This method was first described by Smith
18].

The filamentous phage’s minor coat protein pIII is the most
idely used display protein. Present at 3–5 copies per virion,

t is synthesized with an N-terminal signal peptide that is
leaved during the translocation through the inner membrane.
he mature pIII protein is 406 amino acids long; the C-terminus

s in the cytosol, the N-terminus and the peptide are in the
eriplasm, and a single membrane-spanning domain anchors the
rotein to the membrane. Library sequences can be inserted into
he N-terminal domain, which tolerates insertion of long frag-
ents: Sparks et al. [19] demonstrated the expression of 36-mer
eptides in this domain.

Further, the major capsid protein pVIII of the filamentous
hage can also be used for peptide display. This protein is syn-

ld type phage. (B) Phage display of peptides fused to pVIII. (C) Phage display
mid display of peptides fused to pIII.
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hesized as a precursor with an N-terminal leader sequence of 23
mino acids—this sequence is necessary for the insertion of the
VIII into the host bacterium’s cytoplasmatic membrane. Dur-
ng phage assembly, 2700 copies aggregate around the virus’
NA, forming a helical array with the N-terminus exposed to

he medium. The mature protein is 50 amino acids long; up to
amino acids can be inserted into pVIII without disrupting the

rotein coat assembly [20,21].
Less often used as scaffolds for peptide display are the fila-

entous phage’s minor coat protein pVI [22] and the D protein
f bacteriophage � [23].

Two systems are used to create libraries in filamentous
hages: the polyvalent display (“one-gene system”) and the
onovalent display (“two-gene system”). In the polyvalent dis-

lay system, the DNA fragments coding for the peptides are
nserted into the phage vector, usually between a particular coat
rotein and its single peptide. Each coat protein molecule will
e fused to the peptide; consequently, the number of displayed
eptides will correspond to the number of coat proteins.

In the monovalent display system, the phage genome is mod-
fied by the deletion of the viral genes with the retention of the
equences needed for packing the phage into virions, including
he modified coat protein genes. This defective phage is called
phagemid. When a cell harboring a phagemid is infected by
filamentous helper phage (which supplies the missing genes),
irions are produced. These virions display a mixture of recom-
inant coat proteins, encoded by the phagemid’s gene, and the
orresponding wild-type proteins, encoded by the helper phage’s
ene. If the ultimate goal is the display of larger peptides or
f pVIII fusions are desired, then the two-gene system is pre-
erred.

.1.2. Selectively infective phage technology
Phage library screening can be converted into a true genetic

rowth selection by linking the binding event of the library to
he infectivity of the phage particle. A “selectively infective
hage” consists of two components: a filamentous phage par-
icle made non-infective by replacing the N-terminal domains
f its gene3 protein (g3p) with a ligand-binding protein, and
n “adapter” molecule which contains the ligand linked to the
hage’s missing g3p N-terminal domains. Infectivity is only

estored when the displayed protein binds the ligand, and thereby
ttaching the missing N-terminal domains of g3p to the phage
article [24]. Phage propagation becomes strictly dependent on
his protein–ligand interaction.

t
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s
a

ig. 5. Schematic presentation of E. coli OmpA and the chimeric Lpp′OmpA. Recta
s expressed in a surface exposed loop. (B) A protein is fused to the C-terminus of th
atogr. B  861 (2008) 160–170 165

.1.3. Pathfinder selection phage display
This method was developed to identify antibodies that bind

n the vicinity of an initial target by catalyzing biotinylation
f antibody–phage particles, which bind near a horseradish
eroxidase-conjugated lead-binding molecule [25,26].

.1.4. Display on bacterial surfaces and cytoplasmatic
xpression

Several fusion protein-based strategies leading to the dis-
lay of relatively short peptides on the surface of Gram-negative
acteria have been described. When fused into surface exposed
oops of outer membrane proteins (Omps) from enteric bacteria,
eptides of less than 60 amino acid residues can be displayed on
he cell surface. Displaying peptides in bacteria requires several
lements: including a leader sequence, one or more hydrophobic
embrane spanning regions, and a signal peptide that directs

he protein to the outer membrane. Bacterial membrane pro-
eins that have been used for the display of peptides on the cell
urface include: the E. coli OmpA [27] (see Fig. 5A), LamB
28] and PhoE [29], E. coli lipoproteins [30] and lipoprotein-
mpA fusions Lpp′OmpA [31] (see Fig. 5B), the Pseudomonas
prF [32], the Shigella VirG� [33] and the Neisseria IgA�

34].
Extracellular appendages, such as pili and flagella, have also

erved as successful sites for the display of peptides. Lu et al.
35] developed the FLITRX system, in which an E. coli display
ector based on the major structural component of the E. coli
agellum FliC is utilized. The small protein thioredoxin (TrxA)
as introduced into a dispensable region of FliC. In the next step,
eptides were inserted into the TrxA domain of the FliC fusion.
ubsequent analysis revealed that the TrxA domain containing

he peptide was surface exposed.
Expression systems for the display of proteins in Gram-

ositive bacteria have also been developed. Hansson et al. [36]
sed fusions to the cell-wall bound X-domain of protein A, per-
itting the display of peptides up to 88 amino acids long to the

urface of Staphylococcus strains.
Expression of random peptide libraries as free proteins [37]

n the cytoplasm of bacteria has been demonstrated via fusions
ith a DNA binding protein [38], and by fusions to ubiquitin

39]. Bussow et al. [40,41] used an E. coli expression vector for

he construction of a human cDNA library. For the expression of
roteins in a range of 15–100 kDa, they used a high-throughput
ystem in which growth, induction, cell lysis, and screening were
ll performed on filter membranes.

ngles represent membrane-spanning �-strands of OmpA. (A) A novel peptide
e Lpp′OmpA construct.
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Fig. 6. Bacterial two-hybrid systems based on chimeric transcriptional repres-
sors. �cI or LexA protein consist of an N-terminal DNA-binding domain (DBD)
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nd a C-terminal dimerization domain. They only act as transcriptional repres-
ors in a dimeric form. When native dimerization domains of �cI or LexA are
eplaced by a pair of interacting proteins X and Y, the resulting chimeric complex
ill bind to the operator and repress the transcription of the reporter gene.

.1.5. Bacterial two-hybrid systems
Originally described by Fields and Song [42] for yeast,

wo-hybrid systems are a powerful approach to screen for in
ivo protein–protein interactions. They employ transcriptional
ctivity as a measure of protein–protein interaction. Bacterial
wo-hybrid based on chimeric transcription repressors were
escribed by Hu et al. [43] using the � repressor and Kornacker
t al. [44] using the LexA repressor (see Fig. 6). A two-hybrid
ystem based on chimeric RNA polymerase was described by
ove et al. [45]. Further variations of these systems include the

econstitution of cAMP signaling cascade [46] and functional
omplementation of mouse DHFR [47]. Their main advantages
ver yeast two-hybrid methods comprise the faster growth of E.
oli, the higher transformation efficiency and the lack of nuclear
ocalization of the hybrid proteins as in yeast systems.

. Eukaryotic systems

A general advantage of eukaryotic systems is the capacity
or high fidelity folding of mammalian extracellular proteins
nd domains.
.1. Yeast two-hybrid system

The two-hybrid system [42,48] is a genetic method that
ses transcriptional activity as a measure of protein–protein

g
s
a
t

ig. 7. Classical yeast two-hybrid system. A protein of interest X is expressed in yea
o a transcriptional activation domain. The two yeast strains are mated to combine t
ells, they reconstitute a transcription factor which activates a reporter gene.
omatogr. B  861 (2008) 160–170

nteraction. It relies on the modular nature of many site-
pecific transcriptional activators that consist of a DNA-binding
omain and a transcriptional activation domain. The DNA-
inding domain targets the activator to the specific genes that
re to be expressed, and the activation domain contacts other
roteins of the transcriptional machinery in order to enable
ranscription. In the two-hybrid system, the two domains of
he activator are not covalently linked. They can however, be
rought together by the interaction of any two proteins. To
est if two proteins X and Y interact, both are expressed as
usion proteins to a transcriptional activation domain (“prey”),
nd to a DNA-binding domain (“bait”). The two vector con-
tructs, each of which harbors either prey or bait, are transformed
o yeast strains of opposite mating types. The yeast strains
re mated, combining the two fusion proteins into one diploid
ell, which contains a reporter gene. If the proteins X and Y
nteract, they bring the activation domain close to the DNA-
inding domain, consequently creating a functional activator.
uccessful interactions are characterized by the expression and
ubsequent detection of the reporter gene and its product (see
ig. 7).

The yeast two-hybrid method has been undergoing continual
efinement and extension since its invention, resulting in a vari-
ty of variants, including reverse two-hybrid, three-hybrid, and
ne-hybrid systems (reviewed in [49,50]).

Examination of secreted or cell-surface proteins in gener-
lly not possible in this system: because the yeast two-hybrid
ethod requires nuclear localization and transcriptional activa-

ion.

.1.1. The ras recruitment system
This variant of the two-hybrid system uses a tempera-

ure sensitive yeast mutant in the ras pathway, whose growth
an be rescued by the Sos protein. Thus, a fusion protein
ith Sos in combination with a myristolated protein can arti-
cially recruit Sos to the membrane, where it rescues the

enetic defect [51]. In contrast to the original two-hybrid
ystem, this system does not require nuclear localization
nd could have applications with membrane protein interac-
ions.

st as a fusion to a DNA-binding domain. Another protein of interest Y is fused
he two fusion proteins in one cell. If X and Y interact in the resulting diploid
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ig. 8. Yeast cell surface display systems after Ueda and Tanaka [82]. (A) �

-terminal region of Flo1p.

.1.2. Split ubiquitin system
Johnsson and coworkers [52,53] developed a cytoplasmatic

wo-hybrid assay based on ubiquitin. When the C-terminal frag-
ent of ubiquitin is fused to a reporter gene and co-expressed
ith the amino terminal fragment, the two halves will reconsti-

ute the native ubiquitin. The reconstituted ubiquitin will cleave
he reporter protein. For its adaptation to detect protein-protein
nteractions, a mutant N-terminal fragment – which is not able to
nteract with the C-terminus on its own – was fused to one protein
nd a carboxy terminal fragment reporter hybrid was fused to
ts prospective interaction partner. This interaction results in the
econstitution of ubiquitin which leads to cleavage and release
f the reporter gene.

.2. Yeast surface display

Scaffolds for peptide display in yeast have been successfully
reated by using some of the glycosylphosphatidylinositol (GPI)
nchored proteins on the yeast cell surface. Ag�1p and Aga1p
re mating-type specific agglutinins which mediate the direct
ell–cell adhesion between cells during mating and are assumed
o be located on the outermost surface [54]. Fusions to the C-
erminal half of �-agglutinin are used to anchor heterologous
roteins on the yeast surface, since these proteins are covalently
inked with glucan (see Fig. 8A). In the case of �-agglutinin, the
ecretion-type Aga2p, the binding subunit is linked by disulfide
ridges to the core protein Aga1p [55,56]. The heterologous pro-
eins are fused to the C-terminus of the 69 amino acid binding
ubunit Aga2p. The Aga2 fusion protein and Aga1p associate
ithin the secretory pathway, they are exported to the cell sur-

ace, and covalently linked to the cell wall (Fig. 8B).
The flocculin Flo1p, a lectine-like well wall protein of S.

erevisiae, plays a major role in flocculation [57]. Due to high
evels of N- and O-glycosylation, it is believed to form stem-
ike structures. A repetitive region of 1200 amino acids gives
lo1p the length it needs to transverse the cell wall, provid-

ng for the design of variable-length anchors. Flo1p consists
f several functional domains; as a secretion signal, floccu-
ation functional domain, GPI-anchor attachment signal, and
embrane-anchoring domain. Reversible flocculation of cells
ccurs when the Flo1p flocculation functional domain recog-
izes and adheres non-covalently to cell wall components, such
s �-mannan carbohydrates [58]. Two types of cell surface dis-

(
i

w

lutinin system; (B) a-agglutinin system; (C) C-terminal region of Flo1p; (D)

lay using Flo1p have been developed (see Fig. 8C and D)
59,60].

.3. Yeast intracellular expression

Several high-throughput applications that make use of the
ntracellular expression of cDNA libraries in yeast have been
eported. Lueking et al. [61] described a dual vector system for
he expression of a human fetal brain cDNA library in P. pastoris
nd E. coli. Yeast expressed 29 soluble proteins, while E. coli
roduced only 9 proteins under native conditions. Holz et al.
62] successfully expressed a cDNA library in S. cerevisiae.

.4. Yeast secretory expression

Our group recently developed a library system in S. cere-
isiae, in which the random peptide sequence is fused to
he carboxy terminus of the 17 kDa eukaryotic initiation
actor 5a (eIF5a) and secreted to the culture supernatant
63,64]. In this system gene expression is auto-induced by the
lcohol-dehydrogenase promoter. The yeast mating pheromone
lpha-leader sequence upstream of the gene fusion site facilitates
ecretion of the recombinant protein into the culture super-
atant. The N-terminal octapeptide FLAG-tag DYKDDDDK
nables rapid detection of the recombinant protein by mono-
lonal antibodies [65]. A real time biosensor was developed to
stablish a quantitative assay for FLAG fusion proteins using
LAG tagged bacterial alkaline phosphatase as standard. A
ange of FLAG tagged bacterial alkaline phosphatase concentra-
ions were injected over the anti-FLAG M2 antibody surface of
he biosensor and used as standards to determine the concentra-
ion of different FLAG-tagged proteins with a molecular mass
f 18.1 kDa, respectively, 49.3 kDa from yeast culture super-
atants. The M2 immobilized chip was found to retain binding
apacity following regeneration for at least 120 cycles. This real
ime biosensor method allows the quantitation of proteins from
ulture supernatants using a calibration curve obtained with a
ifferent protein. Further benefits include the short assay time
f approximately 5 min, the small amount of sample required

35 �l per injection) and the ability to monitor the binding event
n real time [66].

We have applied this system for two different models. We
ere able to generate peptides that restored FVIII activity in the
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ig. 9. Presentation of a random sequence as C-terminal extension of eIF5a se
odified by an amino-terminal FLAG-tag and a carboxy-terminal random sequ

resence of an inhibitory antibody. Their specificity was con-
rmed by displacement assays. Two peptides showed the ability

o restore the factor VIII activity from 33% up to approximately
0% in functional tests performed in vitro. As a second example
f this versatile approach we developed a ligand for the human
gG-Fc fragment. Ligands binding IgG-Fc have therapeutic
otential, benefits in the large-scale purification of antibodies
nd applications in diagnostic tests. Through the screening of
nly 6160 clones, we identified a ligand – a peptide with an
ffinity constant of 3.9 × 105 M−1. Structure modeling indicates
hat the random peptide is ideally exposed on the outside of the
ore molecule accessible for protein interactions (see Fig. 9).
ingularized cells are cultivated in microwells and following
creening can be performed on nitrocellulose membranes or in
n ELISA format independently of the cell viability allowing
he use of harsh environmental conditions. This system pro-
ides a high applicability for fully automated high-throughput
creening platforms. For further characterization of candidate
eptides whereas higher concentrations are needed, the cells are
imply grown at a larger scale without the need to alternate the
xpression system.

.5. Baculovirus display
Foreign proteins have been displayed on the surface of insect
ells [67,68], in occlusion bodies [69] and on the surface of the
aculovirus [70]. Fusion proteins with baculoviral envelope pro-
ein gp64 [70], with the gp64 anchor sequence [71] (see Fig. 10),

ig. 10. Autographa californica Nuclear Polyhedrosis Virus used in Baculovirus
urface display. Drawing kindly provided by R. Grabherr.
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to the culture supernatant. (A) The eIF5a molecule. (B) The eIF5a molecule

s well as foreign membrane proteins (such as the influenza virus
emagglutinin [72]), have all demonstrated targeting to the sur-
ace of infected insect cells. Ernst et al. [73] described the first
nsect-cell-based library screening.

.6. Mammalian display

Peptides have also been displayed by using several eukaryotic
NA viruses that permit the insertion of short peptides into their
ative envelope proteins at distinct locations. The development
f phage-like methodologies with the benefits of posttransla-
ional modifications is possible, due to the identification of coat
rotein fusions that do not interfere with the retroviral infectivity.

Smith and coworkers [74,75] used human rhinovirus for the
eneration of peptide display libraries. Buchholz et al. [76] have
emonstrated, that a short peptide library may be displayed and
creened on Moloney murine leukaemia virus. Recent publi-
ations describe the use of this system for different screening
pplications, such as those by Urban et al. [77], who used this
irus to present a peptide library for the selection of functional
uman antibodies. Wolkowicz et al. [78] described a library
used to the mammalian cell membrane chemokine receptor
CR5.

. Considerations in selecting a screening platform

Given the growing number of options available for both, cre-
ting polypeptide libraries and screening them, the selection of
he appropriate technology for any given application depends on
areful consideration of selection criteria (see Table 2), which
nclude: available size of the library, peptide size, biosynthetic
apabilities of the system, and quantitative discrimination from
alse screening positives. The biosynthetic abilities are of utmost
mportance in the fields of mammalian functional genomics,
here authentic posttranslational processing is crucial.
Biopanning is the method of choice for phage displayed

ibraries. The target molecule is immobilized on a polystyrene
urface (immunotubes, microplate wells, or beads) and aspecific
ites are blocked. The use of liposomes [79,80] may enhance
tructure stability of proteins which tend to collapse during the
irect adsorption to the surface. Kumada et al. [81] recently pre-
ented an anti styrene peptide tag allowing affinity adsorption

f the proteo-liposomes. The display library is then incubated
ith the target and the unbound clones are removed by washing

teps. Bound clones are specifically eluted, amplified and used
or further rounds of selection.
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Table 2
Comparison of most common biological peptide display systems

Property Ribosome display Phage display Bacterial display Yeast display Mammalian cell-based display

Theoretical upper limit of library size 1015 <1011 109 108 108

Expression host In vitro Prokaryote Prokaryote Yeast cell Mammalian cell
Linkage Non covalent or covalent Viral capsid Cell Cell Cell
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osttranslational modifications − −

Fluorescence-activated cell sorting (FACS), in which incuba-
ion with fluorescently labeled molecules permits the separation
f those cells able to bind the target, gives cell surface displayed
ystems several advantages. Cell sorting can highly enrich pos-
tive clones and also discriminate between clones of different
ffinity and specifity. FACS allows screening with the target
olecule in solution, obviating the need for elution steps. This

voids both the elution problem of very tightly binding clones
nd sidesteps the necessity to isolate clones that bind unspecif-
cally to the solid support. Cell surface displayed libraries can
lso be enriched by magnetic particle technology.

The detection of proteins, expressed soluble in cell’s cyto-
lasm, usually requires a lysis step to access the intracellular
roducts. In this process, single colonies are transferred to mem-
ranes, where they are lysed and incubated with the target
olecule. The bound target molecule is usually detected by use

f a labeled second ligand. The use of a system where the protein
s secreted from cells renders a lysis step needless and allows
traight forward screening.

. Conclusions

The growing interest of researchers and biopharmaceutical
ompanies in protein–protein interactions has led to a demand
or sophisticated methods which allow the rapid identification,
haracterization and potential improvement of interaction part-
ers. Random libraries are mainly employed in the fields of
igand development and peptide-based drug design. Genomic
ibraries, on the other hand, are powerful tools when used in
uch in genomic applications as the detection of gene expres-
ion linkage, identification of molecular markers and the search
or insight into intracellular signal transduction mechanisms.

The choice of an adequate platform is a crucial decision, and
ne must consider the often conflicting requirements of different
creening applications. None of the existing biological library
ystem can be seen as “gold standard” superior to other sys-
ems. Each host- or expression-system provides diverse assets
nd drawbacks. First, each system is restricted by specific lim-
tations and biases. Second, the screening environment has a
ormidable influence on the binding event. Desired parameters
ike extreme pH, increased temperature, high salt concentration,
r the presence of denaturing agents may conflict with the phys-
ological needs of living cells. Third, the available laboratory

quipment may constrict the number of usable systems. Sim-
le screening procedures, like phage panning on polystyrene
urfaces, are far easier to facilitate than fully automated high-
hroughput methods.

[
[

[
[

− − −
Nonnative Native Native
− ± +

Until now, biological libraries have contributed to the
evelopment of novel therapeutics mainly through the well
stablished phage display, yeast two-hybrid, ribosome dis-
lay and yeast display systems. The future development and
efinement of individual platforms aside, the sophisticated com-
ination of alternative systems may enable discovery of powerful
ioactive peptides that previously had gone undetected.

Peptides intended for use as ligands for affinity chromatog-
aphy are very difficult to select. It is not fully clear, why these
trategies do not yield ligands with sufficient affinity. It is very
ikely that these peptides nestle at surface of the protein and do
ot find a cavity. Furthermore small peptides may form large
ggregates through � formation. A tight but unspecific interac-
ion with such ligands is the result. During screening a much
ower ligand density is applied, thus the attractive possibility of
reating small affinity ligands rapidly could not be realized until
ow. These peptides seem to nestle on the surface of a protein and
o not provide enough sites for biospecific recognition. Ongoing
esearch is necessary to fully understand these phenomena and to
xploit these technologies for protein purification applications.
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