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ABSTRACT

We describe a method for retrieving se-
quences with one or two point mutations of
a given target sequence, which are present
in a DNA population at a frequency of 1 in
466 × 103 and 1 in 28 × 103 molecules, re-
spectively. By stringent hybridization to a
stable, chemically immobilized probe, a
large excess of unrelated fragments is re-
moved, and the bound sequences are disso-
ciated and amplified. By repeating the hy-
bridization-amplification cycles twice, we
achieved an estimated enrichment of
404 000-fold and 1612-fold, respectively,
which was confirmed by cloning the resul-
tant products and sequencing 35 clones.
This procedure can be applied to retrieve
mutated sequences that exist at an extreme-
ly low frequency in a DNA population.

INTRODUCTION

A fundamental problem frequently
faced in molecular biology is the iden-
tification and isolation of rare, mutated
molecules present in a given DNA pop-
ulation by utilizing existing sequence
data. Examples of such cases include
germ-line mutations as in genetic dis-
ease (3,5), differences acquired by in-
fection with a DNA-based pathogen
(18), somatic mutations that lead to
cancer development (7,9) and, particu-
larly, natural mutations occurring dur-
ing the immune response (4,6,14). Mol-
ecular studies using conventional
hybridization techniques are hampered
by the large repertoires and the high de-
gree of homology, at the DNA level,
among antibody molecule families with
the same specificity. Analysis of the
repertoire by cloning is limited by the
transformation efficiency of the host or-
ganisms, in addition to the problems of
handling and screening such large li-
braries.

We have recently described a simple
and reliable method of direct chemical
immobilization of DNA probes to ordi-
nary polystyrene microwells, allowing
both amplification and hybridization to
take place in the same well (13). We
reasoned that this approach could be
particularly applicable for enrichment
and retrieval of rare DNA sequences,
suitable for somatic mutation studies.
In the present investigation, we report
(i) definition of the conditions for
achieving effective retrieval and (ii)
evaluation of the method by retrieving
extremely rare DNA fragments con-
taining point mutations of a target nu-
cleotide sequence from a large pool of
synthetic DNA molecules with great
sequence homology.

MATERIALS AND METHODS

Oligonucleotides

We designed and synthesized the oli-
gonucleotides as described in Table 1.

Oligonucleotide Immobilization

The CDR3 oligonucleotide was
added a 5′ amino group and a methyl-
ene spacer for the immobilization reac-
tion. Oligonucleotide immobilization
on polystyrene surface of enzyme-
linked immunosorbent assay (ELISA)
wells (MaxiSorp; Nalge Nunc Inter-
national, Roskilde, Denmark) was per-
formed utilizing carbodiimide chem-
istry as described elsewhere (13).
Briefly, 50 pmol of CDR3 oligonu-
cleotide diluted in 100 µL of a solution
containing 0.5 mg/mL p-nitrophenol
and 0.5 mg/mL 1-ethyl-3-3-(3-dimeth-
yl-aminopropyl) carbodiimide (EDAC)
were transferred to each microwell. Af-
ter a 2-h incubation with continuous
shaking, in the dark at room tempera-
ture (RT), excess reagents were re-
moved, and the wells were washed four
times with wash buffer (0.1% Tween

20 and 1 M NaCl). The wells were then
blocked with 100 µL of blocking solu-
tion (0.5% bovine serum albumin
[BSA], 0.1 M NaCl and 10 mM PO4

3-,
pH 7.4) for 30 min at RT. After a sec-
ond wash step, (four times with wash
buffer and twice with deionized water),
the wells were stored at -20°C until
needed.

Hybridization Conditions

As source of the complementary
strand, we used a gel-purified poly-
merase chain reaction (PCR) product
(250 bp) of the primers [CDR3] and
[FR1] from a cDNA mixture of a poly-
clonal B-cell population. Labeling with
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[32P]dCTP and dATP (Amersham In-
ternational, Little Chalfont, Bucks,
England, UK) was performed by nick-
translation (11) to a specific activity of
1.5 × 108 counts per minute (cpm) per
µg DNA. Hybridization experiments
were carried out as follows: the radiola-
beled [FR1-CDR3] product was diluted

in 6× standard saline citrate (SSC)
buffer to a final volume of 100 µL and
transferred to the coated microwells;
the aqueous phase was covered with
paraffin oil to avoid evaporation. The
entire hybridization procedure was per-
formed on a thermal cycler modified to
accept ELISA wells (I.H. block; Gene-

sys Instruments, Cambridge, England,
UK). After a heat-denaturation step
(92°C, 5 min), the wells were incubat-
ed at the desired hybridization temper-
ature for 30 min. The solution was dis-
carded, and the wells were washed four
times with 300 µL of preheated 6× SSC
solution at hybridization temperature to
remove unreacted DNA sequences.
Specifically hybridized molecules were
released by heating the wells to 92°C
for 3–4 min in 100 µL 6× SSC. Radio-
activity of the resultant supernatant was
measured by liquid scintillation using a
Model LS 1701 Beta-Counter (Beck-
man Instruments, High Wycombe,
Bucks, England, UK).

Screening of the Synthetic CDR3 
Library

The conditions applied for each hy-
bridization-amplification cycle were as
follows: hybridization solution con-
tained 6× SSC, 0.5% sodium dodecyl
sulfate (SDS), 100 ng/mL salmon
sperm DNA, and the wash buffer con-
tained 2× SSC, 0.5% SDS. Ten nano-
grams of the degenerate CDR3 oligo-
nucleotide were allowed to hybridize at
60°C, as described above in both
[CDR3]-coated and BSA-blocked
wells. After washing 4 times with wash
buffer and 4 times with 1× PCR buffer
(Stratagene, La Jolla, CA, USA), 100
µL 1× PCR buffer were added, and the
wells were heated to 92°C for 3 min to
recover bound molecules; PCR amplifi-
cation followed using 1 µM of each
primer [HP1 and HP2], 0.2 mM dNTPs
and 2.5 U AmpliTaq (Perkin-Elmer,
Norwalk, CT, USA) per reaction. Cy-
cling was done on Cetus PCR Appara-
tus (Perkin-Elmer) between 92°, 54°
and 72°C for 35 cycles. Two more hy-
bridization-PCR steps were performed
at 65° and 70°C, respectively.

Cloning and Sequencing

The PCR fragment was treated with
Klenow and ligated in the SmaI site of
Bluescript plasmid (Stratagene). Se-
quencing was performed in both strands
using the standard T3 and T7 primers
(shown above), the Sequenase Version
2.0 Kit (Amersham International) and
the producers protocol.
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Primers for the generation of the PCR product containing the CDR3 sequence
were selected from the sequence of the human recombinant antibody fragment
specific to the V3 region of the human immunodeficiency virus Type 1 (HIV-1):

FR1: 5′-GTCCTCGCAACTGCCCCATGGCCCAGGTGCAGCTGCACC-
AGTCGGG-3′

CDR3: 5′-CTCCGGTACCTATTGGCTATAGGTGCG-3′

Degenerate CDR3 oligonucleotide: 5′-GAAGGAGCCACCCCACAAGCGNANN-
TATANNNAATANNTANNNNAGGGGGGGACATCAAGCAGCC-3′

Primers for the amplification of the degenerate CDR3 oligonucleotide:

HP1: 5′-GAAGGAGCCACCCCACAAG-3′
HP2: 5′-GGCTGCTTGATGTCCCCCC-3′

Sequencing primers:

T3: 5′-AATTAACCCTCACTAAAGGG-3′
T7: 5′-GTAATACGACTCACTATAGGGC-3′

Table 1. Oligonucleotides

Figure 1. Hybridization capacity of the immobilized probe. As source of the complementary strand, a
gel-purified radiolabeled PCR product of the primers [CDR3] and [FR1] was used. Labeling with 32P
was performed by nick-translation to a specific activity of 1.5 × 108. Hybridization was done at 55°C for
30 min. Hybridized molecules were released by heating the solid phase at 92°C for 3 min in 6× SSC, and
the resultant radioactivity was quantitated by liquid scintillation.
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RESULTS AND DISCUSSION

Covalent immobilization of the 5′
aminated [CDR3] oligonucleotide,
identical to a specific CDR3 hypervari-
able region of an immunoglobulin vari-
able region clone (1), was performed
after carbodiimide activation of the
polystyrene surface of ELISA wells; a
hexamethyl diamine spacer was also in-
cluded to enhance molecular flexibility.
We investigated the hybridization capa-
bility of the immobilized probe by
adding different amounts of comple-
mentary DNA. As a source of the com-
plementary strand, a gel-purified [FR1-
CDR3] radiolabeled PCR product (250
bp) was used. The maximum capacity
of the wells, under the conditions ap-
plied, was approximately 25 fmol
(Figure 1).

The observed plateau of the amount
of DNA annealed at higher concentra-
tions was related either to the high rate
of self annealing of the complementary
DNA or due to saturation of the avail-
able annealing sites on the solid phase.
Hybridization efficiency in relation to
soluble single-stranded DNA added,
ranged between 0.5% and 7%, in agree-
ment with previous reports (10). Non-
specific binding of DNA to the solid
phase was below 15 amol. Hybridiza-
tion of 2 ng (15 fmol) of [FR1-CDR3]
radiolabeled PCR product was carried
out at 40°, 45°, 50°, 55° and 60°C to
immobilized CDR3 to define the condi-
tions for maximal specific binding. Hy-
bridization with minimal nonspecific
binding stabilized at and above 50°C.
The specificity of the interaction be-
tween the immobilized oligonucleotide
and the complementary DNA was eval-
uated by adding excess unlabeled, non-
specific, competitor DNA in the hy-
bridization solution. Salmon sperm
DNA, cut with EcoRI, was added in
molecular excess up to 80 000 times.
Only a moderate reduction in the hy-
bridization efficiency was observed, in-
dicating the considerable selective
power of our system.

The efficiency of our method to se-
lectively retrieve rare DNA sequences
was evaluated. A 67-base oligonu-
cleotide was designed containing the
sequence of the CDR3 region of a re-
cently characterized recombinant hu-
man anti-V3 (HIV-1) antibody frag-

ment (1) with 12 degenerate bases and a
constant priming site at each end. The
artificial population produced was de-
signed to simulate usual situations of a
given library or a cDNA population,
with an estimated 16.7 × 106 unique se-
quences present. The degenerate oligo-
nucleotide was subjected to three selec-
tion cycles, with each cycle consisting
of hybridization of the DNA sequences
to immobilized amino-CDR3, removal
of the unhybridized material, detach-
ment of the CDR3-hybridized se-
quences by denaturing at 92°C and am-
plification of the resultant sequences by
PCR (Figure 2). After the first selection
cycle with a hybridization temperature
of 60°C, PCR products were present
from both the CDR3-coated wells and
the negative control wells (Figure 3A).
This probably also reflects amplifica-
tion of DNA molecules bound non-
specifically to the polystyrene surface.
When two further selection cycles with
increasing hybridization stringency

conditions (at 65° and 70°C, respective-
ly) were performed, the nonspecific
binding decreased after the second cy-
cle (Figure 3B) and disappeared at the
end of the third cycle (Figure 3C). The
final PCR product was gel-purified, and
a portion was re-hybridized back to the
selection well for confirmation of the
specificity of the product. It gave a sig-
nificantly higher and specific hybridiza-
tion signal as compared with the origi-
nal degenerate oligonucleotide. The
PCR product from the last hybridiza-
tion was also cloned and sequenced in
both strands. Sequencing results
showed that 30 out of 35 clones con-
tained only one nucleotide difference
(GC to AT) from the selection se-
quence. Of the remaining five clones,
three had two differences, one had 9
and one had 10. The resultant se-
quences were in agreement with theo-
retical calculations based on the melt-
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Figure 2. Schematic representation of the re-
treival procedure from the synthetic library of
oligonucleotides.

Figure 3. Analysis of PCR products by agarose
electrophoresis after (A) one, (B) two and (C)
three retrieval cycles. The first cycle consisted
of hybridization of the degenerate CDR3 oligo-
nucleotide, recovery and PCR amplification of
the bound molecules. 10 ng of the PCR product
were subjected to the second retrieval cycle. Sim-
ilarly, 10 ng of the resultant PCR product were
further subjected to the third retrieval cycle. Lane
1, negative PCR control; lane 2, PCR products af-
ter the retrieval procedure in CDR3-negative
wells; lane 3, PCR products after the retrieval
procedure in CDR3-coated wells; lane 4, positive
PCR control, containing 1 ng degenerate CDR3
oligonucleotide.
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ing point temperatures (Oligo Ver-
sion 4.01; National Biosciences, Ply-
mouth, MN, USA), which, according to
the software, 70°C should permit maxi-
mum mismatch of 2 nucleotides (nt).
We considered the clones with 9- and
10-nt differences as the background
level, since these molecules constituted
the majority (over 60%) of the original
population. All the nucleotide differ-
ences observed were located entirely on
the degenerate positions of the oligonu-
cleotide, which argues against the pos-
sibility of DNA polymerase errors. Tak-

ing into account the fact that the theo-
retical frequency of molecules with 1 nt
difference in the original population
was 1 in 466 000, our method enriched
the sequences with 1 nt difference
404 000 times (Figure 4). Similarly, we
achieved 1612-fold enrichment of the
sequences with two point mutations.
Note that the main objective of the pre-
sent study was not to obtain the fully
complementary molecule but to enrich
and retrieve sequences with one or two
point mutations from the complemen-
tary sequence.

In principle, the extremely high se-
lective power of our system, as demon-
strated using an [FR1-CDR3] 250-bp
PCR product of a human IgM/IgG
cDNA mixture in the presence of up to
80 000 times molecular excess of irrele-
vant DNA, should enable this method
to be applied in the retrieval of very
rare DNA fragments. The method is
particularly useful for studying one or
more mutations of a given sequence, as
is the case with the generated DNA
repertoires during the process of somat-
ic mutations of activated B lympho-
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Figure 4. Comparison of sequence heterogeneity in a DNA population before and after three retrieval cycles. (A) Theoretical frequency of sequences de-
rived from the synthesis of a 27-base oligonucleotide containing 12 degenerate bases, in relation to the homology with a given target sequence, expressed as %
similarity. (B) Frequency of sequences after three retrieval cycles, as determined by sequencing of 35 different clones.



cytes. We simulated such a repertoire
with an artificial degenerate oligonu-
cleotide. The enrichment achieved was
at least three magnitudes greater than
by any previously reported method
(2,8,12,15–17), and it could be im-
proved even further by incorporating
more cycles. Application of the proce-
dure to a cDNA library derived from an
actual antibody repertoire could result
in an even more efficient retrieval since
the sequence homology in a natural
repertoire is expected to be consider-
ably lower as compared to the synthetic
DNA population we used, thus improv-
ing even further the selective discrimi-
nation in favor of the target molecules.
Finally, note that from preliminary
data, the immobilized probe can be
used to retrieve plasmid DNA directly,
thus dissociating it from the PCR tech-
nique and widening the range of poten-
tial applications.
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