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Abstract—The gel retardation and FID (fluorescent intercalator displacement) techniques have been compared for the selection of
dsDNA binding ligands out of library mixtures. The selection procedure involves the synthesis and screening of unnatural oligo-
peptide libraries based on an iterative deconvolution procedure. Both methods yield comparable selection results and binding
constants for the selected compounds, meaning that they can be considered as complementary in the discovery process of new
antigene compounds. Furthermore, a quinazolin-2,4-dione amino acid has been identified as possessing interesting properties for
interaction with dsDNA.
# 2002 Elsevier Science Ltd. All rights reserved.

Several established techniques for discovering drugs
exist, that is the discovery by serendipity, by lead
compound modification and by a process called struc-
ture-based drug design.1 Development of new drugs can
furthermore be accomplished by screening large num-
bers of molecules from natural or synthetic sources for
activity. The advantage of screening for new active
compounds is that this technique requires a minimum of
knowledge about the disease process, the structure of
the screened molecules or the biological target. Using
this method, it is possible to discover totally new struc-
ture types with the desired biological activity, from nat-
ural products or chemical libraries. However, screening
is a more-or-less random process, involving trial and
error. As such, it is unpredictable in outcome and time
consuming in labor.1,2 Recently, it has become feasable
to test large numbers of compounds against many tar-
gets in a short time in the so-called high throughput
screening (HTS) systems, yielding lead structures in
short periods of time.3

In the antigene field, screening is being applied in order
to discover novel dsDNA interacting motifs. Thereby
individual compounds and library mixtures have been
analyzed on solid supports4 or in solution. A variety of
solution-screening methods have already been applied
for this purpose, for example selection or analysis of

nucleic acid ligands with affinity chromatography,
melting temperature determination, gel shift, fluorescent
intercalator displacement (FID), footprinting, competi-
tion dialysis, mass spectrometry, surface plasmon reso-
nance with chip technology and several other
methodologies.5�7 Recently a new technique, based on
measurements of DNA hybridization stability upon
ligand binding, was added as screening methodology
(‘hybridization stabilization assay’).8 Most of these
investigations use however individual compounds in
their activity tests.

In order to increase the discovery rate of new dsDNA
interacting compounds, screening of libraries is advan-
tageous. Recently, solution screening of combinatorial
library mixtures for dsDNA binding has been described
by using FID9 and DNase I footprinting.10,11

Although a lot of information can be gathered by
using footprinting assays to screen mixtures for
dsDNA ligands, the technique possesses also several
limitations. The method is slow, time-consuming,
demands relatively high technical skills and the selec-
tion of active compounds is not straightforward due to
sensitivity problems.11

Previously, we used gel retardation assays for the solu-
tion screening of library mixtures for their dsDNA
interaction capacities.12 This approach yielded several
unnatural oligopeptides with affinities in the 10�4 M
range for a 14-mer dsDNA target sequence, corre-
sponding to the binding site of the IL-6 nuclear factor
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(NF-IL6) [50-(AGATTGTGCAATGT)-30:50-(ACATT-
GCACAATCT)-30]. To evaluate this strategy and to
compare the gel retardation method with the recently
described high-throughput FID method,13 we repeated
the selection procedure using the latter approach. An
ethidium bromide displacement experiment was used to
select dsDNA binding unnatural peptides from libraries
and the results were compared with those obtained from
the gel retardation assays. Gel shift screening of library
mixtures has already been applied to select RNA inter-
acting molecules.14,15

The library used consisted of oligopeptides with the gen-
eral structure Ac-Arg-Ual-Sar-X1-X2-X3-Arg-CONH2,
with Xn representing each of 12 amino acid building
blocks depicted in Figure 1, except arginine (Arg). An
iterative deconvolution strategy was used to optimize
the oligopeptide structure, in which in a first step X1

was fixed and optimized, followed by X2 and finally X3.
The peptide libraries and individual compounds were
synthesized on solid support by using the Fmoc-based
strategy, the mix and split technique and standard cou-
pling reagents used in protein chemistry.12 Following
assembly, the peptides were cleaved from the solid sup-
port and used in screening assays after extraction and in
the case of individual peptides an additional purification
by reversed phase HPLC was applied.12

During the gel retardation screening of the peptides
with the general structure Ac-Arg-Ual-Sar-X1-X2-X3-
Arg-CONH2 the strongest binding peptides were selec-

ted by measuring the residual amount of free dsDNA.
The first screening round of twelve libraries with fixed
position X1, each consisting of a mixture of 144 pep-
tides, yielded three amino acids leading to a 20% or
higher decrease of unbound dsDNA at a 2 mM sub-
library concentration. The library with Chi on position
X1 yielded a residual amount of free DNA of 54%,
while for Hpr and Tal values around 80% were
obtained. Consequently, the oligopeptide library with
the general structure Ac-Arg-Ual-Sar-Chi-X2-X3-Arg-
CONH2 seemed to possess the highest interaction capa-
cities with the dsDNA target and was therefore selected
for further deconvolution, together with the Ac-Arg-
Ual-Sar-Tal-X2-X3-Arg-CONH2 peptides.

In the following cycle of screening, two times twelve
samples each containing 12 different synthetic peptides
needed to be screened. The screening experiments of
these peptide mixtures (1 mM) showed that for both
series the quinazoline derivative (Chi) possessed high
interaction capacities on position X2. For the case
where X1 was already fixed as Chi, likewise strong
binding peptides could be observed with either His, Cal,
Aal or Lum on position X2. For Chi on position X2

residual amounts of dsDNA were 45%, while this ran-
ged around 53% for Aal and Lum, 57% for Cal and
61% for His. Further gel based screening experiments,
also including selectivity tests with modified dsDNA tar-
gets, led to the selection of Chi on position X2 for both
libraries: Ac-Arg-Ual-Sar-Chi-Chi-X3-Arg-CONH2 and
Ac-Arg-Ual-Sar-Tal-Chi-X3-Arg-CONH2.

To compare the gel shift method with FID for mixture
screening, the libraries with general structures Ac-Arg-
Ual-Sar-X1-X2-X3-Arg-CONH2, Ac-Arg-Ual-Sar-Chi-
X2-X3-Arg-CONH2 and Ac-Arg-Ual-Sar-Tal-X2-X3-
Arg-CONH2 were tested for their dsDNA interaction
capacities in an ethidium bromide displacement experi-
ment using the 96-well format.13 The same 14-mer
dsDNA fragment (not radiolabeled) used in the gel
retardation experiments was applied as target and the
assay was performed as described by Boger et al.13 In a
100 mL assay volume, 1 mM dsDNA (14 mM in bp) and
7 mM ethidium bromide were used, establishing the
optimal 1:2 EtBr/bp ratio. A 10 mM Tris, 10 mM NaCl
buffer pH 7.4 was used. Repeated measurements with
several oligopeptide concentrations were performed.16

As for gel mobility-shift screening, FID experiments
with a 1 mM concentration of the 12 libraries with fixed
positions X1, led to the selection of Chi for X1, with a
relative fluorescence of 51%. Aal and His on this posi-
tion yielded a comparable strength of binding with a
fluorescence of respectively 52% and 54%. The Tal
amino acid, which was selected in the gel shift screening,
displayed a fluorescence of 62%, together with Cal and
Lum (Table 1).

In the case of screening of the libraries Ac-Arg-Ual-Sar-
Chi-X2-X3-Arg-CONH2 and Ac-Arg-Ual-Sar-Tal-X2-
X3-Arg-CONH2, the highest amount of ethidium bro-
mide was displaced by Chi-Aal-X3 peptides. In this
group of libraries with Chi on position X1, also mixtures

Figure 1. Amino acid building blocks used for synthesis of the librar-
ies: b-(cytosin-1-yl)-a-d-alanine (Cal), b-(thymin-1-yl)-a-d-alanine
(Tal), l-histidine (His), b-thienyl-d-alanine (Thi), b-(1H-quinazolin-
2,4-dion-3-yl)-a-d-alanine (Chi), b-(lumazin-1-yl)-a-d-alanine (Lum),
b-(adenin-9-yl)-a-d-alanine (Aal), b-(uracil-1-yl)-a-d-alanine (Ual),
trans-4-hydroxy-l-proline (Hpr), l-arginine (Arg), l-glutamine (Gln),
sarcosine (Sar) and isonipecotic acid (Inp).

48 P. Chaltin et al. / Bioorg. Med. Chem. Lett. 13 (2003) 47–50



with Chi, Cal, Thi, Lum and Inp showed high interac-
tion capacities for position X2. In the case where X1 was
fixed as Tal, the amino acids Tal and Cal possessed the
highest interaction capacities at X2, closely followed by
Chi. Comparison of these results with the selection by
gel shift experiments shows that for libraries with Chi
fixed on X1, the same compounds are selected except
that Inp was not included after gel shift experiments. In the
group of Tal-X2-X3, Chi was selected by gel shift testing.
During FID, Cal and Tal showed the strongest binding
(relative fluorescence of 38%), while Chi led to a lower
EtBr displacement with a relative fluorescence of 47%.

The last step in the gel based screening approach was
the synthesis and screening of 24 individual oligopep-
tides with Ac-Arg-Ual-Sar-Chi-Chi-X3-Arg-CONH2 or
Ac-Arg-Ual-Sar-Tal-Chi-X3-Arg-CONH2 as general
structure. Nine oligopeptides showing the highest affi-
nity could be selected: seven in the group with a Chi–
Chi (X1–X2) structure and two in the Tal–Chi category.
For the peptides with the Tal–Chi (X1–X2) sequence,
the compounds with Aal and Chi on X3 displayed the
strongest binding. More versatility of binding peptides
was found in the Chi–Chi (X1–X2) series, with Ual, Tal,
Chi, Cal, Aal, Lum and Thi emerging as strong inter-
acting amino acids at position X3.

From seven of the nine selected oligopeptides during gel
based screening, dissociation constants were determined
with gel retardation assays, in order to compare their
affinity with each other and with known dsDNA inter-
acting compounds. The selected peptides are shown in
Table 2 with their respective apparent dissociation con-
stants. Ranking the oligopeptides based on their appar-
ent Kd delivers the following result: Chi-Chi-Chi > Tal-
Chi-Aal � Chi-Chi-Thi > Chi-Chi-Aal >Chi-Chi-Tal
> Chi-Chi-Cal � Chi-Chi-Ual, with the compound Ac-
Arg-Ual-Sar-Chi-Chi-Chi-Arg-CONH2 possessing the
highest interaction capacities with a Kd of 9�10�5 M.

The individually synthesized oligopeptides with the
general structure Ac-Arg-Ual-Sar-Chi-Chi-X-Arg-NH2

or Ac-Arg-Ual-Sar-Tal-Chi-X-Arg-NH2, were also
compared for their dsDNA affinity in the FID experi-
ment, using the same procedure as for the mixtures.
Evaluation of the results allowed selection of the stron-
gest dsDNA interacting oligopeptides depending on the
percentage of fluorescence decrease. In the group of
peptides with the Tal–Chi (X1–X2) structure, Chi and
Aal on the third position seemed to possess the highest
and comparable affinities, followed by Ual and His. For
peptides with the sequence Chi–Chi (X1–X2), the amino
acids Aal, Cal, Chi, Lum, Tal, Thi and Ual showed the
highest interaction capacities (Table 3).

Comparison with the selection of oligopeptides by gel
shift assay, shows that exactly the same structures were
selected in both screening procedures. Furthermore,
based on the percentage of ethidium displacement, a
ranking order of dsDNA affinity could be established:
Chi-Chi-Chi > Chi-Chi-Thi > Chi-Chi-Aal � Chi-Chi-
Lum > Chi-Chi-Tal � Chi-Chi-Cal > Chi-Chi-Ual >
Tal-Chi-Chi � Tal-Chi-Aal. The only important differ-
ence with the results obtained with the gel retardation
approach is the ranking order of the peptide Ac-Arg-
Ual-Sar-Tal-Chi-Aal-Arg-CONH2, which was selected
as the second strongest interacting molecule of seven
peptides in the gel retardation assays.

Dissociation constant determination with the EtBr-dis-
placement test was also performed for the peptide Ac-
Arg-Ual-Sar-Chi-Chi-Chi-Arg-CONH2, determined as
the strongest binding compound. The concentration of
the compound leading to a 50% decrease in ethidium

Table 1. Fluorescence readings in an EtBr-displacement experiment

with the oligopeptide library mixtures-X1-X2-X3-,-Chi-X2-X3 and-Tal-

X2-X3-Arg-NH2
a

X1 or X2 First selection (%) Second selection (%)

X1-X2-X3 Tal-X2-X3 Chi-X2-X3
b

His 54 51 46
Gln 67 58 59
Hpr 75 74 64
Sar 75 77 66
Inp 75 73 39

Tal 62 39 52
Cal 62 38 33

Ual 69 73 68
Lum 62 71 39

Aal 52 64 21

Chi 51 47 26

Thi 68 71 36

aThe results are reported as % fluorescence relative to control wells. In
the first selection round a 1 mM concentration of oligopeptide mix-
tures was used, while in the second selection cycle 750 mMwas applied.

Table 3. Fluorescence readings in an EtBr-displacement experiment

with the individual oligopeptidesa

X3 Tal-Chi-X3 (%) Chi-Chi-X3 (%)

His 87 81
Gln 103 80
Hpr 92 91
Sar 99 80
Inp 99 81
Tal 90 60
Cal 90 60
Ual 83 66
Lum 95 51

Aal 77 51

Chi 77 35

Thi 100 41

aThe results are reported as % fluorescence relative to control wells. In
these experiments 750 mM oligopeptides was used.

Table 2. Seven selected peptides with their apparent Kd
a

Selected peptide sequences Apparent Kd (M)

Ac-Arg-Ual-Sar-Chi-Chi-Cal-Arg-CONH2 6.3�10�4�0.7
Ac-Arg-Ual-Sar-Chi-Chi-Ual-Arg-CONH2 6.1�10�4�0.8
Ac-Arg-Ual-Sar-Chi-Chi-Tal-Arg-CONH2 4.9�10�4�0.6
Ac-Arg-Ual-Sar-Chi-Chi-Aal-Arg-CONH2 3.9�10�4�0.5
Ac-Arg-Ual-Sar-Chi-Chi-Thi-Arg-CONH2 2.3�10�4�0.3
Ac-Arg-Ual-Sar-Tal-Chi-Aal-Arg-CONH2 2.2�10�4�0.3
Ac-Arg-Ual-Sar-Chi-Chi-Chi-Arg-CONH2 9.1�10�5�0.1

aThe Kd values are averaged from three to four gel mobility-shift
experiments.
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bromide fluorescence was around 2�10�4 M, differing
with a factor two with the apparent dissociation constant
as determined in the gel based assay. This higher value is
in agreement with the results described by Boger et al.13

The results of this study show that both screening
methods, gel shift and FID, deliver quantitatively and
qualitatively comparable selections in the optimization
process of the dsDNA binding oligopeptide library. As
such, the usefulness of the solution phase gel mobility-
shift assay for selection of dsDNA binding molecules
out of mixtures and individual compounds has been
demonstrated. Based on these results, it can be con-
cluded that gel shift and ethidium bromide displacement
screening are equally suited for selection of dsDNA
binding molecules.

The FID method is technically easy, requires little pre-
paration and with the 96-well format a high throughput
can be achieved. The technique is however not generally
applicable to all dsDNA interacting molecules. Due to the
presence of fluorophores in the ligands or to fluorophore
quenching, investigation of binding properties of some
dsDNA interacting molecules (f.e. combilexins) with
FID would be troublesome. The gel shift assay requires
certainly more technical expertise and is more time con-
suming, but there is no restriction as to the kind of mole-
cules that can be assayed for their dsDNA interaction
capacities. Furthermore, since for gel shift assays ima-
ging is based on the highly sensitive detection of radio-
activity, lower amounts of both the dsDNA and ligands
can be used. Therefore, both methods can be considered
as complementary for the discovery of newDNA ligands.

Secondly, results of the deconvolution procedure with
the oligopeptide libraries reveal that b-(1H-quinazolin-
2,4-dion-3-yl)-a-d-alanine possesses properties making
it especially suited for interaction with dsDNA. Stack-
ing of the heterocyclic ring systems inside or outside the
duplex will certainly contribute to the binding, next to
possible hydrogen bonding interactions. Stacking
between the quinazolinedione rings of the amino acid
can furthermore confer a certain pre-organization redu-
cing the entropy cost of binding to double stranded
DNA. In this respect, it is however surprising that not
the lumazine side chain displays the strongest interac-
tion capacities, as it could be expected that the lumazine
heterocycle would be endowed with similar or stronger
stacking capacities compared to quinazoline-dione.
Perhaps the different orientation of the two ring sys-
tems, lumazine being coupled via N1 and quinazoline-
dione via N3, can account for it. In further experiments
the quinazoline-dione side-chains were removed. Sys-
tematic replacement of every unnatural amino acid by
glycine revealed that the side chains of sarcosine (Sar)
and b-(uracil-1-yl)-a-d-alanine (Ual) contribute to a
lesser extent to the affinity of the investigated peptides
for the dsDNA target than the quinazoline-dione side
chains, once more highlighting the importance of this
heterocyclic system in our dsDNA binding peptides.
Further optimization of the structure of these peptides
and investigation of their binding mode are the subject
of present research.
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