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We describe the development of an in vitro library selection system
(CIS display) that exploits the ability of a DNA replication initiator
protein (RepA) to bind exclusively to the template DNA from which
it has been expressed, a property called cis-activity. A diverse
peptide library is created by ligation of DNA fragments of random
sequence to a DNA fragment that encodes RepA. After in vitro
transcription and translation, a pool of protein-DNA complexes is
formed where each protein is stably associated with the DNA that
encodes it. These complexes are amenable to the affinity selection
of ligands to targets of interest. Here we show that RepA is a highly
faithful cis-acting DNA-binding protein and demonstrate that li-
braries encoding >10'2 random 18-mer peptides can be con-
structed and used to isolate peptides that bind specifically to
disparate targets. The use of DNA to encode the displayed peptides
offers advantages over in vitro peptide display systems that use
mRNA.

he physical linkage of populations of peptides to their

encoding nucleic acids to create large, diverse display librar-
ies has provided a rich source of ligands to a wide range of target
molecules. Enrichment of ligands from these libraries is achieved
by the coselection of target-binding peptides along with their
associated encoding nucleic acids, which allows the subsequent
identification of the selected peptide sequences. This approach
has been most widely exemplified by using the phage display
system (1-4). However, phage display library construction re-
quires the insertion of the library DNA into bacterial cells, and
the efficiency of bacterial transformation usually restricts library
sizes to the 10° to 10'° range, although in vivo constructed
libraries >10'0 have been reported (5, 6). Similarly, the display
of peptides on bacterial or yeast surfaces or the display of
peptides directly on their encoding plasmids all require a trans-
formation step, which imposes a limit to the library sizes that can
be constructed (7-9).

In general, it is accepted that a correlation exists between
library size and the affinity of ligands that can be isolated from
them (10). This correlation has prompted the development of
display technologies in which the size-limiting transformation
step is unnecessary, allowing ever-larger display libraries to be
constructed. These new technologies enable higher affinity
ligands to be obtained through the sampling of an increased
structural repertoire, which is made possible through the gen-
eration of libraries that are up to four orders of magnitude larger
than those that can be constructed for phage display. Examples
of in vitro display technologies include “in vitro virus” (11) or
mRNA display (12-14) and ribosome display (15-19). A com-
mon limitation with these technologies is that mRNA is used as
the library-encoding nucleic acid, which may be prone to rapid
degradation. The selected mRNA also requires a reverse-
transcription step before amplification.

Existing DNA-based in vitro selection systems are based on
emulsion encapsulation of DNA and are limited to libraries of
10° to 10' per ml (20, 21). Here we describe an alternate
DNA-based approach that does not require any compartmen-
talization of the library-encoding nucleic acid. The system,
termed CIS display, exploits the high-fidelity cis-activity that is
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exhibited by a group of bacterial plasmid DNA-replication
initiation proteins typified by RepA of the R1 plasmid (22, 23).
In this context, cis-activity refers to the property of the RepA
family of proteins to bind exclusively to the template DNA from
which they have been expressed. Other cis-acting proteins exist,
such as P2A, which exhibits cis-binding properties similar to
RepA (24). In contrast to P2A, RepA does not bind covalently
to its target DNA (25, 26). Also, RepA and P2A differ consid-
erably in size (RepA is 33 kDa and P2A is 86kDa), making RepA
more attractive for the display of polypeptide libraries.

R1 plasmid replication is initiated through the binding of
RepA to the plasmid origin of replication (ori). Ori is separated
from the RepA-coding sequence by a DNA element termed CIS.
This element is thought to be critical in controlling the cis-
activity of RepA (Fig. 1; ref. 27). The consensus model for
cis-activity is that the CIS element, which contains a rho-
dependent transcriptional terminator, causes the host RNA
polymerase to stall. This delay allows nascent RepA polypeptide
emerging from translating ribosomes to bind transiently to CIS,
which in turn directs the protein to bind to the adjacent ori site
(28, 29).

By genetically fusing peptide libraries to the N terminus of the
RepA protein, we can achieve a direct linkage of peptides to the
DNA molecules that encode them; thus, the link between
genotype to phenotype that is the common feature of display
technologies is established (Fig. 1). In this study we demonstrate
that in vitro synthesized RepA has the high-fidelity cis-activity
required to allow the display and selection of target-specific
ligands. We show >1,000-fold enrichment of peptides in each
round of affinity selection against a relevant target and then
report the selection of peptide ligands to two well characterized
antibodies (anti-P53 DO1 and anti-FLAG M2) and to lysozyme
from large, diverse libraries.

Materials and Methods

CIS Display Libraries Construction. All enzymes were purchased
from New England Biolabs. All PCR reactions contained 12.5
pmol of each of the primers, 2.5 units of TagDeepVent DNA
polymerase mixture (20:1), 250 uM dNTP (Roche Diagnostics)
and 1X ThermoPol Buffer per 50-ul PCR reaction. PCR reac-
tions were carried out on a Techne Techgene PCR machine for
one cycle of 1 min and 45 s at 94°C, followed by 20-30 cycles at
94°C, 15 s; at 60°C, 30 s; at 72°C, 1-3 min, followed by a final
extension of 5 min at 72°C. The tac-NNB-RepA-CIS-ori PCR
construct (sequence is provided in Data Set 1, which is published
as supporting information on the PNAS web site) was prepared
by appending an 18-mer NNB library (where N is any nucleotide,
and Bis either C, T, or G to minimize the frequency of TAG stop
codons) to the fac promoter by PCR and then ligating it to the
RepA-CIS-ori region followed by PCR amplification. The RepA-
CIS-ori region was amplified by PCR from the R1 plasmid

Abbreviation: ACTH, corticotropin.
*To whom correspondence should be addressed. E-mail: kevin.fitzgerald@isogenica.com.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0400219101



z
/|
~ |

A
]
library repA CIs ori
transcription/
translation
Nascent
polypeptide
mRNA
ribosome RNA
protein folding
and binding polymerase
RepA protein
B 1. in vitro
transcription/
- translation —0'

__>—
—

DNA library Peptide library
4.PCR 2. Selection
amplify ”

eluted
DNA
/J
3. Wash away immobilised
non-binders target

Fig. 1. The principle of the CIS display technology. (A) Template DNA
encoding an N-terminal library peptide is ligated to the RepA gene. In vitro
transcription is initiated at the promoter and pauses when the RNA polymer-
ase reaches the CIS element. Concurrent translation produces the RepA pro-
tein, which transiently interacts with the CIS element, thereby forcing its
subsequent binding to the adjacent ori sequence. This process establishes a
faithful linkage between a template DNA and the expressed polypeptide that
it encodes. (B) CIS display selections begin with the construction of a peptide-
encoding DNA library followed by in vitro transcription/translation to form a
pool of protein-DNA complexes (step 1). The library pool is incubated with an
immobilized target (step 2), nonbinding peptides are washed away (step 3),
and the retained DNA that encodes the target-binding peptides is eluted and
amplified by PCR (step 4), to form a DNA library ready for the next round of
selection. After three to five rounds of selection, recovered DNA is cloned into
an appropriate expression vector for the identification of individual target-
binding peptide sequences.

[obtained from Public Health Laboratory Service, London, U.K.
(ECO K12 J53 R1), GenBank accession no. V00351, for the R1
plasmid] by using the primers BSPREPAFOR and ORIREV408
(for all oligonucleotide sequences, see Table 1). The library was
constructed by PCR with a fac promoter as template and the
primers TACFARUP and NTERM18-mer. Of each of the two
reaction products ~5 ug were digested and ligated with 50 units
each of Notl and PspOml and 2,000 units of T4 DNA ligase in
a 300-ul reaction volume, also containing 5 mM ATP (Sigma),
0.1 mg/ml acetylated BSA, and 1X NEB Buffer 4. The amount
of full-length ligated product was quantified on an agarose gel,
giving a library size of >10'2 molecules. The resulting template
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was further amplified by PCR by using the nesting primers
TACFAR1 and ORIREVI108 to yield enough template for
multiple in vitro transcription/translation reactions.

V5-RepA and Ck-RepA Construction. The human Ck DNA was
amplified by PCR from plasmid pDM6 (30) by using primers
TACCKFOR and NOTICKREYV, followed by assembly to the
tac promoter and digestion and ligation to the RepA-CIS-ori
region. The tac promoter was amplified by using primers TAC-
FARUP and TACREV. The VS5 epitope (GKPIPNPLLGLDST;
ref. 31) DNA was appended to the RepA-CIS-ori region by PCR
with primers VSREPAFOR and ORIREV408 followed by
overlapping PCR assembly to the fac promoter (see above).

Construction of M13 gpVill Phagemid Vector. The M13 gene 8 was
PCR-amplified with primers ECORIGENES and NOTIGENES
followed by digestion with EcoR1 and NotI. Gel-purified product
was ligated into a similarly digested plasmid pDM6 (30) and
subsequently electroporated into electrocompetent TG-1 cells.

Affinity Selection. /n vitro transcription and translation was per-
formed in an Escherichia coli (strain SL119; ref. 32) S-30 lysate
system (33) for up to 30 min at 30°C and then diluted 10-fold with
blocking buffer (2-4% Marvel, 0.1 mg/ml herring sperm DNA,
2.5 mg/ml heparin, in PBS or TBS). Typically, 2-4 ug of linear
DNA was added per 50 wl of S-30 lysate reaction. When
performing library selections 20 pg of library DNA was added
to 250 ul of S-30 lysate reaction in the first round; in subsequent
rounds, 5 ug of library DNA was added in 100 ul of S-30 lysate
reaction.

Solid-Phase Selection. Targets were immobilized on either 4 ml of
NUNC Star Immunotubes (Fisher Scientific), Maxisorp plates
(VWR Scientific) (both coated overnight at 4°C), or captured by
M-280 streptavidin-coated magnetic beads (Dynal, Oslo). Coat-
ing concentrations were 50 ug/ml for lysozyme (Sigma), 10
pg/ml for anti-V35 antibody, anti-human k-chain antibody (AB-
CAM, Cambridge, U.K.), DO1 (Oncogene Research, Boston),
and anti-corticotropin (anti-ACTH) antibody (Immunologicals
Direct, Oxford) in PBS. Immobilized targets were washed twice
with PBS and blocked for 1 h at room temperature with Blocking
Buffer, and then washed twice with PBS. The diluted transcrip-
tion/translation reactions were incubated for 1 h at room
temperature before washing 6 to 12 times with PBS/0.1%-
Tween-20, followed by 6—12 washes with PBS (filled and empty).
DNA was eluted with 500 ul of PB solution (Qiagen, Crawley,
U.K.) and purified by using QIAquick PCR purification kit
(Qiagen). Half of the eluted material was added to a recovery
PCR reaction where the N-terminal library region was amplified
by using a nested primer for each round (TACFAR?2 in round 1,
TACFAR3 in round 2, and so forth up to TACFARS). All
recovered PCR product was reattached to the RepA-CIS-ori by
restriction ligation (as above) and further amplified, as described
above, but with the respective nesting primer to produce input
DNA for the next round of selection.

In Solution Selection. Two micrograms of biotinylated anti-FLAG
M2 antibody (Sigma) or 25 ug of biotinylated lysozyme (the level
of biotin incorporation was determined to be five biotin mole-
cules per lysozyme molecule by using the 2-(4’-hydroxyazoben-
zene)benzoic acid method; EZ-Link biotinylation kit, Pierce)
was added to the diluted transcription/translation reactions (see
Solid-Phase Selection) and allowed to bind for 2 h with occasional
shaking. Bound library complexes were captured onto- 50 ul of
washed and blocked streptavidin-coated magnetic beads (Dynal,
Oslo) for 15 min, then washed four times with 1 ml of PBS/0.1%
Tween 20 and two times with 1 ml of PBS, before elution with
PB solution and processing as above.
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Table 1. Oligonucleotides (presented 5'-3’)

BSPREPAFOR, CTGGAGATGGCATCAAGGGCCCCAACTGATCTTCACCAAACGTATTACC

ORIREV408, CGTAAGCCGGTACTGATTGA
TACFARUP, CAGTTGATCGGCGCGAGATT

NTERM18mer, ACATACCGTCATGCGGCCGCTGATCCTCCTCCCCC(VNN)18GGCCATGGTAGATCCTGTTTC

TACFAR1, CGCCAATCAGCAACGACTGT
ORIREV108, GGGCTTTGTGGTTTCAGTTC

TACCKFOR, CAGGAAACAGGATCTACCATGACTGTGGCTGCACCATCTGTCTTC
NOTICKREV, CGTTTGGTGAAGATCAGTTGCGGCCGCTGATCCTCCTCCCCCTCCCCTGTTGAAGCTCTTTGTG

TACREV, GGTAGATCCTGTTTCCTGTGTG

V5REPAFOR, CACAGGAAACAGGATCTACCATGGCCGGAAAACCTATCCCAAACCCTCTCCTAGGACTGGATT
CAACGGGGGGAGGAGGATCAGCGGCCGCAACTGATCTTCACCAAACG

ECORIGENES8, CGCCGGAATTCTTATCAGCTTGCTTTCGAGG

NOTIGENES8, CTGCAGTAATAGGCGGCCGCAGGGGGAGGAGGGTCCGCTGAGGGTGACGATCCCGCA

TACFAR2, AACGTGGCTGGCCTGGTTCA
TACFAR3, GATAAGAGACACCGGCATAC
TACFAR4, GGCGCTATCATGCCATACCG
TACFAR5, ACCATTCGGCTAGCGATGAC
TAC6, CCCCATCCCCCTGTTGACAATTAATC

NOTIRECREV, GGTGAAGATCAGTTGCGGCCGCTGATCCTCCTC

All oligonucleotides were purchased from Sigma Genosys (Pampisford, U.K.). The means of oligonucleotide
purification were as follows: <35 bases, desalting; 35-50 bases, reverse-phase cartridge purification; >50 bases,

PAGE purification.

ELISA Screening of Selected Peptides. After each round of selection,
recovered DNA was PCR-amplified with primers TAC6 and
NOTIRECREY and purified and digested with NotI and Ncol.
The DNA was then ligated into a similarly digested M13 gpVIII
phagemid vector, transformed into E. coli TG-1 cells, and plated
on 2% glucose, 2X TY, 100 ng/ml ampicillin plates. Individual
colonies were grown for the production of phage particles as
described (32). NUNC Maxisorp plates were coated with 100 ng
per well of either anti-human Ck antibody, anti-V5 antibody
(ABCAM, Cambridge), anti-FLAG M2 antibody (Sigma), 1
pg/well of DO1 antibody (Oncogene Research), or 5 ug per well
of lysozyme (Sigma) in PBS overnight at 4°C. The horseradish
peroxidase-conjugated anti-M13 secondary antibody (Amer-
sham Pharmacia Biotech) was diluted 1:5,000 in 2% Marvel in
PBS. ELISA assays were performed as described (30). The assay
was developed with SureBlue TMB peroxidase substrate (Insight
Biotechnology, Middlesex, U.K.) and read at 450 nm.

Results

RepA binds to DNA in cis when expressed in vitro from a linear
DNA template. To demonstrate cis-activity, two linear RepA
DNA constructs containing different-sized inserts, the 14-aa V5
peptide tag (31) and the 105-aa human Ck Ig constant domain,
were mixed in a 1:1 ratio and translated in vitro; the resulting
protein-DNA complexes were subjected to affinity selection
against three immobilized antibodies. In this selection binding of
complexes to anti-Ck antibodies resulted in the specific recovery
of Ck-RepA DNA but not the V5-RepA DNA and vice versa, as
distinguished by their size in agarose gel electrophoresis (Fig.
24). Binding of complexes to an irrelevant antibody (anti-
ACTH) resulted in the recovery of background levels of DNA
at the original ratio. These results clearly demonstrate that RepA
acts in cis in vitro with high fidelity.

High Level of Enrichment During Sequential Rounds of Affinity Selec-
tion. To assess the suitability of CIS display under library
selection conditions and to estimate the enrichment levels
possible with the system, Ck-Rep4A DNA was mixed with V5-
RepA DNA at a ratio of either 1:108 or 1:10'° (Cx/V5) and then
subjected to four rounds of selection either against an anti-Ck
antibody or against a negative control antibody target (anti-
FLAG M2). DNA recovery after each round of selection with
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either target was assessed by PCR amplification (Fig. 2 B and C).
Only two rounds of selection against anti-Ck were required to
enrich Ck-RepA complexes from the 1:108 starting ratio so that
the Ck-RepA DNA was visible in the products from the PCR.
Because the recovered DNA corresponding to Ck-RepA com-
prised ~1% (calculated by densitometry by using the gel docu-
mentation program GENETOOLS, SynGene, Cambridge, U.K.) of
the total DNA amplified at this stage of the selection process
(Fig. 2B, lane 2), this percentage suggests that an enrichment of
~1,000-fold per round had been achieved under these condi-
tions. For the 1:10'° starting ratio, a third round of selection was
required before the Ck-RepA product was visible (Fig. 2C, lane
3), again suggesting 1,000-fold enrichment per round. As ex-
pected, further rounds of selection continued to increase the
relative yield of the Ck-RepA PCR product.

Selection Against Anti-P53, Anti-FLAG Antibody, and Lysozyme. To
further validate the technology we selected an 18-mer peptide-
RepA library against two antibody targets; the monoclonal
anti-P53 antibody DO1 and the monoclonal anti-FLAG antibody
M2. DOL1 binds to a region within the N terminus of p53 from
amino acid residues 11-25 (34). M2 is known to bind with 15 nM
affinity to the FLAG epitope sequence (DYKDDDDK) and
have a known preference for the sequence DYKXXD, where X
is any amino acid (35, 36). A library of 10'> DNA molecules was
used as the initial input in the first rounds of selection against
DO1 and M2. The recovered DNA was amplified by PCR and
used to prepare input DNA for the next round of selection. After
each round, recovered DNA was cloned into an M13 gpVIII
phagemid vector and tested for specific binding to antibody.
Despite the well known sequence and insert-size bias of gpVIII,
the pVIII fusion partner was chosen to allow antibody capture of
all possible binding peptides. We are investigating both mono-
valent bacterial expression systems (such as maltose-binding
protein) and in vitro expression systems for the characterization
of selected peptides.

Eleven ELISA-reactive peptides from the fifth round of
selection against DO1 were sequenced, and two different pep-
tide sequences were identified that had homology to the P53
epitope (Fig. 34). In the selection against M2, 23 specific binding
clones were sequenced, and eight different peptide sequences
identified. These peptides showed significant homology to the
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Fig.2. Demonstration of target-specific ligand selection by using CIS display.
(A) A 1:1 mixture of Ck-RepA DNA and V5-repA DNA was prepared, tran-
scribed and translated in vitro, and selected against either anti-Ck antibody,
anti-V5 antibody, or anti-ACTH antibody. Recovered DNA was amplified with
universal primers and separated by agarose gel electrophoresis on the basis of
the size difference between the Ck domain and the V5 peptide tag. The
amount of DNA specifically recovered when by using the anti-Ck and anti-V5
antibodies is shown in duplicate along with a single negative control (anti-
ACTH) to reflect background recovery. (B) A 1:108 dilution of Ck-RepA DNA
into V5-repA DNA was prepared and subjected to four rounds of selection
against either the anti-Ck antibody or the anti-FLAG antibody as a negative
control. The four rounds of selection are indicated along with the positions of
the two recovered PCR products. (C) A 1:10'° dilution of Ck-RepA DNA into
V5-repA DNA was prepared and subjected to four rounds of selection against
either the anti-Ck antibody or the anti-FLAG antibody as a negative control.
The four rounds of selection are indicated along with the positions of the two
recovered PCR products. Marker refers to the DNA Hyperladder (Bioline,
London).

FLAG sequence (Fig. 3B). All sequences contained the required
Y2 and K3 and the preferred D6; only one did not contain D1.
Other similarities among the selected peptides were identified.
A bias existed for Tyr or Asn at position —1, and Pro and Ser
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A QETFSDLWKLLPEN P53
ACYPT TTTYSDLHEKMSPVY (x9)
ATDDYNT DCHYSDAHKLTR (x2)

B DYKDDDDK Flag-M2
DYESFDSF TIPRLGNCTC {x6)

DYKSYDNT YCTCIVPSLF {x1)

HY DYKFDDYW HSAMPRMS (x1)

ETY DYKMLDEM LFLRPRP (x3)

FVN DYKNRDPN TPHFHLN (x1)
PYSIST DYKDADPS CHRH (x3)
NYASQCN DYKFDDYW VRT (x3)
DDYYNSNY TYEDGDPS RP (x5)

Fig.3. Homology between selected binding peptides and respective epitope
sequences. The sequences of 11 DO1 (A) and 23 M2-binding peptides (B) are
aligned with the P53-DO1 and FLAG-M2 epitope sequences, respectively.
Clones from the DO1 selection are taken from round 5, and the M2 peptides
originate from rounds 4 and 5. Regions of homology are shaded, and the
frequency with which each clone was identified is shown in parentheses.

were prevalent at positions 7 and 8 . In both selections, >90%
of clones screened were binding to the target after five rounds,
whereas in round 4, the in-solution anti-FLAG selection was still
saturating, and the solid-phase anti-pS3 selection contained
~15% of clones binding to the target.

Finally, to demonstrate that the method was capable of
deriving peptide ligands to nonantibody targets, a selection was
performed against lysozyme. After five rounds of selection, 12%
of those clones that were tested were observed to be reactive
against lysozyme. The specificities of two representative clones
were assessed by ELISA (Fig. 4) by using ovalbumin, BSA, and
anti-V5 antibody as negative control targets. The ELISA signals
against the lysozyme were between 6- and 12-fold greater than
those observed against the control targets.

Discussion

The establishment of a physical linkage between a polypeptide
and its encoding nucleic acid is central to the development of

2
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18 Opeptide F11—]
14 TV pepld
€121 —
g 1 i
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0.4 7 B
0.2 1 B
gl el sall ol —mll -
HEL Ovalbumin Bal x BSA anti-vVs
Fig.4. ELISA of peptides selected against lysozyme both on solid-phase and

in-solution selection. After five rounds of selection, peptides expressed on
phage as M13 gpVIll fusions were checked for specificity of binding to ly-
sozyme (50 ng/ml), ovalbumin (50 pwg/ml), Bcl-X (10 ug/ml), BSA (200 ng/ml),
and anti-V5 antibody (10 ug/ml). Two examples of the selected clones are
shown; E6 and F11, from solid-phase and in-solution selection, respectively.
The V5 peptide fused to gpVIIl was used as a both a negative control (against
lysozyme) and a positive control (against anti-V5 antibody) for the assay.
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display technologies. Of equal importance is that each nucleic
acid within a complex pool of nucleic acids can associate
exclusively with its own encoded polypeptide. We have shown
that a cis-acting DNA-binding protein, RepA, can facilitate this
association through the simple in vitro transcription and trans-
lation of appropriately constructed DNA templates.

The highly faithful cis-activity of RepA is shown here by the
exclusive, target-specific retention of DNA that encoded relevant
peptide moieties (Fig. 24) and by the 1,000-fold target-specific
enrichment of the appropriate DNA in each round of selection
against a control target (Fig. 2 B and C). A possible explanation for
the very low level of trans-activity of RepA is the rapid inactivation
of nonbound RepA that has been reported (24).

We have further shown the utility of the CIS display system by
achieving successful affinity selection of peptide ligands to the
well characterized antibodies DO1 and M2 and to a nonantibody
target, lysozyme. The results from these selections compare well
with those that have been achieved by using ribosome display,
mRNA display, and emulsion-based selections (16, 17, 21, 37).
However, CIS display has several advantages over these alter-
native in vitro selection systems. It is likely that the use of DNA
to encode the displayed peptides provides advantages over
RNA-based in vitro selection methods. Very large libraries can
be rapidly constructed and screened without separating tran-
scription and translation steps and without purification of the
protein-DNA complexes before selection. Also, control of di-
valent cation concentration is not required, and the complexes
do not require incubation under sterile or ribonuclease-free
conditions. These simplified selection conditions are in contrast
to the tight control of these parameters that is normally required
when using RNA-based display technologies. Indeed, a method
of protecting the mRNA of ribosome display particles using
RNA-binding proteins has recently been published in a patent
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application (38), and protocols for the conversion of the library-
encoding mRNA to cDNA in an attempt to stabilize mRNA
display complexes before selection have also been reported (39).
The high inherent stability of RepA-DNA complexes has been
confirmed by incubating in vitro expressed Ck-RepA with an
anti-Ck antibody for 48 h before elution and recovery of
associated DNA. In this experiment no reduction in DNA yield
was observed compared with that obtained using standard
selection conditions (not shown). Also, preliminary data suggest
that we are able to display and demonstrate folding of larger
proteins, such as svFv fragments, which further enhances the use
of this technology (not shown). Possibly, the most variable factor
in the technology is the quality of the library DNA itself.
Sequence analysis of cloned unselected library showed that, with
different batches of library encoding oligonucleotides, the level
of deletions and insertions varied remarkably, e.g., one batch
contained 75% deletions and insertions, whereas another con-
tained none. Many further developments of the system can be
envisaged. For example, C-terminal display may be possible, but
we have avoided testing this at present because of the possibility
of disrupting the cis-activity of RepA. In addition, we have found
it difficult to fully quantify functional library size, as it seems to
depend on the lysate activity, DNA quality, and the method for
measuring protein—-DNA linkage.

CIS display combines the robustness and ease of use of phage
display with the added power and flexibility of in vitro operation.
Furthermore, the ease with which the protein—-DNA complexes
are produced and selections performed should make CIS display
well suited to automation, allowing the parallel selection of
high-affinity, fine-specificity ligands to multiple targets.
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