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CONSPECTUS:

unfolding folding

The DNA is the molecule responsible for the storage and transmission of the genetic information in living organisms. The
expression of this information is highly regulated. In eukaryotes, it is achieved mainly at the transcription level thanks to
specialized proteins called Transcription Factors (TFs) that recognize specific DNA sequences, thereby promoting or inhibit-
ing the transcription of particular genes. In many cases, TFs are present in the cell in an inactive form but become active in
response to an external signal, which might modify their localization, DNA binding properties, or modulate their interac-
tions with the rest of the transcriptional machinery. As a result of the crucial role of TFs, the design of synthetic peptides or
miniproteins that can emulate their DNA binding properties, and eventually respond to external stimuli is of obvious inter-
est. On the other hand, although the B-form double helix is the most common DNA secondary structure, it is not the only
with an essential biological function. Guanine quadruplexes (GQs) have received considerable attention due to their critical
role in the regulation of gene expression, which is usually associated with a change in the GQ conformation. Thus, the devel-
opment of GQ probes whose properties can be controlled using external signals is also of significant relevance.

In this Account, we present a summary of the recent efforts towards the development of stimuli-responsive synthetic DNA
binders with a particular emphasis on our own contributions. We first introduce the structure of B and GQ DNAs, and some
of the main factors underlying their selective recognition. We then discuss some of the different approaches used for the
design of stimulus-mediated DNA binders. We have organized our discussion according to whether the interaction takes
place with duplex or guanine quadruplex DNAs, and each section is divided in terms of the nature of the stimulus (i.e., phys-
ical or chemical). Regarding physical stimuli, light (through the incorporation of photolabile protecting groups or pho-
toisomerizable agents) is the most common input for the activation/deactivation of DNA binding events. With respect to
chemical signals, the use of metals (through the incorporation of metal-coordinating groups in the DNA binding agent) has
allowed the development of a wide range of stimuli-responsive DNA binders. More recently, redox-based systems have also
been used to control DNA interactions.

This Account ends with a “Conclusions and Outlook” section highlighting some of the general lessons that have been
learned, and future directions towards further advancing the field.

diation, the polyanionic chain is released and the DNA in-
teraction restored.
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INTRODUCTION

DNA is a biopolymer formed by deoxyribonucleotide units.
The most stable structure of DNA is formed when the two
complementary chains get together as an antiparallel dimer.
Such dimeric structures are found under physiological condi-
tions in the so-called “B" form of the DNA, which is the famous
right-handed double helix.5 The geometry and chirality of the
sugars leads to the formation of two grooves in a right-handed
helix, known as the major and minor grooves, which exhibit
different sizes and geometric attributes (Figure 1a). The major
groove is relatively wide and shallow, while the minor groove
is narrow and deep.

Importantly, the major groove presents a more diverse pat-
tern of hydrogen bond donors and acceptors than the minor
groove (Figure 1b), and therefore offers more possibilities for
distinguishing recognition partners.6 This higher information
density, together with its greater accessibility, is the reason
why, in most protein-DNA complexes, sequence specificity is
determined by protein-DNA interactions that take place in the
major groove. Conversely, the narrow minor groove favors the
interaction with planar molecules and can only accommodate
peptides in extended conformations.

While the B-DNA double helix is the predominant form in
biological media, other secondary structures are also possible.
One of the most relevant family of non-canonical secondary
structures are the G-quadruplexes (GQs), which are particular-
ly prominent in telomeres and gene promoters, and play key
cellular regulatory roles.” GQs consist of two or more guanine
tetrads folded into a compact arrangement through
Hoogsteen hydrogen bonds (Figure 2, top). The m-stacked
guanine tetrads in GQs are connected by sequences of variable
length that form different loops. In contrast to the standard
B-form of double-stranded DNA (dsDNA), GQs show a wide
diversity of topologies, depending on the number and length
of the guanine tracts, their relative orientation, and the nature
of the intervening loop regions (Figure 2, bottom).8 The
recognition of GQs has been mainly achieved by using planar
aromatic systems, which stack on top of the guanine tetrads
forming m-m interactions that also stabilize the GQ.°
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Figure 1. a) Idealized B-DNA indicating the main geometric
features. b) A/T and G/C base pairing in DNA indicating the
hydrogen bond donors and acceptors.
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Figure 2. Top: Chemical structure of a guanine tetrad in a GQ.
M+ represents a monovalent cation (typically K* or Na*). Bot-
tom: Representative examples of the topology polymorphism
in DNA GQs.

1. STIMULI-RESPONSIVE BINDING TO dsDNA

1.1 dsDNA BINDING BY SYNTHETIC PEPTIDES

Gene expression is mainly controlled by the action of TFs,10
which can be classified into families according to the structure
of their DNA binding domain. One of the most important fami-
ly of TFs is the basic leucine zipper (bZIP). bZIP proteins bind
their consensus DNA sequences as non-covalent homo- or
heterodimers of uninterrupted a-helices. Each helix presents
two different regions: the basic region and the leucine zipper
(Figure 3, top).1! The N-terminal basic region directly inter-
acts with the major groove of the DNA and the C-terminal
leucine zipper region is required for the dimerization of the
two DNA binding regions. An important consideration about



the bZIP-DNA proteins is that they are intrinsically disordered
in the absence of their target DNA, so that their folding is
coupled to the DNA recognition process.12 Therefore, the DNA
binding event entails an entropic cost associated with the
folding of the peptide chain that cannot be compensated by
the enthalpic gain resulting from the binding of a single mon-
omer. In consequence, they need to dimerize to form DNA
complexes. One of the better characterized bZIP proteins is
GCN4, a yeast transcriptional activator that specifically binds
the palindromic sequence ATF/CREB (5'-ATGAcgTCAT-3")
and the pseudopalindromic sequence AP-1
(5'-ATGACTCAT-3') as a homodimer.13

Owing to their structural simplicity, bZIP TFs have been cho-
sen many times as the starting point for the design of mini-
mized versions of TFs.1415 In 1990, the group of Kim reported
that the leucine zipper region of GCN4 could be replaced by a
disulfide bond to dimerize short GCN4 basic regions (br)
without significantly affecting the DNA binding properties of
the resulting minimized construct (Figure 3a).!6 Following
this pioneering work that demonstrated the modular nature
of the bZIP TFs, several research groups described various
linkers to dimerize the GCN4 basic regions to yield simplified
DNA binders (Figure 3b-d).17.1819
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Figure 3. Top: Schematic illustration of the GCN4 bZIP DNA
binding domain dimer, highlighting in yellow the leucine
zipper and in blue the basic region; and replacement of the
leucine zipper with synthetic linkers. Bottom: a) Kim's disul-
fide dimer. b) Peacock's photocontrolled anthracene dimer. c)
Schepartz's Fez* complex as dimerizer. d) Peacock's metal
switch. e) Sequence of the peptide identified as the minimum
fragment of the natural GCN4 basic region (br) that, upon
dimerization, displays the DNA binding properties of the full
protein.

Our group has demonstrated that the DNA binding of an iso-
lated basic region of a bZIP protein can be restored by appro-
priate covalent conjugation to minor groove DNA binders,
such as bisbenzamidine,2 or AT-hook derivatives (Figure 4).21
These units act as anchors that, upon binding to its target
sequence in the DNA minor groove, deliver the bZIP basic
region into the adjacent major groove consensus site. There-
fore, the resulting hybrids recognize with high affinity and

selectivity a composite DNA sequence containing the peptide
and the minor groove binding regions in adjacent sites.22.23
This strategy has been extended to other families of TFs,
namely homeodomains (HTH)?24 and zinc fingers (ZF).25

a)

TCAT AATT

A IO
BRasssse
= G G
HNJ\NHQ HNJ\NHQ

P R G R P

TCAT AATT

Figure 4. Schematic illustration of the simultaneous interac-
tion of the GCN4 basic region and different minor groove
binders in adjacent DNA sites. a) bisbenzamidine. b) AT-hook.

1.2 LIGHT-MEDIATED dsDNA BINDING

Light is an ideal input for the external regulation of molecular
processes, including DNA recognition events. Light irradiation
is non-invasive, and the use of long wavelengths is compatible
with biological settings. The two approaches used for control-
ling DNA binding with light are photolabile caging groups and
photoisomerizable units.

Photolabile protecting groups

Photolabile protecting groups can be used to inactivate the
biological activity of a selected molecule by blocking a key
functional group required for its function. When desired, the
activity can be restored by irradiation and photorelease of the
parent, unprotected biomolecule. This represents an excellent
strategy for the spatiotemporal control of biological activity,2é
and has also been used for regulating DNA interaction pro-
cesses.

In 2012, we demonstrated that it is possible to inhibit the DNA
binding of a dimeric GCN4 basic region by attaching short
oligoglutamate tails at the N-terminal end of a synthetic basic
region peptide (br).! Such negatively charged appendages
generate an electrostatic repulsion with the polyanionic DNA
backbone, thereby hampering the DNA binding (Figure 5a). To
achieve stimulus-responsive binding, the polyanionic chains
were connected to the br peptide through an ortho-
nitrobenzyl (ANP) photolabile group, so that when the caged
dimeric peptide is irradiated with UV light, the linker is
cleaved, thereby releasing the negatively charged tails and
irreversible restoring the peptide/DNA interaction.

We also implemented a strategy to deactivate the DNA bind-
ing upon irradiation. It is based on the use of a bis-
electrophilic Ru*? bipyridyl complex as dimerizing linker to
connect two GCN4 basic regions.2? As expected, the resulting
dimer interacted selectively with its consensus DNA (Figure
5b). This Ru*2 complex can act as a photo-cleavable unit after
visible-light irradiation. Therefore, irradiation of the dimer led
to the disassembly of the peptide dimer and the consequent
suppression of the DNA interaction.
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Figure 5. a) Schematic illustration for the electrostatic caging
of two GCN4 basic regions and the light-mediated uncaging,
and ensuing DNA binding. b) Representation of the photo-
cleavable Ru*2 GCN4 dimer and light-mediated photo-
uncaging with suppression of the DNA interaction.
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Our group has also used photouncaging approaches to trigger
DNA cleavage events,28 or the DNA insertion of minor groove
binding agents.29 To this end, the amidinium groups of aza-
pentamidine and DAPI were protected with the Nvoc (4,5-
dimethoxy-2-nitrobenzyloxycarbonyl) photolabile group.30
This modification precludes protonation and thus suppresses
the electrostatic contacts with the DNA (Figure 6). The caged
compounds are not able to bind DNA but, upon irradiation and
consequent cleavage of the Nvoc protecting groups, the bind-
ing is restored.
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Figure 6. a) Representation of the light-promoted DNA bind-
ing. b) Structure of minor groove binders used.

UV irradiation has also been applied to drive DNA metalation
events with transition metal complexes.3! This required the
preparation of Ru(Il) or Pt(II) complexes containing photola-
bile ligands in their coordination sphere, which are inert to-
wards nucleophilic guanines in the DNA. However, upon irra-
diation, these ligands are replaced by water, producing reac-
tive species which irreversibly coordinate with the DNA, usu-
ally through reaction with the N7 of guanines (Figure 7).
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Figure 7. a) Photocaged DNA-metalating agents, with the
photolabile ligand in blue. b) Schematic representation of a
metalated guanine.

Photoisomerizable groups

The use of photolabile protecting groups can be appropriate
for the activation or deactivation of DNA recognition events,
but the uncaging process is irreversible. Reversibility can be
achieved by using photoisomerizable groups, i.e.,, molecules
with two kinetically stable conformations that can be inter-
converted by irradiation with light. Our group published in
2000 the first example of a peptide whose interaction with the
DNA could be modulated with light, using an azobenzene unit
to link two GCN4 basic regions (Figure 8).32 Azobenzenes
present the peculiarity of being isomerizable among the cis
and trans forms. This produces large conformational changes
in their geometry, which can be exploited for controlling the
interaction of designed peptides with the DNA, so that in our
case the cis isomer interacts about 60-fold better with the
consensus DNA sequence than the trans isomer. The cis con-
formation favours DNA binding by positioning both basic
regions in the correct orientation to simultaneously interact
with their respective half-sites, while the trans conformation
forces a divergent geometry in the basic regions that does not
favour DNA binding. Whereas trans to cis isomerization could
be carried out in the presence of DNA, the cis to trans reisom-
erization was not achieved, due to the high affinity of the cis
isomer for its consensus DNA.

ATGA cg TCAT

Figure 8. Schematic illustration of the light-promoted azo-
benzene isomerization and ensuing DNA binding.
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Figure 9. Representation of the light-mediated azobenzene isomerization in a) GCN4 peptide, switching on the DNA binding event;
and b) XAFosW peptide, switching off the interaction of cFos/cJun complex with the DNA.

In another version of this strategy, Woolley et al. demonstrat-
ed the reversible DNA binding of azobenzene-modified GCN4
peptides.33 In this case, an azobenzene moiety, connecting two
residues in the leucine zipper ati and i + 7 positions, was used
to control the helicity of an a-helical peptide, such that the cis
isomer stabilizes the o-helix conformation more than the
trans isomer. Therefore, the cis isomer interacts 20 times
better with the consensus DNA (Figure 9a). The group applied
a similar strategy to photocontrol the interaction of the heter-
odimeric cFos/cJun complex with its target DNA (Figure 9b).34
In this case, the dominant-negative peptide XAFosW was
modified with the azobenzene motif; as with GCN4, the cis
isomer promotes a-helical folding and favors the dimerization
with the cJun peptide, thereby displacing cFos and disrupting
the interaction of the cJun/cFos heterodimer with the DNA.
This process was made fully reversible upon thermal isomeri-
zation of the azobenzene unit to the trans state. In their study,
Woolley et al. demonstrated for the first time, the successful
application of artificial peptides for the photocontrol of tran-
scription in live cells. Finally, it is worth mentioning that azo-
benzenes have also been recently used for controlling the
DNA binding of zinc fingers (ZFs)35 and small molecules.3¢

The group of Peacock reported that the DNA binding of GCN4
basic regions could be promoted by light-induced intermolec-
ular dimerization of two anthracene-tagged basic regions.1”
Thus, monomeric GCN4 peptides modified with anthracene
units at the C-terminus were efficiently dimerized upon irra-
diation in the presence of the target ATF/CREB site, resulting
in stronger DNA binders after the photocrosslinking (Figure
3b). However, the reversibility of this process was not report-
ed, probably due to the need of high energy light or high tem-
perature to induce the reverse reaction.

1.3 METAL-MEDIATED dsDNA BINDING

Metals play essential roles in Biology, in most of the cases
through their selective coordination to biomolecules and
biopolymers. This is, for instance, the case of zinc finger TFs,
which require the coordination of Zn2+ to two Cys and two His
residues to fold into the functional fBa domains that selec-
tively recognize the DNA.37 The ZF motif has inspired a num-
ber of artificial constructs whose DNA interaction can be
controlled by metal ions. These DNA binders can be grouped
into three classes based on the role of the metal center: acti-
vating agent, deactivating agent, or supramolecular connector.

Activation of the interaction

In 1993, the group of Schepartz reported the first example of a
synthetic peptide whose DNA interaction relies on the for-
mation of a terpyridine (tPy)-Fe2+ coordination complex act-
ing as a linker between two basic region peptides derived
from the GCN4 TF (Figure 3c).18

Inspired by Schepartz’s design, in 2013 our group reported a
GCN4-based peptide that can be driven towards two different
DNA sequences depending on its dimerization mode (Figure
10).38 This switchable peptide consisted on a GCN4 basic
region sequence modified with a redox-sensitive Cys residue
at its N-terminus, and a metal-chelating tPy ligand at its C-
terminus. It was shown that incubation of the monomeric
basic region peptide with Ni2+* promoted the selective binding
to the natural ATF/CREB site (5'-ATGAcgTCAT-3'), while
selective oxidation of the cysteine residue to a disulfide with
DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)) promoted the
specific recognition of an alternative sequence featuring the
two half-sites swapped (5'-TCATcgATGA-3"). This switch is
made possible by the different arrangement of the basic re-
gions in each case. Importantly, reduction or oxidation of the
disulfide bond by treatment with TCEP (tris(2-
carboxyethyl)phosphine) or DTNB, in presence of the nickel



salts, reversibly drives the peptide to either DNA site. This
system represents the first example of a synthetic peptide that
can bind to more than one specific DNA sequence in response
to external stimuli.

5'-TCAT cg ATGA cg TCAT-3' 5'-TCAT

cg ATGA cg TCAT-3'

Figure 10. Representation of the dynamic selection of two
different consensus DNA sites. The C-terminal metallo-dimer
recognizes the direct site, while the N-terminal disulfide di-
mer binds the inverted sequence.

In 2014, the group of Peacock reported a complementary
strategy to achieve metal-regulated DNA binding. In this case,
short peptides based on the basic region of GCN4 were cova-
lently dimerized with either bipyridine or terpyridine units.
This metal-chelating linker undergoes a conformational rear-
rangement upon Cu2+ or Zn2* coordination, which in turn
promotes sequence-selective DNA binding (Figure 3d).19

Inspired in the Fe2*-GCN4 peptide dimers described by
Schepartz, the group of Tezcan described in 2016 a modified
bZIP basic region in which the metallic centers acted both as
linkers as well as a-helix inducers. This was possible thanks to
the introduction of His and phenanthroline (Phen) ligands at i
and i + 7 positions of C-terminal basic region of a bZIP protein.
They showed that incubation of the peptide with Ni2* promot-
ed a high affinity and selective binding to the target
ATF/CREB site (Figure 11).39
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Figure 11. Schematic representation of the Ni2+-mediated
dimerization strategy used by Tezcan and coworkers.

As outlined in the introduction, monomeric GCN4 basic re-
gions do not interact with their target DNA sequence with
significant affinity, in part because of the entropic cost associ-
ated with the folding of the peptide chain into an a-helix.

Peptide stapling has emerged as a powerful strategy for stabi-
lizing the a-helical conformation, and thus it can be used for
promoting DNA-binding of monomeric basic regions.* In
2017, we described a metal-mediated stapling strategy that
allows a high affinity and selective DNA binding of the basic
region of GCN4 (Figure 12).4 The peptide fragment consisted
of the basic region of GCN4 in which residues Leu230 and
Arg234 were replaced by histidines (brHisz). The resulting
peptide, brHisz, displayed high affinity and sequence-specific
DNA binding after addition of PdClz(en) (en, ethylenedia-
mine). Circular dichroism (CD) spectroscopy showed that
brHis: is largely unstructured in solution, but folds into an a-
helix only upon binding to its consensus DNA sequence in the
presence of PdClz(en). The interaction with the DNA could be
inhibited by adding a Pd2+ chelator (DEDTC, sodium diethyl-
dithiocarbamate), which removes the palladium and therefore
triggers the disassembly of the peptide-DNA complex. Inter-
estingly, we also found that the peptide brHis: is effectively
internalized only in the presence of the palladium reagent,
after formation of the metal-clipped peptide, becoming the
first example of metal-promoted cellular internalization. Very
recently we reported that this type of metallopeptide can be
catalytically active and promote palladium-mediated depro-
pargylation reactions inside live cells.*!
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Figure 12. Top: Sequence of the brHisz peptide with mutated
residues respect to the natural sequence in bold. Bottom:
Schematic illustration of the Pd2*-mediated assembly.

Deactivation of the interaction

In contrast with these results, in which metals trigger the DNA
binding event, in 2005 Yamamura’s group showed that metals
could also be applied as a chemical stimulus to inhibit the
DNA binding affinity of designed peptides. This was demon-
strated with a conjugate between a ZF TF (zif268) and the
calcium binding region of troponin C.#2 The calcium binding
motif has a flexible structure in the absence of the metal,
allowing the interaction of the ZF peptide with its consensus
DNA; addition of Ca2* ions induces the folding of the troponin
C region, making the peptide to adopt a rigid structure, and
thereby reducing the affinity of the ZF motif for its target DNA.
Similarly, Futaki’s group described a metal-responsive DNA
binding switch in which the leucine zipper of a GCN4 peptide
was derivatized with cysteine residues functionalized with
iminodiacetic acid (Ida). While the Ida-modified GCN4 peptide
retained the natural DNA binding properties of the GCN4
dimer, when such chains coordinate Co2* ions, the helical
content of the peptide decreases and consequently its affinity
with DNA is drastically reduced (Figure 13).43 Importantly,
addition of a Co?* chelator (EDTA, ethylenediaminetetraacetic
acid) recovered the DNA binding.



oM @
3 %

Figure 13. Representation of the Co2*-mediated DNA unbind-
ing event. Iminodiacetic acid (Ida) residues are shaded in

grey.
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Strategies based on metal coordination have also been applied
for modulating the DNA intercalation of small molecules such
as scorpiand-like ligands equipped with a macrocyclic ring
linked to a pyrene unit through a desined connector (Figure
14). The planar pyrene intercalates into the DNA when the
ligand is in the open conformation, but addition of Cu2+ ions
induces a conformational change in the linker, which partici-
pates in the formation of the coordination complex, forcing
the ligand to acquire a closed conformation and blocking the
intercalation of the pyrene unit into the DNA.44
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Figure 14. Schematic representation of the Cu2*-promoted
inhibition of the DNA binding.

Metals as connectors in multicomponent dsDNA binders

In 2014, we reported the application of metal-promoted self-
assembly for the specific bivalent recognition of DNA. We
showed that Ni%*ions mediate the assembly and simultaneous
bivalent DNA interaction of a brHisz peptide and a bisben-
zamidine equipped with a bipyridine (bpy) unit (Figure 15).2
The addition of Ni2* induces the folding of the peptide into an
a-helical conformation by stapling the N-terminal turn, and at
the same time mediates the interaction with the bisbenzami-
dine containing a bipyridine ligand. This system efficiently
assembles only in the presence of the target DNA. Important-
ly, in contrast to previously reported covalent conjugates that
do bind to mutated DNA sequences with substantial affinity,
no interaction was observed with DNA sequences with a sin-
gle mutation on the recognition site, highlighting the higher
selectivity obtained with non-covalent systems. Remarkably,
the addition of an external Ni2* chelator (EDTA) promoted the

disassembly of the DNA complex, demonstrating that the
process is reversible.

a)

His His

Figure 15. a) Structure of the bipyridine-bisbenzamidine
motif. b) Illustration of the Ni2*-mediated binary DNA binding.

This Niz*-mediated binary assembly allows the specific recog-
nition of relatively short DNA tracts of 9 base pairs, still far
from the typical extended sequences recognized by natural
DNA binding proteins. However, by merging the Ni2*-
mediated strategy with our work with AT-hook bivalent con-
jugates (Figure 4b), we demonstrated the Ni2*-promoted
specific recognition of long DNA sites of 12 base pairs. This
was possible by the addition of a metal-chelating bpy at the N-
terminus of a binary GCN4/AT-hook conjugate (bpy-brHK,
Figure 16).45 The peptide bpy-brHk binds DNA in a bivalent
manner and in the presence of Ni2+ traps the basic region
derivative brHisz, driving the interaction with the extended
target DNA sequence. Importantly, the interaction can be also
reversed by addition of EDTA to the preformed complex.

Following these efforts to recognize extended DNA sequences,
we recently found that adding one metal-chelating bpy unit at
each end of the AT-hook minor groove binder (Hk-bpyz), it is
possible to achieve a completely metallosupramolecular
recognition of composite target sites featuring the binding
sequences of the AT-hook minor groove binder flanked by two
AP1 half sites (Figure 17).46 Thus, the AT-hook derivative
HKk-bpy: does not bind DNA by itself with enough affinity, but
in presence of Ni2* salts and the consensus DNA sequence, it
recruits two brHisz units to the adjacent major grooves, driv-
ing the binding to an extended target DNA sequence of 12
base pairs with good sequence selectivity. We did not observe
interaction with a DNA lacking the AT-hook binding site,
which contrasts with the previous ternary covalent conjugates
that do bind to this mutated DNA sequence with substantial
affinity.4748 This result further highlights the good perfor-
mance of non-covalent systems in terms of selectivity. As in
the previous cases, addition of nickel chelating EDTA led to
the dissociation of the metallosupramolecular-DNA complex.
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Figure 16. a) Structure of the bpy-brHk conjugate. b) Repre-
sentation of the Ni2*-mediated ternary DNA binding.
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Figure 17. a) Structure of Hk-bpy2. b) Representation of the
Niz*-mediated ternary DNA binding.

2. STIMULI-RESPONSIVE BINDING TO GQ DNA
2.1 RECOGNITION OF GQs

As indicated in the introduction, DNA GQs play relevant bio-
logical roles, e.g.,, in the maintenance of telomeres or in the
regulation of gene transcription.” Therefore, there have been
many efforts to develop synthetic systems that can specifically
recognize GQs, and thereby control their formation and modu-
late their biological function.495051 In general, molecules that
stabilize GQs have been shown to inhibit telomerase activity
or gene expression, while molecules that disrupt the quadru-
plex structure lead to an enhancement in the activity.52

The two most commonly used GQs targets are h-telo (based
on TTAGGG repeats), that is present in telomeres and forms
antiparallel GQs in sodium buffers (Figure 2a),53 and the DNA
sequence present in the promoter of the c-myc oncogene
(5'-TTGA-GGG-TGGG-TA-GGG-TGG-GTAA-3"), which forms a
parallel GQ structure (Figure 2b).49

2.2. LIGHT-MEDIATED GQ BINDING
Photolabile caging groups

Common photouncaging processes involve the masking of a
GQ ligand with a photolabile group to hamper the binding, so
that the DNA interaction is restored after irradiation and
removal of the protecting group.5455 Generally, the interaction
of the uncaged ligand stabilizes the GQ structure, but does not
promote a change on its folding. This uncaging strategy has
been used for inhibiting the activity of telomerase,5* and the
expression of different GQ containing genes (including c-myc)
in live cells.>s

Metal complexes capable of coordinating to GQs can also be
engineered to show stimuli-responsive properties.5657 In
2016, our group reported the light-promoted selective modi-
fication of unpaired guanines flanking the GQ of the c-myc
promoter, using caged ruthenium complexes (Figure 18).3.58
Our design was based on the use of bulky ruthenium com-
plexes, [Ru(tpy)(bpy)X]?*, in which X is a photolabile thi-
oether ligand. These complexes exchange the thioether ligand
with water after irradiation, generating a reactive aquo com-
plex that binds the more accessible guanines. In vitro experi-
ments demonstrated that these ruthenium complexes metal-
lated the c-myc GQ, as we observed a clean formation of a
monoruthenated adduct only in the presence of light. The
modification was found to occur at G3, which is not involved
in the formation of the G-tetrads, but adjacent to them (Figure
18, left). Curiously, CD spectroscopy revealed that this meta-
lation disrupts the GQ folding. We also found that this reaction
has biological consequences, and that cells treated with this
complex showed an enhancement in the transcription of the c-
myc gene after irradiation.
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Figure 18. Representation of the light-promoted ruthenation
and subsequent unfolding of the GQ.



Recently, Galan and coworkers reported a photoresponsive
stilbene derivative that induces the reversible unfolding of
h-telo GQ. This ligand was found to intercalate between the G-
tetrads and thereby disrupt the quadruplex structure; photo-
oxidation of the stilbene restored the original GQ folding
(Figure 19).59

0
GQ binding No GQ binding
GQ unfolding GQ folding

Figure 19. Representation of the light-promoted folding of GQ
after photo-oxidation of stilbene.

Photoisomerizable groups

Zhou and colleagues described in 2010 a light-responsive
azobenzene derivative that was capable of promoting the h-
telo GQ-folding when used in the trans form (Figure 20). This
trans isomer presents a planar azobenzene core that can end-
stack on top of the GQ structure. Remarkably, irradiation with
UV light produces the cis isomer, which compromises the -
stacking and drives the unfolding process.6® The switching
was shown to be completely reversible and was exploited to
regulate the function of exonuclease I, which catalyzes DNA
hydrolysis reactions only after disruption of the GQ structure.
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Figure 20. Illustration of the light-promoted azobenzene
isomerization and consequent GQ binding/unbinding.

2.3. REDOX CONTROLLED GQ BINDING

Compounds that can be activated under reducing conditions
are of high interest because tumoral cells are known to be in a
hypoxic environment. In 2018, Vilar and coworkers described
the first example of redox-promoted GQ binder (Figure 21)
based on the reduction of an octahedral Pt(IV) complex (una-
ble to interact with the quadruplex due to the presence of
axial ligands) to an square-planar Pt(II) derivative (with the
appropriate geometry for stacking with the GQ).61 Spectro-
scopic studies showed that, while the Pt(IV) complex is not
able to bind the quadruplexes of h-telo or c-myc, upon addi-
tion of the reducing agent glutathione, the resulting Pt(II)
species produced in situ binds the GQ with high affinity.

Octahedral Pt(IV) complex
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Figure 21. Schematic illustration of the redox-promoted GQ
binding.

2.4. METAL REGULATED GQ BINDING

Metals have also been used to switch the folding of GQs.
Mergny and coworkers described in 2008 the use of Cu2* ions
to promote the reversible unfolding of the GQ of h-telo (Figure
22).62 In this work, a bisquinolinium ligand, which was able to
selectively bind and stabilize the GQ, changes its geometry
upon coordinating Cu2+ ions. This triggers its DNA dissocia-
tion and the unfolding of the quadruplex structure. Important-
ly, addition of a copper chelator (EDTA) regenerates the free
ligand and restores the binding and folding ability of the lig-
and.
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Figure 22. Representation of the Cu?*-mediated GQ fold-
ing/unfolding.



CONCLUSIONS AND OUTLOOK

Synthetic DNA binders that can mimic the recognition proper-
ties of natural TFs are of great interest as potential regulators
of cellular gene expression. However, obtaining systems capa-
ble of binding designed target sequences with high affinity
and specificity is certainly challenging. Moreover, it would be
highly desirable to implement stimuli-responsible properties
in these binders, as this could allow for the spatiotemporal
control of their function. In this review we have discussed
some of the more relevant strategies used so far, summarized
in Table 1.

The most successful synthetic DNA binding peptides are
based on miniaturized versions of natural TFs, mainly bZIP
proteins like GCN4. The absence of a universal peptide-DNA
recognition code makes extremely difficult to extend this type
of recognition to other systems than those occurring in Na-
ture.63 The development of new computational methods that
allow for the efficient prediction of peptide-DNA interactions
may lead to improved designs and to expand the sequences
that can be recognized. Combining rational design with selec-
tion protocols might also prove to be very useful in the near
future.

An especially appealing strategy to bind DNA using artificial
synthetic units is based on the supramolecular combination of
different recognition units. We have demonstrated that such
combination can be achieved through metal-coordinating
linkers. In this way, it is not only possible to regulate the in-
teraction with the DNA, but also to obtain better selectivity
(Table 1). This strategy has the potential additional advantage
of enabling the combinatorial interaction with a large number
of sites using a relatively small set of monomeric units.

Metals have also been used as external triggers to activate and
deactivate the DNA binding of different type of systems. This
external regulation of the DNA interaction can also be con-
trolled using light, provided suitable synthetic units contain-
ing photolabile caging groups or azobenzene units are built
(Table 1). In this context, an interesting issue that deserves to
be explored is the application of light-driven rotary molecular
motors to control the DNA-binding. Their 360° unidirectional
rotation in several steps, high quantum yields and excellent
photostability make them ideal candidates to precisely regu-
late the conformation and therefore the DNA binding proper-
ties.64

Undoubtedly, a major current challenge consists of translating
some of these technologies to real, living systems, in order to
control gene expression. In this context, the light-based ap-
proaches are especially appealing and, to date, the only ones
applied for regulation of transcription inside living cells
(Table 1). However, further work is still required to imple-
ment NIR-sensitive control elements in order to avoid cellular
damage and allow deeper in vivo applications.334 The use of
pH- or redox-based switches can also be very useful, when
they are associated to different biological states.6! All these
concepts apply to both dsDNA or other relevant DNA motifs,
such as GQs.

Finally, although it is not usually considered in the design, an
essential factor for in vivo applications of these systems has to
do with their efficient biological transport and cellular uptake.
If cell internalization can be triggered in response to an exter-
nal stimulus, like with our palladium clip,* we have an addi-
tional spatiotemporal control of the activity. An interesting
possibility is the design of photolabile caging groups that
allow the cellular internalization after the cleavage.2®

Ref. Kb Reversible DNA Regulation of | Sequence GQ
(nM) binding transcription | selectivity Folding

1 38 x ON n.d. moderate -
30 390 X ON n.d. low -

Pho’Folabile 54,55 - x ON v - unchanged

protecting groups 3 _ x ON v _ unfolding
L 27 12 x OFF nd, moderate -

IG 59 - x OFF n.d. - folding

H 32 n.d. x ON n.d. moderate -
r| Photoisomerization | 33 n.d. v ON/OFF n.d. n.d. -
34 n.d. v ON/OFF v n.d. -

60 - v ON/OFF n.d. - reversible
Photodimerization 17 800 x ON n.d. low -
tPy-Fe2+ 18 0.13 n.d. ON n.d. high -
tPy -Ni2+ 38 300 v ON/OFF n.d. moderate -
bpy/tPy -Cu?*/Zn2+ 19 200-1440 v ON/OFF n.d. low -
His/Phen-Ni2+ 39 65 n.d. ON n.d. moderate -
M His-Pd2* 4 24 v ON/OFF n.d. high -
? Caz+ 42 5.8 n.d. OFF n.d. moderate -
A Ida-Co2+ 43 22 v ON/OFF n.d. n.d. -
L Cuz+ 44 >1 uM x OFF n.d. n.d. -
His-Nij2+ 2,45,46 22-450 v ON/OFF n.d. high -

Cuz+ 62 - v ON/OFF n.d. - reversible

REDOX 61 - x ON n.d. - unchanged

Table 1. Comparison of the different stimuli-responsive approaches discussed in the review. n.d. = not determined. Sequence
selectivity has been assigned as high when a single mutation in the target DNA implies loss of DNA binding, and low when after
several mutations in the target DNA sequence, some DNA binding is still retained.
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