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Abstract

In the post-genomic era, validation of candidate gene targets frequently requires protein-

based strategies. Phage display is a powerful tool to define protein-protein interactions by

generating peptide binders against target antigens. Epitope phage display libraries have the

potential to enrich coding exon sequences from human genomic loci. We evaluated genomic

and cDNA phage display strategies to identify genes in the 5q31 Interleukin gene cluster

and to enrich cell surface receptor tyrosine kinase genes from a breast cancer cDNA

library. A genomic display library containing 2r106 clones with exon-sized inserts was

selected with antibodies specific for human Interleukin-4 (IL-4) and Interleukin-13. The

library was enriched significantly after two selection rounds and DNA sequencing revealed

unique clones. One clone matched a cognate IL-4 epitope; however, the majority of clone

insert sequences corresponded to E. coli genomic DNA. These bacterial sequences act as

‘mimotopes’ (mimetic sequences of the true epitope), correspond to open reading frames,

generate displayed peptides, and compete for binding during phage selection. The speci-

ficity of these mimotopes for IL-4 was confirmed by competition ELISA. Other E. coli
mimotopes were generated using additional antibodies. Mimotopes for a receptor tyrosine

kinase gene were also selected using a breast cancer SKBR-3 cDNA phage display library,

screened against an anti-erbB2 monoclonal antibody. Identification of mimotopes in

genomic and cDNA phage libraries is essential for phage display-based protein validation

assays and two-hybrid phage approaches that examine protein-protein interactions. The

predominance of E. coli mimotopes suggests that the E. coli genome may be useful to

generate peptide diversity biased towards protein coding sequences.

Abbreviations used: IL, interleukin; ELISA, enzyme linked immunoabsorbant assay;

PBS, phospho-buffered saline; cfu, colony forming units. Copyright # 2002 John Wiley &

Sons, Ltd.

Keywords: phage display; genomic libraries; proteomics; epitope mapping; mimotopes

Introduction

A major challenge of the post-genomic era is to
link DNA sequence with encoded proteins. Func-
tional characterization of genes identified by human
genome sequencing requires exploration of protein-
protein interactions. Protein-protein interactions
are governed partially by the sequence and con-
formation of interacting peptides; thus, strategies to
identify and characterize sequence-specific protein-
protein interactions are an important component of
functional genomics and proteomics. Phage display

libraries facilitate investigation of the molecular
basis of protein-protein interactions [18]. For exam-
ple, phage display peptide libraries [24] have been
used to characterize antibody-epitope interactions
[2,7,9] and phage display cDNA libraries have been
used to define protein-protein interactions involving
Hepatitis C, kinase, or monoclonal antibody epi-
topes [5,13,20,22,27]. Epitope and antibody libraries
[17] facilitate functional genomic analyses because
members that link genomic sequence with protein
can be selected.

Identification of coding regions is a key step in
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linking genome sequence with expressed proteins.
Computational analysis of DNA sequence has been
used extensively to predict coding regions [1,25].
Protein-based methodologies that enrich coding
(exon) sequences from non-coding (intron) sequ-
ences would be complementary to computational
approaches by facilitating linkage of genotype with
protein phenotype. Genome-protein linkage is par-
ticularly relevant for diseases, such as cancer, where
genomic alterations (i.e., amplification, deletion,
translocation, etc.) are prevalent, yet the spectrum
of expressed genes encoded and expressed by these
altered regions is often unknown. Phage approaches
have been used to display small genomes, such as
Hepatitis C virus [20,22] or prokaryotic artificial
chromosomes [10,14,15], but to our knowledge,
there are no examples of phage displayed human
genomic sequences.

We evaluated a phage display strategy to identify
coding exon sequences from defined regions of the
genome. In this approach, epitope phage display
libraries from specific regions of the human genome
were enriched for coding exon sequences that bind
to target proteins (i.e., antibodies). The approach
was designed to maximize library diversity and the
likelihood of exon display, and to minimize sequ-
ence space devoted to introns and stop codons. The
intron-exon pattern of gene structure dictates that
epitopes generated from genomic fragments will
encode primarily linear, small exon-specific epi-
topes. For example, in silico sequence analyses of
the 5q31 Interleukin gene region indicate that the
majority of the exons within this region range bet-
ween 100–300 bp (http://www.lbnl.gov/lifesciences).
Variables related to genomic sequence, such as size
of the target region (kilobase, megabase, etc.), gene
location within six reading frames, stop codon fre-
quency and in-frame sequences are important con-
siderations in developing phage display-based coding
exon identification. In addition, proper cloning ori-
entation is required for successful pIII phage dis-
play. An insert sequence must be in-frame relative
to the leader sequence and continue in-frame into
the pIII sequence [3]. A stop codon within the insert
sequence will cause a premature truncation of the
peptide and prevent surface display. We used size
selection strategies to optimize exon display from
genomic fragments, derived from a 50 kb human
P1 artificial chromosome, containing genes from the
5q31 Interleukin gene cluster. An epitope library
from breast cancer cell cDNA was also was evalu-
ated for gene specific protein-protein interactions.

The success and challenges of creating and screen-
ing epitope display libraries from large genomic
fragments and cDNAs are discussed.

Materials and methods

Genomic epitope library construction and
characterization

The H11 library was constructed from a 50 kb
human P1 (P1 clone 876h9, Genbank accession
AC004039), containing the Interleukin-4, Interleu-
kin-13, and kinesin-like protein-3 genes from 5q31.
20 mg P1 DNA was purified by a standard method
(Qiagen) [6] and was randomly fragmented with
decreasing concentrations of DNase I (10 units/ml)
in 10 mM Tris pH 7.0/10 mM MnCl2 for 8 minutes
at 15uC, extracted and precipitated. Fragments were
blunted with 5 units/mg T4 polymerase for 30 min at
12uC, extracted and precipitated. Linkers contain-
ing a SfiI restriction site (Link1 5k-AGCGGCCG
CAGGCCATGGAGGCC, Link2 5k-GGCCTCCA
TGGCCTGCGGCCGCT) were ligated to target
DNA with 400 units T4 DNA ligase for 2 hours at
room temperature. The resulting product was elec-
trophoresed on a 2.0% agarose gel and the size
range of 100–300 bp was collected and eluted from
NA-45 DEAE paper (Schleicher and Schuell, Keene,
NH). 100 ng of the linker-ligated product was used
as template in PCR with a nested primer LP5 (5k-
GCGGCCGCAGGCCATGGA) with 5.0 units Pfu
Polymerase (Stratagene, La Jolla, CA) for 30 cycles
(94uCr1 min, 55uCr1 min, 72uCr1 min). The PCR
products were digested with SfiI and gel purified.
A positive control phage displaying the last exon
of the IL-4 cDNA (490–612 bp) was also con-
structed [26].

A phage display vector, pORF-1, was engineered
for gene fragment phage display. It is a pHEN-1
[12] based M13-filamentous phagemid vector that
contains a pelB leader sequence, an upstream hexa-
histidine tag and a non-religatable SfiI insert clon-
ing site which is contiguous with a myc epitope tag
and M13 gene III. pORF-1 was constructed by two
rounds of template mutagenesis of pHEN-1 vector
with primers (NSFI 5k-GCGGCCCAGCCGGC
GATGGCCCAGCACCATCACCATCATCACGG
GGCCATGGTGCAGCTGCAGG; SUP 5k-TCA
CGGGGCCATGGGGGCCCAGGCCTCAGTCG
ATCGACACGGCCTCCACGGCCGCAGAACAA)
[16]. The base vector contained an out-of-frame
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1 kb stuffer fragment. SfiI digested insert was ligated
into the digested vector and optimized ligation pro-
ducts were electroporated into E. coli TG-1. The
size distribution of library inserts was evaluated by
PCR with primers flanking the cloning site (Sfiseq5
5k-TCACCATCATCACGGGGCCAT, Sfiseq3 5k-
GTTTTTGTTCTGCGGCCGTTG) with Pfu Poly-
merase for 30 cycles (94uCr1 min, 55uCr1 min,
72uCr1 min).

Selection and screening of H11 epitope library

Antibodies specific for human IL-4 (C19; Santa Cruz
Biotechnology, Santa Cruz, CA) (Mab604; R&D Sys-
tems, Minneapolis, MN) and IL-13 (IL13C; Santa
Cruz Biotechnology) were obtained from commer-
cial sources. Epitope selections were performed as
previously described [19,23], using 1012 K07-rescued
phage particles/ml and (50 mg/ml) antibody-coated
immunotubes (Nunc). Random clones from the
second round of selection were screened by phage-
ELISA on microtiter plates (Corning) coated
overnight at 4uC with 25 mg/ml of antibody. Bind-
ing of phage was detected with 1 : 1000 horse-
radish peroxidase-conjugated anti-M13 (Amersham
Pharmacia, Piscataway, NJ). Phage displaying epi-
topes did not cross-react with plastic, albumin, or
IgG as determined by ELISA. Positive controls
included an IL-4 phage. Insert size of ELISA posi-
tive clones was determined by PCR and clones
with unique insert size were DNA sequenced and
aligned by BLAST. Selections were repeated in cases
where no enrichment occurred.

Determination of epitope clone specificity

The specificity of phage epitope clones for the
human IL-4 epitope was determined by competition
ELISA using a specific blocking peptide, SC-1260
(Santa Cruz Biotechnology), corresponding to the
epitope for the anti-IL-4 antibody C19. ELISA was
performed as described above, except that the C19
antibody was preincubated with increasing concen-
trations (0 to 20 mg/ml) of SC-1260 prior to incu-
bation with phage epitopes. A phage displaying
coverage of the last exon of the IL-4 cDNA served
as positive control.

cDNA epitope library construction and
selection

A cDNA phage display library was constructed from
a breast cancer SKBR-3 cDNA library (Origene,

Rockville, Maryland). This oligo-dT-primed library
required modification prior to cloning into the phage
display vector. 10 mg of cesium chloride purified
library plasmid was linearized at the 3k insert clon-
ing site withXbaI. A series of timed nested upstream
3k deletions with one unit of Bal-31 nuclease (New
England Bio Lab) were performed at 30uC for 1, 2,
4, 6, 8, and 10 minutes and pooled. DNA was
blunted with 5units/mg T4 polymerase for 30 min
at 12uC, extracted and precipitated. Linkers con-
taining a SfiI cloning site (Link1 5k-AGCGGCCG
CAGGCCATGGAGGCC, Link2 5k-GGCCTCCA
TGGCCTGCGGCCGCT) were ligated to the 3k
region with 10units T4 ligase for 15 minutes at
room temperature. Template for insert cloning was
generated by high stringency PCR with primers to
introduce an additional 5k-SfiI cloning site (new_
XBAI_for 5k-GCTCTAGAGGACAAACCACAA
CTAGAATGCAGTG, LP5 5k-AGCGGCCGCAG
GCCATGGA) with Pfu Polymerase for 30 cycles
(94uCr1 min, 55uCr1 min, 72uCr1.5 min). 10 mg
of template PCR product was digested with SfiI
and ligated into the pORF-1 vector. Optimized
ligation products were electroporated into E. coli
TG-1. Library characterization was performed in
similar fashion as the H11 library by determining
insert size and DNA sequence of random clones.
The percent of functional display of the library was
assessed by detection of the C-terminal myc epitope
tag of the phage pIII-fusion proteins. Phage were
prepared from random clones from the unselected
cDNA epitope library and were screened by phage-
ELISA on microtiter plates (Corning) coated
with 25 mg/ml 9E10, anti-myc antibody [8]. Binding
of phage was detected with 1 : 1000 horseradish
peroxidase-conjugated anti-M13 (Amersham Phar-
macia). cDNA epitope phage were prepared and
selected using immunotubes coated with 50 mg/ml
Herceptin1 (Trastuzumab, 4D5, Genentech, South
San Francisco, CA). Herceptin1 reactivity was
confirmed by dot blot against purified c-erbB2
extracellular domain.

Results

H11 genomic epitope display library

An epitope phage display library, optimized to con-
tain exon-sized inserts, was generated from a 50 kb
P1/BAC clone that contained the human Inter-
leukin-4, Interleukin-13, and kinesin-like protein-3
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genes. The genomic DNA was randomly digested
using DNase I. Fragments approximating 100–
300 bp were isolated by gel electrophoresis and
cloned into the SfiI site of the pORF-1 phagemid
vector. The fragment sizes were selected to max-
imize enrichment of exons (Figure 1). Selection of
the target insert size range to maximize exon display
was based upon in silico analyses of the size dis-
tribution of exons in genes within the H11 P1
(Figure 1). Long fragments (>300 bp) are more
likely to contain intron sequence with stop codons,
which would prevent translation of displayed pro-
tein (Figure 1), thereby reducing the diversity and
complexity of the library. However, short fragments
have a lower likelihood of folding into a domain
structure, which could mimic the conformational
epitopes that antibodies typically recognize. Thus,
while longer fragments are better for domain struc-
ture, introns and stop codons pose potential

problems in these longer fragments. Estimates of
the frequency of stop codons occurring in random
DNA or human intron sequence, suggest that 90%
of fragments of 150 bp or longer will contain a stop
codon. Figure 1 (shaded area) indicates that 90% of
the open reading frames from the H11-5q31 region
are <200 bp. Thus if a short exon (e.g. 50 bp) is
contained within a fragment of >150 bp, there is a
high probability that the sequence contains a stop
codon and thus cannot be displayed on the surface
of the phage. Thus an empirical compromise
suggests that libraries from 100–300 bp are optimal
to select genomic fragments without stop codons.
The size distribution of fifteen random, unselected
clones from the genomic library was determined
using PCR. The majority of clones (12/15) con-
tained an average insert size of 150 bp with a range
of 80–300 bp (Figure 2). DNA sequencing of
random clones revealed fragments of genomic

Figure 1. Theoretical considerations for genomic epitope display of 5q31. All open reading frames from the 50 kb P1H11
were calculated and compared to exon size of 5q31 genes. The majority of exons in H11 ranged between 100-300 bp. The
number of open reading frames (left ordinate) and the probability of a stop codon (right ordinate) were calculated and are
displayed as a function of fragment length (absissca)
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sequence in both coding orientations. Approxi-
mately 5/13 random clones contained DNA sequ-
ence that corresponded to E. coli genomic sequence
and 8/13 clones contain human intron genomic
sequence. The library of 2r106 clones appeared to
be sufficiently large to cover the sequence space
anticipated for a 50–100 kb BAC library (>>105

clones) and clones contained human intron frag-
ment sizes in the desired exon-size range.

Antibody selection of H11 genomic library
members

Enrichment of exon-based epitope sequences, cor-
responding to genes within the 5q31/H11 locus, was
demonstrated by selecting the genomic epitope library
using antibodies specific for the proteins encoded by
5q31/H11 exons. Monoclonal (Mab604) and poly-
clonal (C19) antibodies against Interleukin-4 or
Interleukin-13 (IL13C) were used for epitope selec-
tion (Table 1). The C19 antibody was raised against
the C-terminal peptide of IL-4 and corresponds to
exon 4 of IL-4 [18]. Significant enrichment of the
H11 library occurred after two rounds of selection

against all three antibodies, as indicated by increas-
ing phage titers (1–3 orders of magnitude per
selection round) (Table 1). More than 50% of indi-
vidual clones screened by phage-ELISA were
positive after the second round of selection. DNA
sequencing revealed unique clones against each anti-
body. Most clones contained similar sized inserts
(Table 1). The DNA sequence of fifteen positive
clones was determined. Two unique clones were
identified using C19 anti-IL-4 antibody selection. One
clone (H11_207) matches the human Interleukin-
4 epitope: consisting of an IL-4 fusion product
composed of a 46 bp human telomeric sequence
(2PTEL066, 176–130 bp) and the IL4 cDNA sequ-
ence from exon 4 (AC004039, 24244–24170 bp).
Unexpectedly, other clone insert sequences corre-
sponded to E. coli enomic DNA. 8/9 clones (clone
H11_201) matched a 54 bp insert sequence from
E. coli heR/CheB chemotaxis/transferase genes
(ECOCHE3, 28–71 bp, accession #M13463). The
Mab604 anti-IL4 antibody selection resulted in iso-
lation of two unique clones of 800 bp corresponding
to two distinct contaminating human single-chain
antibody sequence. The IL13C selection resulted in

Figure 2. Size distribution of genomic inserts from the unselected H11 epitope phage library. Cloned insert DNA was
amplified from 13 individual random clones using PCR and primers that flank the insert cloning site and analyzed on a 2.0%
agarose gel
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isolation of four identical clones of 110 bp that
matched E. coli ep helicase (ECREPHEL, 329–
219 bp, accession #X04794) sequence. The specifi-
city of phage clones for the human IL-4 epitope was
demonstrated by competition ELISA using the
specific C19 blocking peptide, SC-1260. Binding of
both the IL-4 epitope (clone H11_207) and the IL-4
mimotope (clone H11_201) to antibody was dis-
placed with increasing concentrations of peptide,
confirming the IL-4 specificity of the phage epitopes
(Figure 3).

SKBR-3 cDNA display library

After establishing that the epiotope display library
contained antibody-binding mimitopes, we pursued
a cDNA phage library approach. A cDNA phage
display library was constructed from the SKBR3
breast cancer cell line. The parental cDNA library
was oligo-dT primed (i.e. contains a 3k stop codon),
and thus required 3k modification to prevent a stop
codon within the pIII-fusion. The phage library
contained 3r107 clones with insert size ranging
between 200–1000 bp, corresponding to domain-
sized fragments (Figure 4). Preliminary library char-
acterization using the myc epitope tag indicated
functional display of >106 clones (11/95 randomly
selected clones were ELISA positive). DNA sequen-
cing of random clones from the unselected library
revealed only human sequences (400 bp fragment
corresponding to human S19 ribosomal protein;
250 bp human ribosomal protein RPL13/S11, U32-
UU35; 350 bp homology to drosophila BcDNA
GM013838; 240 bp human BAC G1-214N3; 500 bp

human 80 kd heat shock protein; 650 bp human
KIAA0466 protein). Bacterial sequences were not
detected in the SKBR3 display library. Phage epi-
topes were selected using the Herceptin1 mono-
clonal antibody, which binds c-erbB2, a cell surface
receptor over-expressed in the SKBR3 cell line.
Enrichment of antibody binders occurred after two
selection rounds: the titers of recovered phage
increased between round 1 (105 cfu) and round 2
(106 cfu). After two selection rounds, 6/95 phage
clones bound Herceptin by ELISA. Enrichment
decreased with a third round of selection, despite
repeated selections (Round 3, 105 cfu). Six clones
from Round 2 were sequenced; however, none
matched a sequence corresponding to human
c-erbB2 (Table 2). Rather, the clones contained
human sequences that matched enzymes, signaling
molecules, and structural proteins (Table 2).

Discussion

The ability to identify coding sequences within a
genomic interval using a proteomic approach is
important to complement current genome-protein
strategies that rely solely upon DNA sequence infor-
mation. Coupling epitope display libraries from
human genomic regions with antibody selection for
expressed epitopes has the potential to enrich for
library members with coding (exon) sequences. A
phage display library containing the full human
genome sequence could be an invaluable tool for
human protein-protein interaction identification.
Some variables to consider in construction of such

Table 1. Phage selection and enrichment of the H11 library during selection rounds. The output titer of phage
recovered after each round of selection was determined. Individual clones from the second round selection
were isolated, phage prepared, and analyzed by ELISA for binding to C19, Mab604, and IL13C antibodies. Bind-
ing clones were analyzed by PCR to determine insert size and DNA sequencing

Antibody C19 Mab604 IL13C

target anti-IL-4 anti-IL-4 anti-IL-13

immunogen C-terminal peptide recombinant protein C-terminal peptide

clonality polyclonal monoclonal polyclonal

purification Serum Protein G purified Protein G purified
Round 1 Input Titer (cfu) 1r1012 1r1012 1r1012

Round 1 Output Titer (cfu) 3r103 1r105 2r104

Round 2 Input Titer (cfu) 1r1012 1r1012 1r1012

Round 2 Output Titer (cfu) 6r105 3r107 5r107

Round 2 ELISA positive clones 60/96 46/96 77/96

Unique clones by PCR size 2/30 2/20 4/20

Unique clones by DNA sequence 2/9 2/2 1/4
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a complete library include the DNA sequence space
to be covered (3r109 bp human genome), the insert
size (e.g., 100–300 bp exon size), number of partial
overlapping inserts desired (diversity), and func-
tional peptide display due to stop codon effects on
display. For example, the absolute minimum num-
ber of members in a library of the human genome
composed of 150 bp inserts would be about 2r107

members (3r109 bp/150 bp); however, 90% of these
would not display peptides due to stop codons in
genomic sequence. Thus, it’s desirable to generate a
library of at least two magnitudes greater size
(>109 members). A library with large diversity
favors potential binders; however, large libraries are
difficult to construct. A practical limitation is the
efficiency of transforming bacteria with plasmid,

Figure 3. Specificity of mimotope clones for IL-4 by competition ELISA. The anti-IL-4 antibody C19 was preincubated with
or without increasing concentrations (0–20 mg/ml) of specific blocking peptide SC-1260 prior to ELISA with phage epitope
(H11_207) and mimotope (H11_201) clones. (H11_201 without peptide, circle; H11_201 with peptide, square; H11_207 with
peptide, diamond). Data are representative of two experiments

Figure 4. Size distribution of PCR inserts from the unselected SKBR-3 cDNA phage library. Cloned insert DNA was
amplified from individual random clones using PCR and primers that flank the insert cloning site and analyzed on a 1.0%
agarose gel
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typically about 108–109 colony-forming units per
microgram of DNA. Nonetheless, construction of
large, functional, genome display libraries is feasible
as recently demonstrated with the Toxoplasma
gondii genome [21].

To determine the utility of using a human geno-
mic library approach to select coding regions, an
epitope phage display library was constructed using
exon-sized fragments from a human genomic region
containing the 5q31 Interleukin gene cluster. The
size-selected library contained sufficient diversity to
cover the sequence space for a 50 kb BAC with
100 bp inserts. Selection of the epitope library using
anti-Interleukin antibodies enriched for phage
members containing ‘true’ Interleukin epitopes, as
well as for other sequences. An IL-4 epitope sequ-
ence was selected from the library against the C19
antibody, which recognizes the C-terminal epitope
of the last exon of IL-4 [18]. An associated 46 bp
unrelated small fragment of human telomeric sequ-
ence (2PTEL066, 176-130) was fused to the IL-4
gene and may have resulted from a PCR induced
artifact. Detection of the IL-4 epitope sequence
demonstrates the feasibility of this exon-based phage
display strategy to select peptides that correspond
to proteins encoded by sequence in a specified geno-
mic region.

Unexpectedly, other antibody binding phage
clones contained sequences that correspond to E.
coli genomic DNA. The bacterial sequences encode
peptides that specifically bind to the anti-IL-4 anti-
body and this binding can be blocked with the
‘true’ peptide epitope. Thus, the peptides encoded
by bacterial genome sequence act as ‘mimo-
topes’ (mimetic sequences of the true epitope). These
mimotopes correspond to open reading frames,
which generate displayed peptides that compete
for binding during phage selection. The CheR/
CheB sequence (clone H11_201) is a specific IL-4

mimotope as confirmed by competition ELISA
(Figure 3). Computational alignment analysis indi-
cated that the IL-4 mimotope lacked homology
with the IL-4 epitope. It is likely that the presence
of E. coli DNA during the preparation of P1’s and
BAC’s contribute to selection of these mimotopes.
This epitope library contained approximately 40%
(5/13) bacterial sequence. E. coli contamination
may be particularly problematic during purification
because these human artificial chromosomes are
present at low copy number. It is possible that E.
coli sequences are preferentially amplified during
PCR due to low specificity primers in the presence
of greater abundance of bacterial DNA. E. coli
sequence in the libraries persisted, even with the
use of rigorous protocols with ultrapure reagents.
Although further rounds of selection might be anti-
cipated to identify a human epitope binder, studies
with our previous epitope libraries for Botulinum
toxin [19] indicated that greater than two-three
rounds of selection rarely improved discrimination
of true binders from mimotopes. Furthermore,
other E. coli mimotopes were generated against
other antibodies: C25 mAb (mimotope database
accession numbers: L10328, U70214, AE000354,
L02370) and S25 mAb (mimotope database acces-
sion numbers: X58994, X51655, AE000177) [19].

Genome-protein linkage using a phage display
two-hybrid approach to detect epitopes encoded by
specified genomic regions requires effective binding
of displayed peptides and identification of true
binders versus mimotopes. Library members con-
taining bacterial DNA sequence can easily be
excluded simply from further analysis by DNA sequ-
encing; however, false positives generated by these
mimotopes decrease the overall screening efficiency.
Furthermore, since phage display selection is based
on affinity interactions, mimotopes that are more
effectively expressed than true epitopes and/or have

Table 2. Phage selection of SKBR-3 mimotope cDNA clones against Herceptin1 monoclonal antibody. ELISA
positive clones from the second round of selection were DNA sequenced and the corresponding genes identified

Clone ID Database ID Database Match Start–end (bp)

SKH201 HSM801448 human cDNA DKFZp434E012 1310–1740
SKH202 S7547 human phosphoglycerate kinase 1 15–155

SKH203 AC016722 human clone RP11-333I13 132054–904

SKH204 XM_034498.1 human farnesyl diphosphate synthetase protein 873–1022

SKH205 AK021828 human KIAA1293 878–1014
SKH206 AY012136.1 human mitochondrial 12S rRNA 17–309
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higher affinities may compete more effectively than
lower affinity epitopes. Similar cross-reactive epi-
tope mimics within a fragment display library of the
Rickettsia genome have been described by Fehrsen
et al. [10]. In our studies, the C19 and IL13C phage
selections were performed with commercially avail-
able polyclonal antisera generated using IL-4/IL-13
peptide immunogens. Adjuvants, frequently used in
peptide-based immunizations, commonly contain
bacterial proteins. Thus, polyclonal antisera that
contain IgGs against target proteins (IL-4/IL-13)
may also contain a background of IgGs against
many E. coli proteins. Mimotopes are not proble-
matic in a single chain antibody library because all
binders are mimetics, and thus are considered to be
positive binders, regardless of whether they are true
epitopes or mimotopes. However, our studies sug-
gest that enrichment of background bacterial epi-
topes may be a common feature and limitation of
genomic phage display based selection/screening
strategies. Identification of true epitopes is critical
for genome-protein linkage.

We hypothesized that potential mimotope pro-
blems may be avoided using cDNA phage libraries
because cDNA covers the protein coding sequence
space more efficiently than genomic libraries. The
advantages of cDNA libraries include the absence
of intron sequence, expression of higher copy plas-
mid compared to artificial chromosomes, and
potentially less E. coli interference. To test this
concept, we used a breast cancer SKBR-3 cDNA
phage display library that contained at least 106

displayed clones with appropriate domain size sequ-
ences. We anticipated that we could enrich breast
cancer specific sequences, such as the highly abund-
ant c-erbB2 cDNA. Thus, we selected this library
against Herceptin1 a humanized murine mono-
clonal antibody directed against the extracellular
domain of c-erbB2. Although multiple selection
rounds indicated enrichment, only non-erbB2, mimo-
tope sequences were identified (Table 2). PCR
analysis indicated that the erbB2/Herceptin1 epi-
tope sequence is present within the phage library
(data not shown); however, the frequency of clones
expressing peptides derived from this sequence
cannot be established because we were unable to
isolate this clone. Large scale screening of addi-
tional clones may be necessary to identify binders
for the short linear sequence of c-erbB2 near the
transmembrane region, recognized by Herceptin1.
Alternatively, the c-erbB2 epitope may be poorly
expressed or displayed on phage, although we were

able to select an c-erbB2 epitope from a phage
display epitope library constructed by fragmenting
the c-erbB2 cDNA (data not shown).

Successful demonstration of the phage two-
hybrid protein-protein interaction approach to iden-
tify expressed proteins from specified genomic regions
is encouraging. However, an effective two-hybrid
phage display system will require optimization of
numerous variables including conformational versus
linear epitopes, high versus low affinity interactions,
coding versus non-coding sequence space, and com-
petition from irrelevant background sequences. The
problem of human and bacterial mimotopes may be
reduced if monoclonal antibodies or single chain
phage antibodies are used instead of polyclonal
serum. The phage two-hybrid approach is limited to
continuous epitopes, which meet the size constraint
criteria. Thus, conformational (discontinuous) epi-
topes or those that exceed the average size of a
single exon will not be detected. Exons within 5q31
represent <1% of the genomic sequence coding for
proteins in the P1 clone. In the absence of a ‘true’
epitope within the library, irrelevant background
binders have a better chance to compete and bind
the target antibody. The promiscuity of phage dis-
played sequences, such as unexpected frame shifts
or sequences containing obvious stop codons [4,11],
are also important considerations for phage based
antibody-antigen interactions. False-positives are
common features of most other two-hybrid appro-
aches. For example, in a recent study cDNA T7
phage display linked the kinase domain of the EGF
receptor to the Ras/MAP kinase pathway [27]; how-
ever, a variety of other binders (i.e., false positives)
are listed. Our data indicate that protein mimotopes
will complicate most genome-proteome approaches
that require detection of highly specific and cognate
protein-protein interactions for functional genomics
and proteome validation.

Although we describe the complications of mimo-
topes in a two-hybrid phage display approach, we
also show that a library containing E. coli mimo-
topes is a rich source of peptide binders against tar-
get antigens. The E. coli genome contains a higher
proportion of coding to non-coding sequence than
the human genome; thus, it may represent a useful
DNA sequence source to generate peptide diversity
biased towards protein coding sequences. We specul-
ate that E. coli mimotopes may be more antigenic
than the cognate human peptides. Additional
studies are warranted to explore this possibility,
since bacterial mimotopes of human peptides might
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be useful for applications such as vaccine develop-
ment.
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