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Design of Sequence-Specific DNA-Binding Ligands

Peter E. Nielsen*

Abstract: Double-stranded DNA can be viewed as a multi-
functional, modular receptor that can be read sequence-
selectively in a digital way (base pair per base pair) by a
complementary, similarly modular ligand. This principle
has been exploited in several approaches to design se-
quence-specific DNA-binding ligands, such as triplex-
forming oligonucleotides, peptide nucleic acids and minor
groove binding polyamides.
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Introduction

Molecular recognition is a fundamental principle in biology,
exploited at various levels. Examples are enzyme—substrate,
antigen—antibody, hormone—receptor and drug—DNA as well
as protein—DNA and protein-protein interactions. In the ef-
fort to understand the physicochemical principles of molecular
recognition per se and further to exploit such knowledge in
the design of specific ligands and receptors, a discipline of
supramolecular and host—guest chemistry is growing fast. In
medicinal chemistry the concept of rationally designed ligands
for medicinally relevant receptors is also attracting much atten-
tion and could provide the basis for development of novel po-
tent therapeutic drugs.

In the border area between molecular biclogy and chemistry,
a field concerned with DNA recognition is thriving. The field
was sparked by studies of the huge variety of natural ligands in
the form of gene regulatory or processing proteins or potent low
molecular weight anticancer drugs that bind sequence selective-
ly to double-stranded DNA. Inspired by nature, chemists have
now for more than 10 years developed principles with the ulti-
mate goal of being able to design and synthesize compounds to
order that recognize and bind to any desired sequence in double-
stranded DNA [} 3

[*] P. E. Nielsen
Center for Biomolecular Recognition
Department for Biochemistry and Genetics
Biochemistry Laboratory B, The Panum Institute
Blegdamsvej 3¢, DK-2200 N Copenhagen (Denmark)
Fax: Int. code +(31)39-6042
e-mail: penpanum@:biobase.dk

Chem. Eur. J. 1997, 3, No. 4

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

One could easily argue that DNA is “the dream of a receptor”
for designing ligands, since X-ray crystal structures as well as
NMR solution structures of numerous DNA molecules have
been described, and even the structures of a multitude of com-
plexes between natural DNA binding ligands—both proteins
and low molecular weight drugs—and their DNA targets have
been solved. Furthermore, as discussed below, the receptor is
modular due to the base pair sequence, and thus a general (and
modular) solution for designing a ligand for a DNA receptor of
any sequence should be attainable. Interestingly, nature does
not seem to have exploited such a modular principle in protein-—
DNA recognition (possibly with the exception of at least some
Zn-finger proteins), but have in most cases evolved a “shape”-
complementary “analogue readout” of the DNA helix major
groove. In fact it may be that nature has avoided a “digital”
(base pair by base pair) readout of DNA for exactly the opposite
reason, namely, in order to evolve proteins that would recognize
not only one single DNA sequence, but rather a family of relat-
ed DNA sequence with differentiated affinity.

Discussion

DNA -recognizing ligands: Although the Watson-Crick “face”
of the nuclobases used for interstrand recognition obviously is
not accessible from the outside of the DNA double helix, ample
nucleobase recognition features are still available from both the
minor and especially from the major groove (Figure 1, top). In
fact, each of the four base pairs can be unambiguously identified
from the major groove solely by the pattern and position of
hydrogen-bonding acceptor and donor sites. In the minor
groove it is possible to distinguish G—~C, C-G and A/T-T/A in
this way, but not A—T and T—A base pairs (Figure 1, bottom).
Consequently, both the minor and especially the major groove
of double-stranded DNA have been targeted as sequence-
specific “DNA receptors”. The inspiration in these approaches
has come from natural ligands that bind with sequence prefer-
ences in either groove and have been known for several
decades.'* 7?1 Most interestingly, recent developments have
shown that even the Watson—Crick “face™ of the nucleobases
can be made available for recognition by reagents, such as PNA
(see below) that invade the DNA double helix.

Triple helix forming oligonucleotides: Close to 40 years ago, it
was discovered that polynucleotides can form triple helices in
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Figure 1. Base pair recognition. Top: Hydrogen-bonding donor (D) and acceptor
(A) patterns of DNA base pair in the major and minor grooves of a double helix.
Bottom: Schematic representation of the four Watson - Crick base pairs (m: hydro-
phobic site (methyl group of thymine)).

which a third strand can bind in the major groove of a normal
Watson~Crick duplex by T-A or C*-G Hoogsteen base pair-
ings (Figure 2).1*1 This principle was adapted by Moser and
Dervan who showed that, under appropriate conditions, even
short homopyrimidine oligonucleotides (15-mers) can bind se-
quence specifically to their “Hoogsteen-complementary™ dou-
ble-stranded DNA targets.[*! Simultaneously, Heéléne et al. also
discovered triple-helical binding of short oligonucleotides.!®! Al-
though subsequent intensive studies and developments have
demonstrated the potential of this principle for sequence-
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Figure 2. Recognition of A- T and G-
C base pairs by thymine and protonated
cytosine Hoogsteen base pairing.

Duplex-invading PNA: PNA (peptide nucleic acid), a DNA
mimic having an uncharged, achiral pseudopeptide backbone,®!
was constructed in an attempt to devise a new and more efficient
strategy to attack this problem. It was the hope that such
oligomers by virtue of their lack of negative charge (or even
engineered positive charge) would bind more efficiently to du-
plex DNA. Because PNA is based on amide chemistry,’*? it
should also be easier to incorporate and explore the properties
of new recognition entities to primarily recognize cytosine and
thymine, but ultimately also to replace thymine and cytosine
(for adenine and guanine recognition). However, quite surpris-
ingly homopyrimidine PNAs turned out to bind to their targets
in double-stranded DNA by a new mechanism, duplex invasion,
in which a strand-displacement complex composed of an inter-
nal PNA-DNA-PNA (Hoogsteen- Watson - Crick) triplex and a
single DNA strand is formed!!'?! (Figure 3). Although this
binding mode in itself by no means solves the issue of C and T
recognition, it profoundly redirects the problem, and presents
two new strategies. At face value, the simplest solution would be
to construct a PNA oligomer with sufficient binding strength to
form a stable strand-displacement complex without the need of
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Figure 3. Left: Schematic drawing of a PNA, -DNA triplex strand-displacement
complex. Watson—Crick base pairs are indicated by triangles, while Hoogsteen base
pairs are depicted by ellipses. Middle and right: Chemical structures of DNA and
PNA.
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a stabilizing Hoogsteen triplex strand. In fact this solution could
be within reach, since a recent study showed that homopurine
PNAs which do not form triplexes, but do form especially stable
PNA-DNA duplexes, do indeed invade a duplex target.!'® Al-
ternatively, the solution could be to construct new recognition
units for T and C as with DNA triplexes. However, in the PNA
triplex case the obstacles seem less severe since recognition also
takes place through the Watson—Crick PNA strand. Thus, by
making a “bis-PNA” having a normal ACGT Watson—Crick
recognizing first strand and a second strand composed of
thymines and cytosines (or pseudoisocytosines!!*)) for recogniz-
ing A and G plus two novel “nucleobases” that do not need to
provide specific T and C recognition, but need only contribute
triplex stabilization, one could devise a general sequence recog-
nition principle based on triplex strand displacement. Finally, a
“double duplex” strand invasion regime can be imagined with
the invading oligomers forming duplexes with both of the DNA
strands (Figure 4). This, of course, requires the development of
new nucleobases that prevent hybridization of the two “self-
complementary” invading oligomers without interfering with
the DNA hybridization properties of the oligomer.t*>!

Figure 4. Schematic drawing of a double-duplex invasion complex.

Minor groove binding polyamides: Several natural (netropsin,
distamycin) and synthetic (DAPI, Hoechst 33258) ligands that
bind specifically in the minor groove of (A/T), (n=>4) sites in
double-stranded DNA have been known for many years. Most
researchers now agree that this binding is primarily governed by
the significantly narrowed minor groove of high electronegative
potential of these A/T DNA regions, in which the positively
charged and curved minor groove binders snugly fit.[*6 17!

Based on a hydrogen-bonding recognition model for
netropsin and distamycin (which may not be correct) it was
originally proposed that the introduction of hydrogen-bond ac-
ceptor units—such as imidazoles or thiopyrroles—in the minor
groove binding molecules could accomplish recognition of G-C
base pairs (but without distinguishing between G—-C and C-
G). This could take place through interaction with the 2-amino
group of guanine, which is placed at the floor of the minor
groove. However, the resulting “lexitropsins” turned out to still
preferentially bind to A/T regions, although intervening G-C
base pairs were to some extent tolerated.!'®

The design of sequence-selective minor groove binders took a
dramatic new turn when Pelton and Wemmer showed in NMR
structural studies that two distamycins, under some circum-
stances, could bind side by side in an antiparallel fashion in the
minor groove!'® (a binding mode that in passing is not unlike
that found for mithramycin binding to GC-rich regions!2°l).

Dervan and Wemmer quickly picked up this side-by-side
binding mode as they realized that it might be possible to devel-
op a principle by which to read out the hydrogen-bonding infor-
mation of the minor groove such that each unit of the ligand
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Figure 5. Left: Schematic representation of the recognition of the DNA helix from
the minor groove by a hairpin polyamide consisting of pyrrole (o) and imidazole (e)
units, where a pyrrole recognizes half of an A - T base pair or the cytosineofaC G
base pair, whereas an imidazole recognizes the guanine of a G- base pair. Right:
Chemical structure of the hairpin polyamide.

reads only half a base pair (or in essence a single nucleo-
base)!?*-22! (Figure 5). However, as mentioned earlier, a dis-
crimination between A—T and T—A base pairs is difficult (or
even impossible) and has not yet been accomplished. Nonethe-
less, using such polyamides, Dervan and co-workers have re-
cently been able to target a range of A/T G A/T sequences as
well as G-tracts with high specificity.’>* It remains to be estab-
lished what the detailed specificity of these reagents are, and the
generality of the approach in terms of the types, number and
sizes of sequences that can be successfully targeted is not fully
elucidated.

Proteins and peptides: Apart from purely chemical approaches
to DNA recognition, Zn-finger proteins have successfully been
used in a biological approach that exploits the phage display
combinatorial library system to select ligands that bind specific
DNA sequences. Thereby a Zn-finger sequence/DNA sequence
recognition code can be approached.[*#!

Although nature, in the form of the cyclic depsipeptide antibi-
otic echinomycin that recognizes G—C base pair steps, has uti-
lized a small peptide to obtain some degree of sequence specifici-
ty, it has not yet been possible to successfully exploit peptides in
synthetic DNA-binding ligands. This is probably due to the
great conformational freedom of small peptides. Thus one could
hope that by restricting this freedom, for example, by cycliza-
tion, DNA-recognizing peptides could be developed. Recent
results with “distamycin-peptide” chimeras that recognize AT
structures with intervening GC base pairs!?3! are encouraging in
this respect, and could lead the way to DNA-binding ligands on
the basis of peptide—DNA recognition.

Closing Remarks

It is my hope that this brief account has demonstrated that
efforts towards the design of sequence-specific DNA-binding
ligands are quite successful, and that there is good reason to
believe that the final goal of being able to target any desired
sequence in double-stranded DNA will be reached within the
not too distant future. Whether this ability will enable the devel-
opment of potent gene specific therapeutic drugs is of course yet
another story.
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The results in this field also emphasize that structural infor-
mation is not sufficient to understand a system at a level that
allows de novo design. A quantitative evaluation of the various
molecular interactions as well as a much better description and
understanding of the dynamics (including thermodynamics) of
the receptor (the DNA in this case) and the ligand both prior
and subsequent to the binding event is also required. The dy-
namics of moving molecules instead of just static molecules
must be dealt with, and in doing so solvent (water) displacement
and rearrangement must also be taken into account. Thus I
believe that this field would benefit very much if the DNA
binding of the variety of already existing ligands was under-
stood from a (thermo)dynamic perspective.
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