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Selective recognition of A/T-rich DNA 3-way junctions with a 
three-fold symmetric tripeptide  
Jacobo Gómez-González,a,§ Laura Martínez-Castro,b,‡ Juan Tolosa-Barrilero,c,d,‡ Ana Alcalde,a 
Soraya Learte-Aymamí,a José L. Mascareñas,a Joaquín C. García-Martínez,c,d José Martínez-Costas,e 
Jean-Didier Maréchal,b Miguel Vázquez López,f and M. Eugenio Vázquez*,a 

Non-canonical DNA structures, particularly 3-way junctions (3WJs) 
that are transiently formed during DNA replication, have recently 
emerged as promising chemotherapeutic targets. Here, we 
describe a new approach to target 3WJs that relies on the 
cooperative and sequence selective recognition of A/T-rich duplex 
DNA branches by three AT-Hook peptides attached to a three-fold 
symmetric and fluorogenic 1,3,5-tristyrylbenzene core. 

On August 25, 1942, Dr. Gustaf Lindskog administered to a 
patient with non-Hodgkin’s lymphoma the first intravenous 
chemotherapy for cancer: an experimental treatment with a 
DNA alkylating agent.1,2 Today, almost 80 years later and even 
after the spectacular developments in targeted therapies, 
cytotoxic agents that aim at the DNA, including cross-linking 
agents, are still essential weapons in the chemotherapeutic 
arsenal.3 Beyond the canonical antiparallel double-stranded 
B-DNA conformation, non-canonical DNA structures, such as 
G-quadruplexes,4,5 or 3-way junctions (3WJs),6 have emerged as 
key players in cancer,7,8 and as promising alternative DNA 
targets that could afford new agents with better therapeutic properties.9–13 Thus, 3WJs are found as intermediates in 

homologous recombination, and in hairpin loop-outs in slipped 
DNA structures,14–16 and, importantly, they are also transiently 
formed during DNA replication, so that 3WJ binders might lead 
to replication fork stalling and genotoxic replication stress of 
rapidly dividing cells.17,18  
3WJs, the simplest branched DNA structures, are symmetric 
assemblies formed by three converging duplex DNA segments. 
The focal point of the 3WJs, where the three DNA strands are 
intertwined, is known as the branching point, and features a ≈12 
Å diameter hydrophobic cavity that is lined up by the base pairs 
at the end of each of the dsDNA branches.19 Since the group of 
Prof. M. Hannon fortuitously discovered that metal helicates fit 
into the branching point of 3WJs,20 researchers have described 
a number of molecules that can also target such central cavity 
in 3WJs,21 including peptide helicates,22–25 azacryptands,26–28 
triptycenes,29,30 cationic calix[3]carbazoles,31 and derivatives 
with appended peptides for additional nonspecific interactions 
with the duplex branches.32–34 However, the branching point 
targeted by these agents is basically a featureless hydrophobic 

 

Fig. 1. Left: Current 3WJ binders are typically hydrophobic molecules that target the 
branching point cavity and lack sequence selectivity; Right: Our strategy to target 3WJs 
involves cooperative binding of three AT-Hook peptides to the minor grooves of the 
duplex DNAs. We achieve sequence selectivity and the use of the fluorogenic 
1,3,5-tristyrylbenzene core allows us to label DNA replication sites in cells. 
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cavity that does not present any obvious structural elements to 
allow the sequence selective recognition of 3WJs. In contrast 
with the synthetic binders described before, we envisioned to 
reproduce the strategy used by natural proteins that recognize 
3WJs, which ignore the branching point and interact with the 
duplex arms exploiting the three-fold symmetry of 3WJs.19 
Here, we show that A/T-rich 3WJs can be selectively recognized 
over dsDNA and G/C-rich 3WJs by a three-fold symmetric 
1,3,5-tristyrylbenzene core modified with AT-Hook peptides 
that selectively insert in the minor grooves of the three duplex 
DNAs that form the junction. Moreover, we exploit the 
fluorogenic properties of the 1,3,5-tristyrylbenzene core to 
label the A/T-rich replication sites in functional cells (Fig. 1). 
The AT-Hook is a 9-residue oligocationic peptide motif, first 
identified in HMG-I(Y) eukaryotic nuclear proteins, and now 
recognized as a recurrent auxiliary motif in chromatin and DNA 
binding proteins.35 Monomeric AT-Hook peptides display low 
affinity in the order of millimolar for A/T-rich DNA sequences,36–
39 but appropriately spaced AT-Hook units in HMG-I(Y) proteins 
cooperatively bind to composite A/T-rich sites with high affinity 
in the low micromolar to nanomolar range.39–41 Structural 
studies provide a detailed picture of the interaction of the 
AT-Hook (RKPRGRPKK) with the DNA, and show that the central 
segment (RGR) sits at the bottom of the DNA minor groove in 
an extended conformation making extensive polar and 
hydrophobic contacts, while the basic residues flanking this 
core sequence participate in additional electrostatic contacts 
with the sugar-phosphate backbone of the DNA (PDBs: 3UXW, 
2EZD and 2EZF).42,43 Researchers have exploited the simplicity 
of the AT-Hook module for the design of artificial duplex DNA 
binding agents.44–46 

 

Fig. 2. Best solutions of the GaudiMM calculation. Atoms represented in yellow ball and 
stick correspond to the docked 1,3,5-tristyrylbenzene moiety (see text for explanation). 
AT-Hook peptides are represented in sticks and surface. The DNA scaffold in ribbons and 
the side chain of the nucleic acid in planks. 

Taking as starting point the crystal structures of the AT-Hook 
peptide bound to a short A/T-rich oligonucleotide, PDB code 
3UXW, and the trimeric Cre recombinase bound to a three-way 
Lox DNA junction, PDB code 1F44, we built a hypothetical model 
of three AT-Hook peptides simultaneously bound to the three 
DNA minor grooves adjacent to the branching point in the 3WJ. 

This rough model suggested that the N-terminus of the bound 
AT-Hook peptides would be about 4 Å from the carboxylates in 
a 1,3,5-tristyrylbenzene core at the center of the 3WJ, so that 
they could be connected through the side chain of the N-
terminal Lysine residue. This hypothesis was further 
investigated by molecular modeling with the multi-objective 
genetic algorithm platform GaudiMM,47 which allowed us to 
make an extensive conformational exploration while 
simultaneously evaluating several fitness functions (see ESI† for 
computational details). Thus, we carried out protein-ligand 
docking of 1,3,5-tristyrylbenzene to the 3WJ/AT-Hook model 
using four objectives during the simulation: the three distances 
between the styryl benzene carboxylates and the N-terminal Lys 
side chain of the AT-hook peptides, which should be set to an 
average of 1.35 Å, and minimization of the atomic clashes 
between the ligands and the receptor (Fig. S6 ESI†). From those 
calculations, we observed 13 poses that met the distance 
objective with a reasonable deviation of ± 1.5 Å (an acceptable 
deviation considering the likely geometric rearrangements of 
the 3WJ/AT-Hook complexes), two of the best poses also have 
very good contact values (lower than 100 Å3). The absolute best 
solution shows an excellent distance match between the 
1,3,5-tristyrylbenzene and the AT-Hook, as well as great fitting 
with the 3WJ, with the central phenyl ring hovering over the 
large cavity of the 3-way junction branching point. 

 

Scheme 1. Synthesis of the trimeric AT-Hook 3WJ binder, 1, through on-resin 
attachment of the three AT-Hook arms. 

The AT-Hook peptide was assembled following standard solid-
phase MW-assisted peptide synthesis protocols.48–50 Next, the 
key step in the synthesis of the C3-symmetric AT-Hook 3WJ 
binder (1, Scheme 1) was the on-resin simultaneous attachment 
of three AT-Hook branches to the 1,3,5-tristyrylbenzene core.  
This was accomplished by incubation of the peptide—having 
the N-terminal lysine sidechain selectively deprotected—with 
1,3,5-tristyrylbenzene pentafluorophenyl ester (Scheme 1). The 
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final product was purified by reverse-phase HPLC, and its 
identity was confirmed by ESI-MS (Fig. S1 in ESI†). 
Having at hand the desired 3WJ binder 1, we studied its 
interaction with the DNA by taking advantage of the intrinsic 
fluorogenic properties of the 1,3,5-tristyrylbenzene core. It is 
known that in solution, these compounds show non-radiative 
deactivation of their excited state by restriction of 
intramolecular motions (RIM) and photoisomerization 
processes,51 but conformational restriction—i.e., resulting from 
aggregation—leads to an increase in fluorescence quantum 
yield.52,53 Thus, a 1 µM solution of 1 was titrated with increasing 
concentrations of different DNAs, and the emission at 400 nm 
upon excitation at 320 nm was recorded after each addition. We 
selected two different 3WJs: TA-3WJ, containing a high-affinity 
site for the (TTTAA), and a control GC-rich 3WJ, GC-3WJ.  

 
Fig 3. Fluorescence titrations of a 1 µM solution of 1 in HEPES buffer 10 mM, 100 mM 
NaCl, pH 7.0 with: a) TA-3WJ; b) GC-3WJ; c) dsDNA. Graphs in a) and c) show the best fit 
to a mixed binding mode including 1:1 a non-specific term. The initial points of the 
titrations shown as open circles were not included in the KD calculation. Inset in a) shows 
the third (dashed line) and last (solid line) emission spectra in the titration. The Y axis in 
all the graphs has the same range as in a). DNA sequences: TA-3WJ: 5'-CAC CTT TAA 
[AATT] TTA AAC CTC-3'; 5'-CAG GTT TAA [AATT] TTA AAG GTG-3'; 5'-GAG GTT TAA [AATT] 
TTA AAC CTG-3'; GC-3WJ: 5'–CAC CGG GCC [CCGG] GGC CCC CTC –3'; 5'–CAG GGG GCC 
[CCGG] GGC CCG GTG –3'; 5'–GAG GGG GCC [CCGG] GGC CCC CTG –3'.; dsDNA: 5'- GAC 
GGA ATT TGA GAG CGT CG-3' (only one strand shown). 

In the case of TA-3WJ there is an initial drop in the emission, 
probably due to the initial non-specific association of 1 with the 
DNA, which disrupts the initial aggregated state of the probe 
(Fig. 3a, open circles at low DNA concentration); then, as the 
TA-3WJ concentration is increased and AT-Hook arms bind the 
DNA minor grooves in the junction, the 1,3,5-tristyrylbenzene 
core is rigidified, and the emission increases again because RIM 
and photoisomerization is no longer possible. The titration 
profile could be fitted to a composite binding model that 
combines specific 1:1 binding with KD in the order of 20 nM and 
a minor contribution of nonspecific binding that is linearly 
proportional to the DNA concentration (Fig. 3a). The profile of 
the titration with the junction GC-3WJ shows a sharp drop in 
emission, probably resulting from the disassembly of the 
emissive aggregate by the non-specific association of the highly 
cationic probe with the negatively-charged GC-3WJ combined 
with the quenching in the emission of the 1,3,5-tristyrylbenzene 

fluorophore by the guanine bases (Fig. 3b).54,55 Importantly, this 
quenching could be reverted by adding 1 equivalent of TA-3WJ 
and displacement of the probe, even in the presence of 4 eq of 
GC-3WJ, which demonstrates the selectivity of 1 for A/T-rich 
3WJs (Fig. S4 in ESI†). The titration of 1 with a regular double-
stranded DNA with a single A/T-Hook binding site resembles 
that of the junction TA-3WJ, although higher concentrations of 
dsDNA are required to disassemble the initial aggregate and to 
reach the titration plateau. This is reflected in a much weaker 
dissociation constant, approximately 10 times weaker than for 
the TA-3WJ target (Fig. 3c). The interaction of 1 with the minor 
groove of the duplex branches in TA-3WJ was confirmed by the 
changes in the Circular Dichroism spectrum of the junction 
TA-3WJ upon addition of 1 (Fig. S5a in ESI†), which were like 
those observed for a model dsDNA containing a target A/T-rich 
sequence (Fig. S5b in ESI†). Furthermore, no changes in the CD 
were observed when the GC-3WJ junction was incubated with 
the probe 1 (Fig. S5c in ESI†). 

 

Fig. 4. DNA binding properties of 1 by EMSA. The concentrations, in all cases, 
are: Lanes 1-9, 200 nM of the corresponding DNA under study, and 0, 100, 
200, 300, 400, 500, 600, 700 and 800 nM of 1, respectively. EMSA 
experiments were resolved on a 10% nondenaturing polyacrylamide gel and 
0.5× TBE buffer over 35 min at 25 °C and analyzed by staining with SYBR Gold 
(5 μL in 50 mL of 1× TBE) for 10 min, followed by fluorescence visualization. 

Following the spectroscopic studies we decided to characterize 
in more detail its DNA binding properties by electrophoretic gel 
shift assays under non-denaturing conditions.56,57 Thus, 
incubation of TA-3WJ with increasing concentrations of 1 gave 
rise to a new slow-migrating band, consistent with the 
formation of the expected 1/TA-3WJ  complex. Importantly, 
incubation gave rise only to one new band, which indicates the 
formation of a single new complex, presumably that in which 
the three A/T-Hook arms are simultaneously interacting with 
the duplex branches of the junction (Fig. 4a). A similar 
experiment with the non-target GC-3WJ junction also indicated 
the formation of a new complex, together with a reduction in 
the intensity of the bands and some smearing at higher 
concentrations of the probe, pointing to the formation of 
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higher-order aggregates and/or multiple non-specific 
complexes (Fig. 4b).58–61 This is also consistent with the high 
electrostatic contribution to DNA binding with oligocationic 
peptides such as the AT-Hook.36 Finally, incubation with dsDNA 
produced a new band only at very high concentrations of 1, 
which is consistent with the lower binding affinity detected by 
fluorescence (Fig. 4c). No binding whatsoever was detected 
when incubating a single AT-Hook peptide with TA-3WJ or with 
dsDNA. In the case of dsDNA, we only observed precipitation at 
high peptide loadings (data not shown). 
Having demonstrated that 1 selectively binds to A/T-rich 3WJs, 
we studied its application to label these structures in cells. 
Preliminary experiments showed that 1 was poorly internalized 
(incubation for 30 min of 5 µM concentration of 1). However, if 
the cells were pretreated with digitonin then 1 was efficiently 
internalized,62,63 and appeared in the blue emission channel as 
a punctuated pattern in the cytoplasm and the nucleus (Fig. 5a). 
Remarkably, the punctuated distribution in the cell nucleus has 
a strong correlation (Pearson’s correlation coefficient 0.60)64,65 
with the localization of the DNA replicating sites labeled with 
the proliferating cell nuclear antigen (PCNA) fused to GFP,66,67 
this partial colocalization is consistent with 1 selectively 
targeting A/T-rich 3WJs formed during the replication process 
in functional cells, and not all 3WJs. (Fig. 5b and 5c). The staining 
in the cytoplasm and of what appears to be the cell nucleolus is 
consistent with the binding of 1 to RNA structures, which have 
been shown to be potential binding targets of the AT-Hook 
peptides.68 

 

Fig. 5. Selectively stains DNA replication sites. HeLa cells expressing protein GFP-PCNAL2 
were incubated with 25 µg/ml digitonin for 3 min, then 5 µM of 1 for 30 min. a) Blue 
channel emission showing the distribution of 1 (channel fake colored in white for easier 
view); b) green channel, corresponding to the emission of the GFP-PCNAL2 probe 
labeling the DNA replication foci; c) overlay of the green and blue channels with the 
difference filter applied, (so white areas in a) invert the green color and appear as purple) 
to highlight the overlay between the staining of GFP-PCNAL2 and that of 1. 

In summary, we have demonstrated a new approach for 
selectively recognizing 3WJ DNAs through sequence-selective 
and cooperative binding of three AT-Hook peptides in the 
duplex branches of the junction. Moreover, we have exploited 
the fluorogenic properties of the 1,3,5-tristyrylbenzene core 
and the increased emission resulting from the conformational 
restrictions associated with 3WJ binding to selectively label DNA 
replication sites in functional cells. 
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