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ABSTRACT

Single-stranded DNA or RNA libraries used in SELEX
experiments usually include primer-annealing sequ-
ences for PCR amplification. In genomic SELEX,
these fixed sequences may form base pairs with the
central genomic fragments and interfere with the
binding of target molecules to the genomic
sequences. In this study, a method has been
developed to circumvent these artificial effects.
Primer-annealing sequences are removed from the
genomic library before selection with the target pro-
tein and are then regenerated to allow amplification of
the selected genomic fragments. A key step in the
regeneration of primer-annealing sequences is to
employ thermal cycles of hybridization-extension,
using the sequences from unselected pools as tem-
plates. The genomic library was derived from the bac-
teriophage fd, and the gene 5 protein (g5p) from the
phage was used as a target protein. After four rounds
of primer-free genomic SELEX, most cloned
sequences overlapped at a segment within gene 6
of the viral genome. This sequence segment was
pyrimidine-rich and contained no stable secondary
structures. Compared with a neighboring genomic
fragment, a representative sequence from the family
of selected sequences had about 23-fold higher g5p-
binding affinity. Results from primer-free genomic
SELEX were compared with the results from two
other genomic SELEX protocols.

INTRODUCTION

The SELEX (Systematic Evolution of Ligands by EXponential
enrichment), or in vitro selection, technique was originally
developed to identify nucleic acid sequences or structures,
termed aptamers, that bind tightly to target molecules (1,2).
The procedure mimics natural evolution by employing an
iterative process of selection and amplification of sequences
from a combinatorial nucleic acid library. The library is
usually created by chemical synthesis with a central random
sequence region, which defines the scope and complexity of
the library, and two flanking constant regions for PCR

amplification. Results from SELEX generally are sequences
having common motifs, and SELEX using double-stranded
DNA (dsDNA) libraries is particularly useful for defining
consensus sequences for dsDNA binding proteins (3). In con-
trast, libraries of single-stranded DNA (ssDNA) or RNA,
which can fold into tertiary structures, can be used to select
sequences that bind with high affinity and specificity to a
variety of targets, including small molecules and proteins
that are not thought of as nucleic acid binders (4–7). Therefore,
aptamers can be used like antibodies for different applications,
such as inhibition of enzymatic activity, protein detection and
purification, and diagnostics (8–10). Catalytic RNA aptamers
bearing specific activity, or ribozymes, can also be selected
(11), and several types of deoxyribozymes (DNA ribozymes)
have been identified (12), even though they have not been
found in nature.

In a living cell, a protein may bind tightly and specifically to
a site on the genome or to RNA transcripts to perform its
functions. One way to identify such sequences for potential
protein–nucleic acid interactions is by means of genomic
SELEX (13). In genomic SELEX, the central random region
of the library is substituted by DNA fragments derived from
the whole genome of interest, and, if desired, the library can be
transcribed to RNA for RNA SELEX selection with target
proteins. Genomic RNA SELEX has been performed with
bacteriophage MS2 coat protein (14) and Drosophila pre-
mRNA splicing factor B52 (15). A similar procedure has
been applied to identify ribosomal RNA fragments that
bind to specific ribosomal proteins (16).

A problem with genomic SELEX is that the primer-
annealing sequences of the library may base-pair with the
central genomic fragments to form structures that are selected
as sites for target binding (14). Interactions involving
non-genomic, primer-binding sequences greatly limit the
significance of results from genomic SELEX. To address
this problem, primer-annealing sequences can be blocked
by complementary oligonucleotides or switched to different
sequences midway during the rounds of SELEX, as demon-
strated by Gold and co-workers (14). In addition, Vater et al.
(17) have shown that the primer-annealing sequences on the 50

and 30 ends can be trimmed to only 6 and 4 nt, respectively.
However, non-naturally occurring sequences are still present
in the library during selection with these approaches.

In this study, a method, termed primer-free genomic
SELEX, has been developed to efficiently solve the problems
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caused by primer-annealing sequences. Under this experi-
mental design, the primer-annealing sequences are comple-
tely removed from the library before selection with the
target protein and are then regenerated to allow amplifica-
tion of the selected genomic fragments. We chose the bac-
teriophage Ff gene 5 protein (g5p) to test this idea, because
this protein has previously been used for regular SELEX
selection of ssDNA sequences from a random library
(18,19), and the size of the Ff genome is relatively small
(6408 nt for fd and 6407 nt for f1 and M13), such that the
genomic library is of minimal complexity for the develop-
ment of this method.

The genome of the Ff viruses is a circular ssDNA compris-
ing 11 tightly packed and overlapping genes and a 508 nt
intergenic region (IG) (20,21). The IG contains five functional
hairpin structures, denoted hairpins A–E (22), which include
some regulatory elements, such as the morphogenetic signal
for packaging (hairpin A), the complementary strand origin
(involving hairpins B and C) and the initiation site for viral
strand synthesis (on hairpin D) (23).

M13, f1 and fd of the Ff viruses encode an identical g5p
(20). The role of g5p in viral DNA replication is to coopera-
tively bind to and thus sequester nascent ssDNA genomes
from serving as templates for complementary DNA strand
synthesis, and to package the genomes into complexes prior
to assembly of the DNA into virions (24). Therefore, the g5p is
usually considered to be a non-sequence-specific DNA bind-
ing protein. In addition to morphogenetic functions, the g5p
has been shown to regulate mRNA translation of viral genes 1,
2, 3, 5 and 10 (25–28). Leader sequences on the 50 end untrans-
lated regions of the mRNAs are required for the regulation
(25,26). It is most likely that the regulation is through g5p
binding to the leader sequences to block the mRNA from being
translated by ribosomes. The leader sequence from the gene
2 mRNA, and its DNA analog, forms G-quadruplex structures
in vitro, and the structured forms are preferred over unstruc-
tured ones for g5p binding (29,30).

Therefore, it is likely that some regions in the viral genome
or RNA transcripts are more preferred for g5p binding, and
this binding is related to biological functions. Results from
previous regular SELEX showed that the selected sequences
(from a random library) folded to form G-quadruplex and
hairpin structures (18,19,31), but were not homologous to
those of the viral genome. Here, by using primer-free genomic
SELEX, we identified an unexpected major fd genomic site
that showed a higher affinity for g5p than did a neighboring
sequence.

MATERIALS AND METHODS

DNA sequences

The DNA sequences used in this report were purchased from
Midland (Midland, TX) and desalted using gel filtration chro-
matography without further purification, unless otherwise
noted. The sequences were 50P [50 end primer, d(GTGAT-
CATGCACGAGA)], 50P-N9 [50 end primer for library con-
struction, d(GTGATCATGCACGAGA-N9), where N9 stands
for random incorporation of nine A, G, C or T nucleotides at
the 30 end during synthesis], 50P-Fok [d(GTGATCATGC-
ggatGA), where changes from 50P are shown in lower case and

the Fok I recognition site is underlined], c50P [sequence com-
plementary to 50P, d(TCTCGTGCATGATCAC)], 30P [30 end
primer, d(GCGAATTCTGCCTCTT)], 30P-N9 [30 end primer
for library construction, d(GCGAATTCTGCCTCTT-N9)],
30P-Fok [d(GCGAATTCTGgaTgTT)], 50P2 [second 50 end
primer, d(GTAAGCTTCGTGCACA)], 50P2-OH [d(GTAA-
GCTTCGTGCACA-20OH), where the sugar moiety at the 30

end is a ribose], c50P2 [sequence complementary to the last
15 nt of 50P2, d(TGTGCACGAAGCTTA)], AU-6 [an example
of a selected sequence from regular genomic SELEX, purified
by trityl-selective perfusion high-performance liquid chroma-
tography (HPLC), d(GTGATCATGCACGAGA-CTGTCT-
CCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCA-
TTACTCCGGC-AAGAGGCAGAATTCGC), where the
53mer genomic fragment is underlined, named AU-6c53],
AU-6c53 (purified by trityl-selective perfusion HPLC),
I-7c26 [sequence from previous work (18) and used as a com-
petitor, d(GTGCCACCCTCCTCTCTTGTTCTTGT); this
sequence was purchased from Oligos Etc. (Wilsonville,
OR) and gel-purifed], BA-8 (an example of a selected
sequence from primer-free genomic SELEX, purified by
trityl-selective perfusion HPLC, d(TGCCAGTTCTTTTGGG-
TATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTG-
GTAA)] and BA-8-C [sequence from fd genomic DNA and
used as a control, purified by trityl-selective perfusion HPLC,
d(CTTTGTTCGGCTATCTGCTTACTTTCCTTAAAAAG-
GGCTTCGGTAAGATAGCTATTG)]. All the sequences are
shown 50 to 30.

Denaturing gel electrophoresis

Polyacrylamide gels (acrylamide/bis = 19/1) with specified
percentages (w/v) were prepared in TBE buffer (90 mM
Tris-borate, pH 8.3, 2 mM EDTA) containing 7.6 M urea.
The gels were usually pre-run at 500 V in TBE buffer for
10 min. 32P-labeled DNA samples were prepared in
33–50% formamide and heated at >70�C for 3 min before
loading into the gel. Electrophoresis was performed at
450 V for 50 min.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed on agarose gels with TAE buffer
(40 mM Tris-acetate, pH 8.3, 1 mM EDTA), as described
previously (18).

Construction of the fd genomic library

The method for the construction of the fd genomic DNA lib-
rary was modified from that used by Gold and co-workers (13).
The procedure is described below.

First (complementary) strand synthesis. An aliquot of 1 mg
of fd genomic DNA (0.51 pmol, or 3 · 1011 copies) was mixed
with 80 pmol of primer 30P-N9, and H2O was added to make a
volume of 30 ml. The mixture was heated at 95�C for 3 min and
immediately put on ice. dNTPs (0.5 mM each of dATP, dGTP,
dCTP and dTTP) and 0.2 U/ml of DNA polymerase I large
fragment (Klenow fragment, with 30 exonuclease activity;
Promega, Madison, WI) were added on ice. The final volume
was 50 ml in a buffer of 50 mM Tris–HCl, pH 7.2, 10 mM
MgSO4 and 0.1 mM DTT. The mixture was incubated on ice
for 5 min, at room temperature for 25 min, and then at 50�C for
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5 min. The reaction was stopped by adding 10 mM EDTA and
heating at 75�C for 10 min. To reduce the occurrence of con-
structs having identical primers on both tails, the mixture of
the above extension reaction was purified using QIAquick
PCR Purification Kit (Qiagen, Valencia, CA) to remove the
unreacted primers (the removal efficiency was �90% in this
case).

Second (genomic) strand synthesis. The products from the
first strand synthesis were used as templates for the second
strand synthesis. Similar procedures were followed, except
that 160 pmol of primer 50P-N9 was used in this extension
reaction.

Library isolation. The products from the second strand syn-
thesis were resolved on an 8% denaturing polyacrylamide gel.
32P-labeled ssDNA markers of fX174 DNA/Hinf I (24–762 nt;
Promega) were run in parallel. In this study, the bands corres-
ponding to the 82mer and 118mer markers were respectively
isolated and DNAs were eluted into 300 ml TE buffer (10 mM
Tris–HCl, pH 7.4, 1 mM EDTA) at 4�C overnight. The pre-
liminary DNA genomic libraries were recovered by ethanol
precipitation.

Refinement of the library. To refine the preliminary library,
PCR was performed with primers 50P and biotin-conjugated
30P (both lacking the 9 random nucleotides at the 30 ends)
under the following conditions: (i) 95�C for 2 min, (ii) 18
cycles at 95�C for 1 min, 55�C for 1 min and 72�C for
2 min, and (iii) final extension at 72�C for 10 min. The
PCR products were extracted with phenol/chloroform and
then incubated with immobilized streptavidin agarose beads
(Pierce, Rockford, IL) in SA buffer (10 mM Tris–HCl, pH 7.4,
400 mM NaCl and 1 mM EDTA) at room temperature for
40 min, followed by washing the beads three times with SA
buffer. The bound DNA was denatured in 120 mM NaOH at
37�C for 15 min to elute the genomic strands from the beads.
The genomic strands were ethanol precipitated and finally
subjected to purification on an 8% denaturing gel. The libraries
with about 82mer and 118mer sequences were named FDG-82
and FDG-118, respectively.

Regular genomic SELEX

The procedure for regular genomic SELEX applied in this
experiment was similar to that used for SELEX with a chem-
ically synthesized random library in our previous report (18).
About 60 pmol of ssDNA from the FDG-82 library was used
for the initial round of selection. The g5p was added such that
the selection ratios (bound DNA/total DNA) were 3.3–8% for
the first and subsequent rounds. To approximate intracellular
conditions, the reaction was performed in a buffer containing
10 mM Tris–HCl, pH 7.4, 200 mM KCl and 1.5 mM MgCl2.
The binding mixture was separated on agarose gels in TAE
buffer. The g5p-bound DNA was extracted from the gel and
ethanol-precipitated before being subjected toPCR.PCRandthe
following ssDNA isolation were performed as described above
for library refinement. Finally, denaturing gel-purified ssDNA
was subjected to the next round of selection. After four rounds,
the selected DNA was cloned and sequenced.

Primer-blocking genomic SELEX

The FDG-82 library was also used for this protocol, and the
same procedures as in regular genomic SELEX were applied,

except that the two primer regions of the library were
hybridized with two complementary oligonucleotides before
performing g5p binding reactions in each round. To achieve
the highest degree of hybridization, the library was first incu-
bated (37�C for 1 h) with c50P-SS-biotin, which was comple-
mentary to the 50 primer region of the library, and the 30 end
was linked to a biotin tag through a disulfide bond. Immobil-
ized streptavidin beads were added to the mixture and then
washed with SA buffer, such that only the library sequences
that annealed to c50P-SS-biotin were retained on the beads.
The hybrids were eluted by incubating with 50 mM DTT at
42�C for 30 min (32). The yield for this step was �55%. The
other complementary oligonucleotide (biotin-SS-30P) was
subsequently added, and hybrids with bound 30P were purified
in a similar way (yield �30%). In this protocol, SELEX was
performed for four rounds before cloning and sequencing.

Primer-free genomic SELEX

The FDG-118 library was used as a precursor library for
this protocol. The whole procedure is schematically shown
in Figure 1.

Figure 1. A schematic procedure for primer-free genomic SELEX. Different
regions of the genomic library are indicated and their lengths are not shown in
proportion. Restriction cleavage sites of Fok I are approximately indicated by
arrow heads. For details, see Materials and Methods.
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Step 1. To remove the variable region on the 50 end of the
FDG-118 library (adjacent to the primer-annealing site and
consisting of about 9 nt that were derived from the random
tails of the primers used for library construction), a Fok I
recognition site was introduced to the 50 primer region by
PCR in the presence of primers 50P-Fok and 30P. Fok I is a
class 2 restriction endonuclease that cuts 9 nt downstream
from a GGATG recognition site on that strand and 13 nt
upstream on the complementary strand. A small amount of
[a-32P]dCTP (ICN Biomedicals, Irvine, CA) was included in
the reaction to internally label and track the products.

Step 2. The PCR products were digested by Fok I (15–20 U;
Promega) at 37�C for 2 h, and the recessed DNA ends were
filled by the Klenow fragment (10 U; Promega) at 37�C for
15 min. After phenol/chloroform extraction and ethanol pre-
cipitation, the DNA (�3 pmol) was purified from a 6%
denaturing polyacrylamide gel. To ligate a new 50 end primer
sequence to the library, 50 pmol of the pre-annealed
50P2:c50P2 duplex was added in the presence of 3–6 U of
T4 DNA ligase (Promega). The reaction mixture was incu-
bated for 16 h at 15�C and was then subjected to a 6% dena-
turing polyacrylamide gel. The ligated library was isolated
from the gel. All the enzymatic reactions in this step were
carried out in the buffers provided by the manufacturers. Steps
1 and 2 were modified from Shtatland et al. (14).

Step 3. As in step [1], PCR was performed to introduce a
Fok I recognition site to the 30 primer region of the library
(primers: 50P2 and 30P-Fok). Subsequently, a ribose linkage
was added to the junction of the 50 primer and genomic inserts
by another PCR reaction (primers: 50P2-OH and 30P-Fok). At
least 1 ml of internally 32P-labeled PCR products (see above)
was obtained at this step, which was then concentrated and
ethanol precipitated. 50P2, instead of 50P2-OH, was included in
a parallel PCR reaction (0.2 ml) to prepare dsDNA templates
used at Step 6.

Step 4. To remove primer regions from both ends, the
library was incubated with 15 U of Fok I in a volume of
20 ml and digested at 37�C. After 2 h, NaOH was directly
added to the reaction to a final concentration of 0.2 M.
Alkaline hydrolysis was performed �24 h at 37�C or 10 min
at 95�C. The reaction was neutralized with acetic acid,
ethanol precipitated and purified on an 8% denaturing poly-
acrylamide gel. The genomic insert produced at this step was
�57 nt in length and contained no primer-annealing
sequences; it could be easily separated from the cleaved
primers (16–27mers) and complementary strands (�87mer)
on denaturing gels. Typically, 30–40 pmol of primer-free
library was recovered.

Step 5. For the selection reaction, the g5p was added to the
primer-free library and incubated at 37�C for 15 min. The
reaction was performed in the same buffer as for regular
SELEX, except that 20 mM Tris–HCl was used in this experi-
ment. Selection ratios (bound DNA/total DNA) were 2.4–
10.5%. The g5p-bound DNA was separated by EMSA and
recovered as described previously (18).

Step 6. The following steps were dedicated to regenerating
primer-annealing regions for the selected genomic sequences.
To synthesize a 30 primer region, the selected primer-free
sequences were combined with 2.5 U of Taq, dNTPs
(0.2 mM each of dATP, dGTP, dCTP and dTTP), and at
least 2-fold amounts of full-length dsDNA templates from

Step 3. The mixture was denatured at 94�C for 1 min and
incubated at 72�C for 3 min for hybridization and extension.
Analogous to a PCR reaction, this process was repeated for 20
cycles to maximize the yield (63–86%).

Step 7. The 30-primer-bearing sequences (�94mer) had to
be purified on denaturing gels to remove the template strands
(�110mer), which might interfere with the following
reactions.

Step 8. The sequence was then converted to blunt end
duplexes before ligation of a 50 primer sequence. The purified
products from Step 7 were phosphorylated at the 50 end by T4
polynucleotide kinase (Promega). The reaction (20 ml) was
carried out for 30 min at 37�C and stopped by heating
2 min at 95�C. To the same tube, 100 pmol of 30P-Fok was
added to hybridize to the 30 primer region of the library (95�C
for 1 min, 60�C for 10 min and 25�C for 10 min), and then
dNTPs (0.25 mM each of dATP, dGTP, dCTP and dTTP) and
Klenow fragment (5 U) were added to give a final volume of
40 ml. The reaction was performed at 37�C for 25 min and
50�C for 5 min. After phenol/chloroform extraction and eth-
anol precipitation, the sample was resuspended in water and,
without further purification, was ready for ligation.

Steps 9 and 10. The ligation reaction was performed with
the pre-annealed 50P2:c50P2 duplexes, and the ligated products
were purified from denaturing gels as described in Step 2. The
overall yields for Steps 8 and 9 were 63–76%. The library at
this point had acquired both the 50 and 30 primer regions and
could be amplified by PCR, with primers 50P2-OH and
30P-Fok, to begin another round of SELEX. In our experi-
ments, a total of five rounds were performed, and selected
DNA from the fourth and fifth rounds was cloned and
sequenced.

RESULTS

Construction and characterization of genomic library

A series of ssDNA libraries derived from the bacteriophage fd
genome were constructed, based on the protocol used by Gold
and co-workers (13). FDG-82 (�82mer) and FDG-118
(�118mer) were two libraries obtained using that protocol,
and respectively carried about 50 and 86 nt of genomic
sequence in the central region (called genomic inserts). The
FDG-82 library was characterized by sequencing, statistical
analysis, PCR and genomic insert overlapping analysis, and
the results showed that the library essentially contained ran-
domly distributed genomic inserts that covered the entire
genome, including the hairpins from the IG (data not shown).
We assume that FDG-118 as well as FDG-82 was a similarly
representative genomic library for SELEX experiments.

Regular genomic SELEX

FDG-82 was first used for SELEX selection of high-affinity
genomic sequences for binding to g5p. The procedure was
similar to that previously used for SELEX with g5p and a
chemically synthesized random library (18). To approximate
physiologically relevant conditions, the selection reaction was
performed at 37�C in a pH 7.4 buffer containing 200 mM KCl
and 1.5 mM MgCl2. Table 1 shows 28 cloned sequences after
four rounds of selection. These sequences represented two
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major (in genes 2 and 6) and one minor (in gene 3) genomic
sites and were respectively grouped into three families (I, II
and III). The sequences within each family largely overlapped.
Two common aspects of these sequences were observed. First,
they were located in pyrimidine-rich regions of the genome;
this was consistent with the known binding preference of g5p
for pyrimidines (33,34). Second, a few mutations were found
in most sequences and were generally located near the extreme
ends of the variable regions; these mutations presumably ori-
ginated from mismatches of the primers with the hybridized
genomic sequences during construction of the library (13).

It has been reported that primer-annealing sites might be
involved in base pairing with the genomic inserts (14), and this
could lead to artifacts if the resulting structures play a role in
binding with the target protein. We chose a representative
sequence AU-6 from family I to test the influence of primer-
annealing sites on the DNA structures and g5p-binding affin-
ities. AU-6 had no mutations in the genomic insert and was an
85mer containing the 50 and 30 primer-annealing sites. A trun-
cated 53mer sequence, AU-6c53, was also synthesized without
the primer-binding tails for comparison. Ultraviolet (UV)

melting experiments (data not shown) indicated that AU-
6c53 at 200 KCl had no apparent structures (melting temper-
ature, Tm < 15�C), whereas the Tm of AU-6 was �35�C, close
to the reaction temperature (37�C) for selection, suggesting
that some DNA structures might be involved when binding
with g5p. Further EMSA experiments supported this argu-
ment. As shown in lane 1 of Figure 2A, two complexes, inter-
mediate and saturated complexes, appeared on the gel when
AU-6 was bound by g5p. This EMSA pattern was similar to
those of g5p binding to DNA structures of G-quadruplexes and
hairpins, as reported previously (18,19,31). Possible AU-6
structures were calculated by mfold (35), and a few stem-
loop foldings were predicted, in all of which one or both of
the primer-annealing sites were extensively involved in base
pairing (data not shown).

To further explore the effects of primer-annealing sites and
the resulting structures on g5p-binding affinity, g5p was added
to samples containing AU-6, in which the 30 primer-annealing
site was free or blocked by a complementary oligonucleotide,
and various amounts of an unrelated single-stranded compe-
titor DNA (I-7c26) were present. As shown in Figure 2, the

Table 1. Twenty-eight DNA sequences from the fourth round of regular genomic SELEX

Clone Sequence (5� to 3�)a

Family I (in gene 2)
6171 6230

Genome    GACTGTCTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCATTGC
AU-6      CTGTCTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC

AU-2 (4)b   CTGTtgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
AU-4      CTGcCTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACcCCGGC
AV-2      CTGaCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
AV-16          CTGTtTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGa
AV-10        cGaCTtCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
AV-1         ctgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGtC
AU-9          gcCgGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCt
AV-6           gCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCtc
AV-7           gCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC 
AV-9           gCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCgc

Family II (in gene 6)

3068 3130
Genome GGGCGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAA

AV-4              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAA 
AU-7              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTA 
AV-13              AgTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTA 
AV-3              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCcGTA 
AV-20              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCaCcGTA 
AV-12              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCgtTGT
AV-8              ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCaGatgt
AU-3           cgAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTtTCcCTGT
AV-14           attcgcCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGT
AU-5      TTCAGcTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTtTTCTC
AU-1  ctCacctgccTcAacCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTC
AU-8        ttGaggcagaattCGcCTAATGCGCTTCCCTGTTTTTATGTTATTCTtTCgtT

Family III (in gene 3)
 1583 1647

Genome  AAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAA 

AU-10                tatcTgCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTtA
AV-19   ggcAgaATTcgcCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCaG

aOnly the sequences of the genomic inserts are shown. Mutated nucleotides are presented in lower cases. A short segment of the fd genomic sequence is shown for
comparison; the numbers above the sequence indicate the start or end positions of the sequence in the genome (GI:215394).
bThe number in parentheses is the number of clones with identical sequences.
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g5p-binding affinity for AU-6 was apparently reduced so that
the competitor was more effective when the 30 end of AU-6
was inhibited from intrastrand base pairing. Therefore, the
primer-annealing sites of the fd genomic library may play
an important role in g5p binding during this regular SELEX
experiment, and the selected genomic inserts alone may not be
high-affinity g5p binders.

Primer-blocking genomic SELEX

To reduce or eliminate the interactions between primer-
annealing sites and genomic inserts, the primer-binding tails
of the same original genomic library (FDG-82) were blocked
by hybridization with complementary oligonucleotides before
the selection reactions with the g5p were performed in each
round; otherwise the same experimental procedures were fol-
lowed as for regular genomic SELEX. Table 2 shows the
cloned sequences after four rounds of selection. Out of 21
clones, 19 (family IV) overlapped in the coding region of

gene 2 and were almost identical to the family I sequences
from regular genomic SELEX (see Table 1). Apparently, this
region of gene 2 represented by the family IV sequences was a
preferred g5p binding site, even though the affinity of a similar
sequence was reduced by blocking the primer-annealing sites
(see Figure 2). In contrast, we did not identify any sequences
homologous to those in family II, the other major group of
sequences from regular genomic SELEX. Therefore, it was
likely that the g5p-binding affinity was more significantly
inhibited for the sequences in family II than those in
family I (�family IV) when the primer-annealing sites were
blocked.

In the primer-blocking protocol, non-genomic (primer-
annealing) sequences are still present, even though they are
hybridized and are inhibited from base pairing with the geno-
mic inserts. Some unforeseen factors associated with the tails
still could be affecting target protein binding. To completely
eliminate those potential problems, we designed a new SELEX
protocol, termed primer-free genomic SELEX, in which the
primer-annealing sites were removed prior to the g5p selection
step and then regenerated prior to amplification.

Primer-free genomic SELEX

A primer-free genomic library was generated by introducing a
restriction site to the 30 end and a ribose linkage to the 50 end
primer-annealing regions, which were removed by enzymatic
and alkaline treatments (Figure 1, Steps 1–4; ‘P-free’ band in
Figure 3A). The variable regions, which usually contained a
few point mutations due to the library construction (see Tables 1
and 2), were also concomitantly removed by this procedure.
Since a considerable length of the DNA strands had to be
deleted, we chose a longer genomic library (FDG-118,
�118mers) for the starting material, which was finally
trimmed to �57mers, containing only genomic sequences,
for the selection reaction with g5p (Figure 1, Step 5). To
regenerate primer-annealing sites, we hybridized the selected
sequences to the unselected dsDNA templates under very
stringent conditions (Figure 1, Step 6a). Success of this step
relied on the fact that the PCR-amplified dsDNA templates
(after Step 3) should contain many copies of each unique
sequence, including the ones whose genomic inserts were
selected by g5p binding. Thus, the selected sequences should
be able to find complementary strands within a mixture of the
templates. The hybridized genomic inserts were then elon-
gated by a thermal-stable DNA polymerase to synthesize
the 30 primer-annealing sequence (Figure 1, Step 6b). The
elongated products were quite homogenous in length and
formed a discrete band on denaturing gels; this band was
well separated from the templates and unreacted DNA, and
thus could be unambiguously isolated (‘+ 30P’ band in
Figure 3B). This key step was usually accomplished with
high yields (63–86%) in our experiments. The following liga-
tion of the 50 primer-annealing tail was relatively straightfor-
ward (Figure 1, Steps 7–9; ‘+ 50P + 30P’ band in Figure 3C).
Finally, the selected sequences were amplified by PCR for
another round of SELEX.

Table 3 shows 26 cloned sequences after four rounds of
selection with our current protocol. One major (family V) and
one minor (family VI) groups of sequences were identified,
both different from those in the previous two experiments.

Figure 2. Effects of primer hybridization of AU-6 on g5p binding. (A) EMSA.
32P-labeled AU-6 (1 mM) was heated at 95�C for 3 min in the absence (lanes
1–5) or presence (lanes 6–10) of 1.5 mM 30P (30 primer). The mixtures were
cooled slowly at room temperature for 15 min to allow primer hybridization.
Various concentrations (0–16 mM) of a DNA competitor (I-7c26) were added
before adding 12.8 mM of g5p. The binding reaction was performed at 37�C for
30 min and subjected to a 2.5% agarose gel. Shown is a phosphor image of the
dried gel. (B) Quantitation of complex formation inhibited by the competitor in
the absence (open circle) or presence (solid circle) of 30P. Percentages of
g5p�AU-6 complexes (intermediate plus saturated) retained in each lane of
(A) were quantitated and normalized to the samples without competitors
(lane 1 or 6).
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Because the variable regions were removed, mutations at the
ends of the selected sequences were greatly reduced, except in
the very end nucleotides. (The underlined regions in Table 3
covered the variable regions and were synthesized during
regeneration of the 30 primer.) UV melting experiments
showed that the Tm of a representative sequence, BA-8,
from family V was �28�C in 200 mM KCl (data not
shown), suggesting that sequences in this pyrimidine-rich fam-
ily did not form stable DNA structures at 37�C, the temper-
ature used for the g5p binding reaction during SELEX.

Future work is needed to assess whether interactions of g5p
with BA-8 (or other homologs in family V) play a role in the
cell. For this work, we made a preliminary determination of
the relative binding affinities of BA-8 and a downstream con-
trol sequence BA-8-C (both 57mers) for g5p. As shown in
Figure 4, a �23-fold higher concentration of BA-8-C than
BA-8 was required to dissociate 50% of the g5p�BA-8 com-
plexes, demonstrating that, in the current assay system, the
selected genomic sequences in family V had higher affinity for
g5p binding than a neighboring sequence. However, this com-
petitive binding assay was performed with two pure, synthe-
sized sequences. Actual SELEX selections are carried out in
the presence of thousands of different genomic sequences,
where it is possible that one sequence is selectively bound
by g5p because it forms an interstranded structure with another
sequence. Therefore, criteria other than the relative binding
affinities of individual sequences may be needed to assess the
significance of selected sequences.

On the other hand, sequences in family VI were derived
from the intergenic region of the genome, and included a

Table 2. Twenty-one DNA sequences from the fourth round of primer-blocking genomic SELEX

Clone 

Family IV (in gene 2)
6171 6230

Genome    GACTGTCTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCATTGC
     CTGTCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
      TGTCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
       GTCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
       GgggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
       GgagCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCtg
       GgagCCGGCCTTTCTCACCCGTTTGAATCTTcGCCTACTCATTACTCCGGCAcgc
       GggTCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
       tgCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTgCCGGCAcc
        TCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
        TggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
        cCgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
        ctgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
        cggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
        cggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACgCCttC
         CgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTgCTCCGGC
         CgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGC
         CgCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCAaTaC
         ggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTACTCCGGCA
         ggCCGGCCTTTCTCACCCGTTTGAATCTTTGCCTACTCATTATTCCGGCt

Othersb

   CGCCCGgTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCTCCGtCT

AZ-8
AZ-7
AZ-6
AZ-1
AY-3
AZ-9
AY-5
AZ-18 
AZ-3
AZ-20 
AY-2
AZ-2
AZ-15 
AZ-17 
AY-4
AY-8
AZ-10 
AZ-19 
AZ-13

AZ-4
AZ-14    GCGTTGTGGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTc

Sequence (5� to 3�)a

aOnly the sequences of the genomic inserts are shown. Mutated nucleotides are presented in lower cases. A short segment of the fd genomic sequence is shown for
comparison; the numbers above the sequence indicate the start or end positions of the sequence in the genome (GI:215394).
bAZ-4 and AZ-14 are located at genomic positions 5570–5620 (in the intergenic region) and 1757–1806 (in gene 3), respectively. The shaded region of AZ-4 is from
part of the predicted hairpin A in the intergenic region.

Figure 3. Examples of gels used to monitor products from each round of primer-
free genomic SELEX. (A) Isolation of primer-free DNA after restriction
enzyme and alkaline treatments (Figure 1, Step 4). (B) Isolation of samples
after synthesis of the 30 primer-annealing sequence (Figure 1, Steps 6–7). Note
that the amount of the templates was at least 2-fold higher than that of the
primer-free DNA; the templates were intentionally reduced in radioactivity to
give a lighter band on the gel. (C) Isolation of samples after ligation of the 50

primer-annealing sequence (Figure 1, Step 9). Shown are phosphor images of
8% denaturing polyacrylamide gels. Intact, dsDNA PCR product; Comp strand,
complementary strand; P-free, primer-free DNA; Temp, template DNA; + 30P,
DNA containing the 30 primer-annealing sequence; + 50P and + 30P, DNA
containing both 50 and 30 primer-annealing sequences.
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downstream segment of hairpin A, the morphogenetic signal
for viral packaging (22,23). Interestingly, one cloned sequence
from the primer-blocking protocol (AZ-4, see Table 2) was
similar to this family, though it contained a much shorter
hairpin A segment and was not redundant. Accordingly, we
performed one more round of primer-free genomic SELEX
selection to see whether family VI would be enriched. Out of
27 cloned sequences from the fifth round of selection, 23 were
similar to the sequences in family V, and only two were homo-
logous to those in family VI (data not shown). Therefore, with
our protocol and the FDG-118 genomic library, sequences of
family V were still the best g5p binders.

DISCUSSION

A new primer-free method

Genomic SELEX is a useful tool for identifying genomic DNA
or RNA transcripts that bind tightly to target proteins in vitro,
and an expectation is that identified protein–nucleic acid

interactions will give insight into in vivo biological events.
To yield significant results, the binding between target proteins
and the genomic library should not be influenced by artificial
factors, such as the presence of primer-annealing sequences of
the library. In this study, we first employed regular genomic
SELEX with the bacteriophage Ff g5p and showed that the
primer-annealing sites did affect protein binding. The primer-
binding tails of a typical sequence AU-6 appeared to form base
pairs with genomic inserts of the selected sequences, and the
affinity for g5p was decreased when the tails were blocked by
complementary oligonucleotides (see Figure 2). We next
employed a primer-blocking protocol, which gave a family
of sequences homologous to AU-6, so an unforeseen influence
of the primer-annealing sequences could still not be excluded.
Therefore, a primer-free genomic SELEX procedure was
developed to circumvent problems related to the presence
of primer-annealing sequences.

A major challenge in the design of a primer-free genomic
SELEX protocol is how to efficiently regenerate the primer-
annealing sites for ssDNA or RNA libraries. (In contrast,

Table 3. Twenty-six DNA sequences from the fourth round of primer-free genomic SELEX

Clone Sequence (5� to 3�)a

Family V (in gene 6)
2851 2930 

Genome TAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATCTG

 cATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGC
 cATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTcCGGC

    CATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCcGc

    CATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTaGTTCGGCTATC
      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTATC
      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTtCTTCTGGTAACTTTGTTCGGCTc
      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGtCc

      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGC

      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTaTTCGGC
      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCaGC

      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTcCGGC

      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTTCTCGGTTTtCTTCTGGTAACTTTGTcCGGC
      TGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAgCcTTGTTCGGC
      TGCCAGTTCTTTTGGGTATTCtGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGG
       GCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGcTTCCTTCTGGTAACTTTGTTCGGC

Family VI (in IG) 
5538 5615 

Genomec CAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCTC

   tGTGACCGCTACACTTGCCAGCGCCCTAGtGtCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCC
      GACCGCTACACTTGCCAGCGCCtTAGCGCCCtCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCcC
      GACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCtTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTcC

Othersd

AATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGc
TTGGTGACGTTTCCGGCtTTGCTAATGGTAATGGTGCT-CTGGTGATTTTGCTGGCTCTAATTCCC

BA-20 
BA-15 
BB-12(2)b

BA-13 
BA-4
BA-16 
BB-7
BA-8 (3)b

BA-5
BB-11 
BA-7 (3)b

BB-4
BA-2
BB-10 
BA-12 

BA-11 
BA-14
BA-22

BA-19 
BA-6
BB-8 GgCCGTCTAAtCTCTGTTTTATCTTCTGCGGGTGGTTCGTTCGGTATTTTTAACGGCGATGTTTTAcGGC

aOnly the sequences of the genomic inserts are shown. Mutated nucleotides are shown in lower cases. Underlined are 11 nt (including the 9mer variable region) that
were absent in protein-binding reactions but were synthesized during regeneration of the 30 primer (see Figure 1, Step 6b). A short segment of the fd genomic sequence
is shown for comparison; the numbers above the sequence indicate the start or end positions of the sequence in the genome (GI:215394).
bThe number in parentheses is the number of clones with identical sequences.
cThe shaded region is from part of the predicted hairpin A in the intergenic region.
dBA-19, BA-6 and BB-8 are located at genomic positions 1990–2058 (in gene 3), 2540–2605 (in gene 3) and 4917–4987 (in gene 4), respectively.
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ligation of primer-annealing sequences to dsDNA libraries
with cohesive or blunt ends is more straightforward.) In pre-
liminary experiments, we tried using T4 RNA ligase from
various suppliers to ligate primers to single-stranded genomic
fragments, but the yields were very low and not consistent
(usually <10%; data not shown). In addition, optimal condi-
tions for ligation include low temperatures (<20�C), which
may selectively reduce the ligation efficiency for sequences
that form structures. In our final protocol, we performed a
thermal cycle reaction to synthesize the 30 primer-annealing
site. DNA structures including templates (dsDNA, having both
50 and 30 primer-annealing sites) were denatured at 94�C,
following which the selected genomic fragments were hybrid-
ized to complementary templates and elongated by the Taq
polymerase at 72�C to synthesize the 30 primer-annealing site.
The denaturation-hybridization-polymerization process was
repeated several times to increase the yields. This protocol
relies on successful hybridization, and thus libraries or selec-
tion pools that are more complex (diverse) than the fd genomic
library will have to be tested for efficiency of hybridization at
this step. The fd genomic DNA is only 6408 nt in length, and
it is theoretically represented by about the same number of

unique sequences in the library. The size is extremely small,
compared with the random chemical library of 26 nt (com-
prising �1015 sequences) used in our previous work. If a more
complex starting library is used, a few initial rounds of regular
or other types of SELEX could be performed to reduce the
diversity of the selection pool, and help decrease the chance of
preferential selection of sequences with repeated elements,
before the primer-free protocol is applied.

SELEX with libraries lacking primer-annealing sites, sim-
ilar to our primer-free genomic SELEX, has been used by
Pagratis et al. (36). To regain PCR-amplifiable sequences,
the selected sequences in their procedure were biotinylated
and immobilized to capture (‘fish’) complementary template
strands (having both primer-annealing sites) by hybridization.
This is straightforward, but template sequences that are highly,
but not exactly, complementary to the selected genomic frag-
ments may also be captured and amplified to yield false-
positive results. In our system, PCR-amplifiable sequences
are directly derived from the selected genomic fragments,
and thus false-positive results are less likely.

Selected genomic sequences

In the present work, two major groups of sequences from two
loci of the fd genome were selected by regular genomic
SELEX (see Table 1), and the genomic fragments were pre-
dicted to form structures with the primer-annealing sites.
Results from genomic SELEX with a primer-blocking proto-
col showed that sequences homologous to AU-6 were still
selected and dominated when the same starting library was
used (family IV in Table 2 was homologous to family I
in Table 1). It was not likely that these sequences were selec-
ted from unblocked strands, since we employed an
immobilization-elution method to maximize the population
of primer-annealed sequences in the selection pool (for details
see Materials and Methods). In addition, the g5p seemed not to
displace the primers when binding to primer-annealed
sequences, because the EMSA patterns for AU-6 were differ-
ent in the presence and absence of complementary oligomers
(Figure 2A, compare lanes 1 and 6). Therefore, the genomic
inserts in family I may indeed be preferred g5p binding sites,
but the influence of hybridized primer-annealing tails on g5p
binding to the central genomic sequences is still difficult to
assess, especially when it was recently found that the g5p is
able to bind to dsDNA more strongly than previously recog-
nized (37). Moreover, the selected sequences by our primer-
free protocol did not include those of family I, although it
should be pointed out that a different library was used for
the primer-free protocol. In any case, SELEX with genomic
fragments containing primer-annealing tails, being intact or
blocked, is not the best strategy for confident, unambiguous
selection of biologically significant sequences.

As described in the introduction, the g5p performs its bio-
logical functions by binding to the viral genomic DNA and
some RNA transcripts (24–28). The whole genomic DNA is
saturated when bound by g5p, whereas in the case of RNA
transcripts the primary binding sites are in the leader
sequences, probably leaving the rest of the RNA unbound.
Therefore, the control of viral protein expression by g5p
may involve more specific protein–nucleic acid interactions
than does the control of viral DNA replication and assembly.

Figure 4. Relative g5p-binding affinity of BA-8 versus BA-8-C. (A) EMSA.
A fixed amount of 32P-labeled BA-8 (1 mM) was mixed with increasing
concentrations of unlabeled BA-8-C (0–107 mM) in a buffer of 20 mM
Tris–HCl, pH 7.4, 200 mM KCl and 1.5 mM MgCl2. After adding 11.2 mM
of g5p, the mixtures were incubated at 37�C for 15 min and subjected to a 2.5%
agarose gel. Shown is a phosphor image of the dried gel. Lane 1, 32P-labeled
BA-8 only. (B) Quantitation of complex formation inhibited by BA-8-C.
Percentages of g5p�BA-8 complexes retained in lanes 2–10 of (A) were
quantitated and normalized to the sample without BA-8-C (lane 2).
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In this respect, selection of RNA sequences by genomic RNA
SELEX may be more relevant in terms of the sequences
having a biological function. The genomic DNA sequences
selected in this study may have no function other than perhaps
a fortuitous role in initiating cooperative binding of g5p to the
viral genome. A more elaborate set of experiments, beyond the
scope of this paper, will be required to test for any biological
function of the selected sequences. Nevertheless, our primer-
free genomic SELEX offers a method to identify potentially
biologically important nucleic acid sequences for target mole-
cules while simultaneously reducing artificial effects.
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