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Abstract

AYnity selection of phage display peptide libraries is routinely used for isolating peptides capable of binding a range of mole-
cules, including antibodies and receptors. This process is most successful when the selecting molecule is relatively pure, for example, a
monoclonal antibody. However, isolation of peptides able to bind to target molecules present in a complex mixture is more diYcult
because the aYnity selection process isolates peptides capable of binding to all molecules present in the mixture. Here we describe the
development of a tagged polymerase chain reaction (PCR) subtractive hybridization method that is universally applicable for the
targeted isolation of peptides able to bind to unique molecules within a complex mixture. We also describe a discriminatory limiting
dilution PCR method that can be used to optimize hybridization conditions.
  2004 Elsevier Inc. All rights reserved.
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Random peptide phage display libraries are powerful
tools for the identiWcation of peptides able to mimic
interactions among a range of biological molecules [1].
This approach has successfully identiWed peptides that
interact speciWcally with a range of antibodies [2,3], cel-
lular receptors [4,5], and DNA [6]. The technique uses
recombinant phage genetically modiWed to display a
randomly determined peptide on its surface; useful
libraries consist of millions of phage, each potentially
carrying a distinct peptide. Peptides able to bind speciW-
cally to the target molecule are then enriched by multiple
rounds of biopanning. This process involves incubating
the library with the target molecule. Nonbinding phage
are removed in a washing step, and then bound phage
are recovered [1]. This technique has been most useful

where the target molecule used for selection is relatively
pure. When the target molecule is present in a back-
ground of other biomolecules, such as a speciWc anti-
body present in polyclonal serum or a receptor expressed
on a cell surface, enriched phage recognize the multitude
of molecules present. Complex biopanning procedures
are required to diVerentiate between peptides reacting
with the molecule of interest and irrelevant molecules.
These include performing depletion steps using an
appropriate control that contains the common nontar-
get molecules but lacks target molecules, as well as per-
forming detailed screening and counterscreening
experiments [7]. A major limitation of this process is the
small percentage of nonspeciWc phage that can be
depleted in any one reaction. To overcome this problem,
multiple rounds of selection and counterselection are
used. This can result in a bias toward selection of
peptides by factors other than aYnity for the target mol-
ecule. To minimize these biases, Bartoli and coworkers
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[8] developed a DNA-based selection technique that
used the physical link between the phage DNA and
expressed peptide. They generated various phage pools
selected against hepatitis C virus antibody positive and
negative sera, using the phage DNA to perform a series
of enrichment and depletion hybridization steps. This
strategy enabled these authors to identify peptides com-
monly recognized by hepatitis C virus positive sera.

Many molecular techniques have been developed for
the comparison of pools of DNA molecules capable of
speciWcally enriching diVerentially expressed sequences
present in a background of common DNA [9]. The pro-
cess of subtractive hybridization is central to these meth-
ods. Subtractive hybridization is a valuable tool that can
be used to identify and enrich nucleic acids that are diVer-
entially present in two diVerent nucleic acid pools. Sub-
tractive hybridization is deWned as the hybridization
between two nucleic acid populations that are closely
related. Physical or chemical tagging of one of the nucleic
acid pools (the driver) enables the depletion of common
complementary sequences from the other nucleic acid
pool (the tester). This leads to enrichment of unique or
overexpressed sequences present in the tester nucleic acid
pool. The rate-limiting factor during hybridization is the
quantity of nucleic acid available to form interactions.
Hybridization eYciency has been vastly improved by the
introduction of polymerase chain reaction (PCR)-based1

techniques able to regenerate large quantities of DNA,
and current techniques can enrich low-copy target nucle-
otide sequences many thousand-fold. Here we describe a
new method that combines subtractive hybridization
with tagged PCR ampliWcation of depleted phage
libraries to enrich individual phage isolates diVerentially
expressed between two pools. We also describe the devel-
opment of a PCR-based assay to measure prevalence of
target sequences before and after subtractive hybridiza-
tion, enabling the optimization of hybridization condi-
tions suitable for the enrichment of target nucleotide
sequences derived from any random library.

Materials and methods

Generation of phage library pools

Phage clones isolated from the M13 bacteriophage
random peptide libraries, PhD.7-mer and PhD 12-mer
(New England Biolabs), were used to generate stocks of
phage clones, each containing 1 £ 108 phage/�l. The
driver pool contained phage expressing a nontarget 7-
mer peptide. The tester pool contained the phage

expressing the target peptide diluted 1:1000 in a back-
ground of the driver phage, whereas the control driver
pool contained phage expressing an irrelevant peptide.
The nucleotide sequence corresponding to the peptide
insert of each phage clone was known.

AmpliWcation of peptide insert-speciWc DNA

The general scheme for the tagged PCR subtractive
hybridization method is shown in Fig. 1. Initially, a frag-
ment of DNA encompassing the random peptide inserts
was PCR ampliWed. The tester pool was ampliWed using
sense primer TS1 (TCGGATCGCCTTTCTATTCTCA
CTCT) with 5�-biotinylated antisense primer ASB1
(GCCGAACCTCCACC). To enable selective ampliWca-

1 Abbreviations used: B&W, binding and washing; EDTA, ethylene-
diamine tetraacetic acid; TE, Tris EDTA; TMAC, tetramethyl ammo-
nium chloride; SDS, sodium dodecyl sulfate; TBE, Tris–borate–
EDTA.

Fig. 1. Schematic of the hybridization protocol. (A) PCR amplicons
were generated from tester and driver phage pools. Both pools were
ampliWed using a common biotinylated antisense primer. Tester sam-
ples were ampliWed using a tagged sense primer bearing a 5� primer-
binding site for posthybridization ampliWcation. Driver samples were
ampliWed with a tagged primer bearing a BbvI recognition site. (B) Bio-
tinylated products were immobilized on streptavidin-coated magnetic
beads. Driver was digested with the enzyme BbvI to remove the sense
primer sequence. (C) Both tester and driver were alkali denatured, and
the sense strand of tester and antisense strand of driver were recovered.
(D) Hybridization was performed with known quantities of tester and
driver, with the driver being attached to streptavidin-coated beads.
Three resulting populations of DNA were formed: (1) unhybridized
single-stranded tester, (2) unhybridized single-stranded driver, and (3)
tester/driver hybrids. (E) The single-stranded tester DNA was recov-
ered and ampliWed with the tag primer to ensure that driver sequences
were not carried through. This amplicon was used to generate more sin-
gle-stranded tester sample for further rounds of hybridization.
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