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I. Introduction

A. Coverage of This Review

This review describes design principles which
chemists have applied to the construction of DNA
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analogues for use in the recognition of specific DNA
and RNA sequences. The focus is primarily on
molecular strategies which are aimed at increasing
binding affinity and specificity, the benchmarks of
successful molecular recognition. The field of oligo-
nucleotide chemistry has grown explosively in the
last 10 years. For that reason this review is not
intended to comprehensively cover the entire field of
oligonucleotide chemistry, but will instead focus on
this more narrow topic. The reader is invited to visit
other recently published reviews for surveys of oli-
gonucleotide synthesis'? and of oligonucleotide con-
jugates,® and for in-depth coverage of antisense or
antigene therapeutic strategies.*™’

B. Applications of Modified Nucleic Acids

The development of solid-phase, automated meth-
ods for the synthesis of DNA® and RNA® has in the
last 10 years led to widespread use of nucleic acids
and their modified analogues in chemistry, biology,
and medicine. While synthesized DNA strands hav-
ing the natural structure are undeniably and widely
useful as primers, linkers, and probes in molecular
biological techniques, there is a host of possible
modified DNA structures with many new properties
and applications which exist as future possibilities
in the chemist’'s mind.

© 1997 American Chemical Society
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Figure 1. The structures of duplex (A) and triplex (B) DNAs. On the right are unwound representations of the helices
showing strand orientation (arrows), and on the left, cross sections showing base pairing interactions. The triplex depicted
is the pyr-pur-pyr type; note, however, that the third (Hoogsteen) strand in a triplex can also be oriented in the opposite

direction with different base orientations (not shown).

A number of possible applications of modified
DNAs have come to the forefront as factors driving
this field of study. Oligonucleotides are widely useful
in research, as tools for biochemistry and molecular
biology. Second, oligonucleotides are now being used
both commercially and experimentally in molecular
diagnostic strategies for identifying disease-related
genes and pathogens.’® Finally, oligonucleotides and
analogues are being vigorously pursued as therapeu-
tic agents targeted to human disease.*~” Most if not
all of these applications rely on the ability of these
DNAs or analogues to form specific helical complexes,
either folded intramolecularly or binding intermo-
lecularly to a target nucleic acid. It is this specific
noncovalent recognition that is the focus of this
monograph.

Modification of the basic nucleic acid structure
(Figure 1) can enhance properties which already are
present in DNA, or modifications can bestow new
properties which natural DNA and RNA do not have.
Such new properties can be extremely useful for the
practical application of nucleic acids to biotechnology,
biochemistry, biology, and medicine. Some desirable
properties, such as resistance to degradation in cells
or good pharmacokinetic behavior, are important
primarily for biomedical applications, and are left for

discussion elsewhere.*~7 Here | will discuss specif-
ically the physical recognition properties of DNA and
RNA, and how they can be altered or improved.

C. Preorganization and DNA

The term “preorganization” was first brought forth
by Cram in the analysis and design of small organic
guest—host complexes.’! It was recognized that
entropy disfavors the formation of such complexes for
two reasons: first, three degrees of translational and
rotational entropy are lost in forming a complex from
two separate molecules, and second, if either of the
separate molecules has free internal bond rotations,
then the “freezing out” of all such rotations on
forming the complex is also entropically unfavor-
able.’?2 Although the first effect is for the most part
an unavoidable aspect of molecular recognition, the
second can be addressed by the chemist. If a host
molecule or ligand is constructed so as to be rigidly
held in the binding conformation prior to complex-
ation, then little or no entropy cost due to fixing bond
rotations will be necessary in binding.'! Thus a
flexible molecule can be preorganized in the synthesis
for optimum binding. (Note that it is crucial that this
preorganization does not hold the molecule rigidly in
the wrong conformation!).
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factors favoring complex

« enthalpy of interstrand hydrogen bonds
* enthalpy of base stacking
* entropy of freed water molecules
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factors favoring random coils

« entropy of free bond rotations
* entropy of free translation / rotation
* enthalpy of H-bonds to water

Figure 2. lllustration of some of the thermodynamic factors associated with helix formation in DNA. Overall, enthalpy
is highly favorable for helix formation but entropy is nearly as highly unfavorable. The two-state model is shown, in which
strands undergo an all-or-none transition between helical and single-stranded states; however, this is an oversimplification

for many nucleic acid complexes.

DNA is an ideal candidate for preorganization
(Figures 1 and 2). A single-stranded nucleic acid is
quite flexible, with about five freely rotating bonds
per phosphate. Helix formation is therefore highly
unfavorable entropically and is a spontaneous reac-
tion only because a very favorable enthalpy term just
compensates (see below).

Il. Basic Design Principles

A. Noncovalent Interactions Which Stabilize DNA
and RNA

All nucleic acid helices are stabilized by base
stacking and/or hydrogen bonding interactions. A
single-stranded nucleic acid can form a stable single-
stranded helix without any base pairing partners if
its nucleotide bases are proficient at stacking. Double,
triple- and quadruple-stranded helices (which can be
formed either intra- or intermolecularly) are stabi-
lized both by base stacking and by hydrogen bonding.

1. Hydrogen Bonding

Hydrogen bonding can be considered chiefly an
electrostatic interaction between an acidic proton and
a good electron donor.®® Since recognition of natural
DNA and RNA usually requires complementary
hydrogen-bonding groups, perhaps the only way to
increase the strength of the H-bonding interactions
in DNA/RNA recognition is to increase the acidity of
the H-bond donors or the basicity of the acceptors.
This is not an easy task, given the strict structural
requirements for a correctly paired aromatic nucle-
otide base and its geometry in the helix. If altered
base-pairing arrangements are permitted, then there
is somewhat more structural flexibility for altering
hydrogen-bond strength.1415

Hydrogen bonding is only one of the two most
important interactions which stabilize double-helical
structure (Figure 3). The second is the stacking of
adjacent bases (which is likely to be of similar impor-
tance).'® Altering the hydrogen-bonding strength in
general affects mainly the final helical complex and
not as much the single-stranded state, and so does
not fall under the concept of preorganization. How-
ever, altering base stacking can effect the single-

duplex stabilization relative to
sequence core duplex (kcal/mol)
- GCGC
CGCG -- (core)
5- AGCGC
CGCGA 0.2
5- GCGCU 1.1
UCGCG '

Figure 3. Data from “dangling end” experiments help
point out the contributions of base stacking and base
pairing to nucleic acid double helices. For example, the
sequence GCGCU forms a self-complementary duplex with
U dangling off the 3' end. This dangling U adds 1.1 kcal/
mol of stability to the core duplex, and this is a measure
of the stacking ability of U. Data are taken from ref 17.

stranded state as much as the final helical complex
and so can be a useful strategy in preorganization.

2. Base Stacking

It has been recognized for some time that base
stacking is as crucial to stabilization of DNA and
RNA helices as hydrogen bonding is. One experi-
mental measure of stacking in RNA indicated that
stacking and H bonding each contribute ~1 kcal/mol
per base pair to the total stability (Figure 3).16%7
Aromatic 7—z stacking occurs largely between bases
within one strand of the helix, although because of
the helical twist there is also a contribution of stack-
ing between bases in opposite strands of a duplex.
Strengthening intrastrand base stacking could in
principle serve to preorganize a single strand for
binding a target strand. This, however, raises the
important question: what specific interactions con-
tribute to base stacking, and how might these be
enhanced?

Although quite a number of theoretical analyses
of base stacking have been carried out,'8-22 very few
experimental studies of stacking in nucleic acids
exist. A number of small-molecule model studies in
aqueous solution have attempted to experimentally
address this problem.?2=25 Studies of the natural
bases in short RNA helices showed that the bicyclic
purines (A and G) stack more strongly than do
pyrimidines (C and U).'® In smaller molecules,
stacking of simple aromatic hydrocarbon derivatives
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Figure 4. Example of a small-molecule model for aromatic
m-7 stacking in water.?* The binding of the adenine analog
is measured as a function of varied aromatic groups in the
host (anthracene is shown here). Binding free energy
correlates reasonably well with surface area of the mol-
ecule.

Table 1. Comparison of Stacking Affinities of Natural
DNA Bases and Simple Aromatic Analogs, As
Measured by Dangling End Studies in a
Self-Complementary DNA Duplex (Sequence
d(XCGCGCG),*

—AG°37 AAG®

dangling moiety Tm (°C)P (kcal/mol)® stacking
(none) 41.0 8.1+0.2 -
thymine (13) 48.1 9.2+0.2 1.1+0.2
adenine (15) 51.6 10.1 £0.2 20+0.3
benzene (17) 48.3 9.4+0.2 14+0.2
naphthalene (18) 56.2 10.9 £ 0.2 29+0.3
phenanthrene (19) 57.3 10.7 £0.2 26+0.3
pyrene (20) 64.1 114 +0.2 3.4+0.3

a Stacking parameters (ATm, AAG®) are obtained by sub-
tracting data for the core hexamer duplex from that for
duplexes with dangling bases added at the (X) position.?®
b Conditions: 1 M NaCl, 10 mM Na-phosphate pH 7.0, 5.0 uM
DNA strand concentration. ¢ Values obtained by plotting 1/Tp,
vs In (Cy) with data from at least five concentrations.

on adenine has been measured (Figure 4), and the
results indicated that the surface area of overlap is
an important factor.?* Several factors, including
dispersion forces, dipole—induced dipole attractions,?®
solvophobic effects,?® and electrostatics all may play
a role in base stacking, and only recently has the
relative importance of these factors begun to be
experimentally examined in duplex DNA?® (see be-
low). In one short DNA duplex, the stacking free
energies of thymine and adenine were measured at
—0.6 and —1.0 kcal/mol, respectively (Table 1).26

3. Electrostatic Effects

Aside from hydrogen bonding, by far the most
important electrostatic factor in DNA helix formation
is the repulsion of negative charge on phosphate
between strands forming a double (or higher) helix.
This is largely an enthalpic effect which becomes a
destabilizing factor in the final complex (depending,
of course, on ionic strength).?” A number of molecular
strategies for lowering this repulsion in DNA have
been realized in recent years; for example, an oligo-
nucleotide could be modified to carry an uncharged?82°
or even a positively charged backbone%3! thus
leading to lowered or eliminated electrostatic repul-
sion or even attraction between the oligonucleotide
and its target. While not an entropic preorganization
strategy, it can be useful for enhancing binding,
especially at low ionic strength. At physiological
ionic strength, however, preorganization strategies
can yield very high affinities even retaining the
normal phosphate charge (see below).
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Figure 5. Example of an experimental thermal denatur-

ation curve for a DNA complex in aqueous buffer. The UV

absorbance is followed as temperature is raised slowly from

low to high temperature. The curve shown is that for the

duplex formed by dCGCGCG in water with 1 M NaCl, pH
7.0 (10 mM phosphate) with 5 uM DNA.26

B. On the Thermodynamics and Kinetics of DNA
and RNA Helix Formation

The most common method for measurement of the
thermodynamics of nucleic acid helix formation is the
thermal denaturation experiment, which is carried
out in a UV cell in a thermostated UV—vis spectro-
photometer. The nucleic acid is placed in the aque-
ous buffer of interest, and the temperature is slowly
raised (say, from 10 to 100 °C) while absorbance is
monitored (usually at 260 nm) (Figure 5). Melting
of the helix coincides with an increase in the absor-
bance of the DNA bases as they become unstacked.
Analysis of the curve shape and measurement of
changes in the curve as a function of concentration
can give measures of enthalpy and entropy for helix
formation, if the helix follows simple two-state (all-
or-none) behavior.® It should be noted, however,
that many nucleic acid complexes are not well
described by a two-state model; a useful thermody-
namic method which does not require two-state
behavior is calorimetry.3® Kinetics of association and
dissociation can be observed by a number of methods
including stopped-flow rapid mixing techniques,3
analysis of hysteresis in melting/annealing curves,3®
and by following surface plasmon resonance effects.3®

It is important to recall that a data point such as
free energy for a complex represents the position of
an equilibrium between random coil (unbound) and
helical (complex) forms (Figure 2). This equilibrium
can be altered (stabilizing the complex) either by
changes which affect the stability of the complex, or
just as easily by changes which affect the stability
of the unbound oligonucleotide. This latter approach
lies at the heart of the preorganization concept.

1. Entropy and Enthalpy Contributions

As mentioned above, nearly all nucleic acid com-
plexation (duplexes, triplexes, and tetraplexes) is
highly favorable in the enthalpic term and highly
unfavorable in the entropic term, as judged by
experimental values determined in aqueous buffers.3
For example, the sequence 5'-dCGCGCG forms a self-
complementary duplex with a free energy (37 °C) of
—8.1 kcal/mol.?6:38 The measured AH°, however, is
—46 kcal/mol, and the entropic term (—TAS°®) at that



Preorganization of DNA

temperature is +38 kcal/mol.2®6 Thus, the enthalpy
and entropy terms are large and opposing, and are
much larger than the sum free energy stabilizing the
duplex. This actually makes some sense if one
considers the interactions involved.?®* The formation
of many hydrogen bonds and wz— stacked contacts
might be expected to be favorable enthalpy terms.
The fixing of many bond rotations would be expected
to be unfavorable entropically. Thus we say that
DNA helix formation is enthalpy driven, while pro-
tein folding (often dominated by classical hydrophobic
interactions) is more commonly entropy driven.

2. Interpretation of Experimental Values

This kind of molecular interpretation of enthalpic
and entropic effects in nucleic acid helices is not quite
that simple, however. First, there is the solvent and
counterions in solution to consider. In the single-
stranded form, DNA is well-solvated, forming strong
H bonds to many water molecules, and some of these
bonds are lost when the DNA—DNA H bonds are
formed. In addition, the ionic interactions between
cations and the single strand are likely to be different
than those with the duplex. Those many interactions
all carry enthalpy and entropy terms of their own.
The second problem in interpretation of these ex-
perimental quantities is that enthalpy and entropy
are interrelated when considering covalent and non-
covalent molecular conformation.'>3%4% For example,
when a base becomes increasingly stacked with a
neighbor, this may make the enthalpy more favorable
but the entropy less favorable (as bond rotations are
limited). For all these reasons it is therefore difficult,
and perhaps hazardous, to overly interpret measured
enthalpy and entropy effects in molecular recognition,
particularly in a complex case like nucleic acids
where the enthalpy and entropy terms are so large
relative to the free energy of the helix.

3. Kinetics of Helix Formation

The kinetics of nucleic acid helix formation are
markedly regular. Experimental values and methods
have been reviewed recently,'” and so | will mention
here only a short summary of the findings. Short
strands of DNA or RNA (say, less than ~100 nucle-
otides) form duplexes, whether they are fully comple-
mentary or not, at roughly the same rate. The
second-order rate constant for binding is commonly
105—-107 M~! s71. Since duplexes vary greatly in
stability, this means that dissociation rates vary
greatly depending on size, sequence, conditions, and
complementarity. One exception to the common as-
sociation rates mentioned above is triple-helix form-
ation: when a third strand binds to a preformed
duplex, the association rate for triplex formation can
be considerably slower; rate constants have been
reported in the range 2—4 orders of magnitude slower
than duplex formation (with some dependence on pH
and ionic strength).343541.36 Cooperative triple heli-
ces, however, can be formed on single-stranded
targets at the same rapid rate as duplexes.®* A
recent report also found that purine-rich third strands
can form triplexes qualitatively faster than do pyri-
midine strands.*?
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C. Desirable Properties in Recognition: Affinity
and Sequence Selectivity

The yardsticks of successful molecular design for
recognition have long been binding affinity and
binding selectivity. Many, but not all, applications
of modified oligonucleotides would benefit from in-
creased affinity. Almost all applications would also
benefit from higher selectivity; in DNA and RNA,
selectivity usually means the ability to discriminate
among closely related target sequences.

1. When Is High Affinity Desirable?

Tight binding is desirable in oligonucleotide com-
plexes when the end result requires only noncovalent
complexation and not some subsequent activity which
requires dissociation. A high affinity often means
slow dissociation from the target and therefore a long
lifetime for detection or for inhibition of biological
processes.*® It also implies being able to bind even
when present at very low concentrations. Thus, a
high affinity is desirable in many if not most of our
current applications. However, tight binding is not
desirable in some situations.** For example, if an
analogue has raised affinity but not elevated se-
guence specificity, it may bind to undesired targets
and have an unintended effect there. In addition,
hybridization is sometimes linked to a catalytic event
which requires turnover; for example, ribozyme
RNAs bind to an RNA substrate, induce cleavage,
and then they must dissociate to find a new target.
If binding is too tight, then dissociation is slow and
thus limits the effectiveness of ribozyme catalysis.**

2. The Hazards of Increasing Affinity Noncooperatively

Several approaches to increasing the affinity of
binding by an oligonucleotide do not simultaneously
increase selectivity. Such analogues may have un-
desired nonspecific effects in some applications. A
few examples are worth noting: DNA intercalators
are small aromatic molecules which generally bind
DNA quite nonselectively at almost any sequence.
Tethering an intercalator loosely to an oligonucle-
otide can very significantly increase overall binding
affinity,*® as the affinity of the intercalator is added
to that of the DNA. However, the intercalator will
bind along with the oligonucleotide whether or not
the oligonucleotide is bound at a correct site (and will
even bind when the oligonucleotide is not bound at
all). Thus the intercalator may increase affinity
about equally for matched and mismatched targets.*®

Another example of increasing affinity without
increasing selectivity is exemplified by oligonucle-
otide analogues which carry positive charge.3%31 As
mentioned above, such compounds can bind quite
tightly to complementary strands, especially at low
ionic strength because of the lowered negative charge
repulsion between strands. However, all else being
equal, the positive charge is likely to raise the affinity
for binding all nucleic acids, since all carry more or
less the same regularly spaced negative charges.

3. Affinity and Selectivity Are Not Mutually Exclusive

One of the central points of this review is that high
affinity and high selectivity can be achieved from a
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Figure 6. Structures of C-5-modified uridine nucleosides (2—8) which stabilize nucleic acid helices, probably by enhancing
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position), including the C-5 methyl group of thymidine (1).

single structural modification. The concept of pre-
organization can be used to design a modification
which rigidifies the ligand (oligonucleotide) prior to
binding so that it more resembles the bound confor-
mation. This achieves the entropic benefit stated
above, because fewer bond rotations are frozen during
complexation, and thus affinity is higher. At the
same time, the molecule is organized into a shape
which is more complementary to the desired target
than to undesired ones. This increases selectivity
because mismatched targets will cause unfavorable
responses such as nonoptimum bond angles or steric
clashes. Some examples of molecules with increased
affinity and selectivity are given below.

D. Cooperativity, Rigidity, and Molecular Design

In a large molecule with many binding domains,
such as a nucleic acid oligomer, this rigidity is
discussed in terms of cooperativity. This is a mea-
sure of the communication of interactions between
different binding domains. For example, how much
does disruption of one DNA base pair affect the
energy of the one next to it, or the one five base pairs
away? For perfect preorganization, a molecule must
be perfectly rigid, and disruption of one base pair
then affects all the others equally. Although a DNA
double helix does have a good deal of cooperativity,
it is far from perfectly rigid, and this is especially
true in the single-stranded state. This means that
there is a good deal of room for improvement of
recognition properties.

Ill. Strategies for Enhancing Base Stacking

Since the majority of the base-stacking interaction
in nucleic acids is between bases within a strand, the
strengthening of stacking will have the tendency to
cause the single-stranded oligonucleotide to become
preorganized into a more regular helical conforma-
tion. This will therefore favor complexation by
lowering the entropic cost. This section will focus on
specific chemical strategies for increasing stacking.

A. Addition of Simple Substituents to DNA Bases

It has been recognized for some time that C-5
methylated pyrimidines are more stabilizing to nu-

cleic acid helices than when the methyl is absent.
Early studies with polymeric strands indicated an
advantage in thermal stability with this substitu-
tion,**8 and more recent studies with short, well-
defined sequences have confirmed a thermodynamic
advantage as well.**=5* One study found that the
addition of each methyl group to uracil either in RNA
or in DNA adds 0.1-0.5 kcal/mol of stability to
double- and triple-helical structure.5! It is thought
that this effect is due to increased polarizability of
methylated bases, which enhances van der Waals
interactions with neighboring bases.? Other C-5
subtituents such as bromine and chlorine are also
nearly as stabilizing (Figure 6).°°© One exception to
this rule is the recent finding that addition of C-5
methyls on cytidines is destabilizing in all-RNA (but
not DNA) triple helices.>®

Also in this vein is the finding that pyrimidine C-5
propyne groups are also stabilizing to double (and in
some cases, triple) helices,5*%5 although some excep-
tions are known.%® For example, addition of propyne
to dU thermally stabilizes duplexes with RNA (in one
report) by 1.7 °C per substitution and triplexes by
2.4 °C (Figure 6). A propyne group would also tend
to enhance polarizability and hydrophobic surface
area and thus enhance base stacking.>” Lower C-5
alkyne groups up to hexyne are stabilizing, although
alkane substituents longer than methyl are destabi-
lizing.%®

It is more difficult to find a site for similar
substitution in purines. Replacement of the N-7
nitrogen with carbon (i.e., N-7 deazapurines) gives a
position which can be substituted with methyl,
bromine, or chlorine groups for additional helix
stabilization.?® Again, it seems likely that this is due
to enhanced stacking, although this has not been
investigated in detail as yet.

B. Increasing Surface Area of DNA Bases

Since surface area of overlap in a stacking interac-
tion may be correlated with strength of the interac-
tion, investigators have recently begun to find ways
to increase the surface area of DNA bases without
disrupting their ability to form the necessary hydro-
gen bonds. Matteuci et al. have reported that addition
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of aromatic hetercyclic groups to the C-5 position of
pyrimidines significantly stabilizes helices, again,
possibly by enhancing stacking (Figure 6). A thiazole
substituent has shown the most promise of these
cases.>®

Also in this vein are studies in which extra rings
are added to pyrimidines (Figure 7).6%61 Bicyclic and
tricyclic cytidine analogues have been reported re-
cently; one tricyclic analogue has been reported to
increase Ty, by as much as 5.0 °C per substitution,®!
although thermodynamics have not yet been mea-
sured for sequences containing this analogue.

C. Use of Nonpolar DNA Base Analogues

The above strategies are useful for substitution
within a helix-forming sequence. Recently it has
been shown that helices can be stabilized signifi-
cantly by the addition of strongly stacking bases at
the end of the helix, even when the bases in question
do not undergo pairing.?":%2 A recent study of the
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thermodynamic stacking affinities of natural DNA
bases and simple aromatic hydrocarbons (Figure 8)
showed that hydrophobicity, in addition to surface
area, is an important factor in enhancing stacking.
A pyrene-derived nucleoside analogue was shown to
add 1.7 kcal/mol of stability and 11.5 °C in T, per
each substitution in a DNA helix (Table 1).?6 Ex-
amination of entropic and enthalpic factors supported
the hypothesis that stacking preorganizes the single-
stranded helix prior to complexation.®® Such nonpo-
lar DNA base analogues have also been shown to
stabilize intramolecular hairpin-type helices.®?

IV. Strategies for Limiting Bond Rotations

The above strategy relies on noncovalent bonds to
preorganize helical structure. In this section are
described approaches to the use of covalent bonds to
limit bond rotations prior to complexation.

A. Backbones with Restricted Freedom

One approach to the limiting the bond rotations in
the phosphodiester backbone of DNA or RNA is to
replace this backbone with bonds that are less free
to rotate. There are five single bonds which connect
two adjacent pentose rings in nucleic acids, and many
five-bond replacements have been reported. Most of
these are uncharged replacements; a few of these
have shown some success in increasing affinity,
especially at lower ionic strength. Some of the more
successful examples of such a replacement are con-
nections which contain an amide bond (Figure 9),
since an amide has restricted rotation about the
carbonyl—nitrogen bond. Two such cases merit men-
tion in this respect; the first is the peptide nucleic
acid (PNA) analogue (Figure 17),2°%4 which forms
strong duplexes with DNA at lowered ionic strength,
and which forms very strong triplexes even at normal
ionic strength. The second is an amide linkage which
can also stabilize helical complexes.5® It is likely that
both these analogues benefit from the restricted
rotation of the backbone.

o

HO HO

NH,
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Figure 8. Structures of nucleosides with aromatic hydrocarbons as DNA base analogues. Compounds 14 and 16 are
nonpolar isosteres of natural thymidine (13) and deoxyadenosine (15) respectively. C-nucleosides 17—20 have simple
aromatic hydrocarbons replacing the bases. Compounds 14, 16, and 18—20 all stack more strongly than the natural DNA

bases.26.37.62
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Figure 9. Examples of DNA analogues with amide bonds
replacing phosphodiester bonds, in comparison to natural
DNA (left). The amide linkage has restricted rotational
freedom relative to the natural phosphodiester linkage. See
ref 65.
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Figure 10. Structure of “bicyclo-DNA” (right) in compari-
son to natural DNA (left). Addition of a second fused
ring to the furanose ring confers added conformational
rigidity.66-68

B. Bicyclo-DNA

Another strategy for preorganizing DNA might be
to rigidify the normally flexible furanose ring by
chemical modification. Leumann et al. have done this
by addition of an ethylene bridge from C-3' to C-5',
adding a second five-membered ring to the natural
structure (Figure 10).56-68 This oligonucleotide ana-
logue has been termed “bicyclo-DNA”, and oligo-
nucleotides designed to form both duplexes and
triplexes have been studied. This analogue has been
found in some cases to hybridize strongly with an
RNA strand; for example, a strand of bicyclo-DNA
with adenine bases binds poly(U) more tightly than
does a similar strand of natural adenine-containing
DNA,S” and similar effects have been observed in
triplex formation.®8 Some sequences of bicyclo-DNA
bind a single-stranded or duplex complement with
lower affinity than natural DNA; in part this may
be due to the adoption of an unfavorable ring
conformation.66-68

C. Hexose-DNAs and RNAs

It has long been recognized that five-membered
rings are considerably more flexible than six-mem-
bered rings. Furanose sugars have a low barrier to
interconversion of ring conformers, while pyranoses
are generally much more stabilized in a chair con-
formation. In recent years the groups of Eschen-
moser and Herdewijn and Van Aerschot have syn-
thesized several analogues of DNA and RNA in which
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Figure 11. DNA and RNA analogues with hexose sugars
(and related structures) replacing ribose or deoxyribose.59-73
Six-membered rings confer conformational rigidity because
of their preference for the chair conformation.

the furanose ring is expanded to a six-membered ring
(Figure 11).5°7% In some cases this has led to
oligonucleotide analogues which hybridize more
strongly to DNA and to RNA than the natural
furanose-based structures do.

One fascinating example of this concept is the
pyranosyl-RNA analogue (pPRNA) of Eschenmoser.”
This structure contains the same number of carbons
as RNA but with six-membered rings rather than
five-membered ones, and with one fewer freely rotat-
ing internucleotide bond (Figure 11D). Hybridization
studies have shown that oligonucleotides constructed
with this backbone bind to RNA complementary
strands very strongly; this result is attributed in
large part to the conformational rigidity of the
modified sugar—phosphate backbone. Also intrigu-
ing is the recent finding that strands of pRNA
carrying a cyclic phosphate group at one end can
undergo autoligation with another strand bound at
an adjacent site.”*

D. Circular DNAs and RNAs

One way to very significantly limit the conforma-
tional freedom of a flexible chain is to cyclize the
chain. One early example of this concept in short
duplex DNAs was the addition of loops closing the
ends to give dumbbell-like structures.”*~"¢ More re-
cently there has been considerable interest in circular
DNAs which lack this internally complementary
structure (thus allowing them to bind other nucleic
acids). Synthesis of cyclic DNAs and RNAs has been
studied in many laboratories,””"8' and recently a
number of strategies for binding such cyclic molecules
to nucleic acid targets have been described.82-8 A
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circular oligonucleotide
forming duplex with target

circular oligonucleotide
forming triplex with target

(target passes
through circle)

(target does not
pass through circle)

Figure 12. The binding of a circular oligonucleotide to a
single-stranded RNA or DNA target: (left) Watson—Crick
binding alone, showing how helix formation tends to bring
the target strand through the circle, and (right) combined
Watson—Crick and Hoogsteen binding, which results in no
such topological linkage.8>

circular oligonucleotide can bind a single-stranded
target strand of RNA or DNA by forming standard
Watson—Crick bonds. However, such binding is
limited because of the helical twist of DNA: the
strand being bound will therefore required to pass
through the circle once per ~10—12 bases of hybrid-
ization (corresponding to a turn of the helix, Figure
12).83858 This is an unlikely event except when
binding very short target strands. One approach to
successful binding of longer target sequences which
has shown much more success is triplex formation
with the target strand (see below).

V. Linking Binding Domains

The linking of two binding domains for complex-
ation of a large molecular target is another well-
tested and successful strategy for preorganization.
This has the effect of combining all the noncovalent
bonds into a single binding event. This is favorable
enthalpically because of the addition of new binding
interactions and is entropically favorable (relative to
separate binding domains) because less entropy of
translation and rotation is lost on binding. One
aspect of critical importance in such a strategy is the
design of the linking group or groups. For best
preorganization (and thus highest affinity and selec-
tivity), a linker should be both rigid and orient the
binding domains in the productive geometry.

A. Noncovalent Links

Noncovalent links between binding domains have
the advantage of simplifying synthesis and requiring
smaller molecules; however, they have the possible
disadvantage of being relatively weak, which can
limit the potential for ideal preorganization and
cooperativity. True preorganization requires that the
two binding domains can and do dimerize by their
noncovalent interaction even in the absence of the
target. Dimerization which requires the target for
assistance will tend to be a lower-affinity interaction,
although selectivity can be high because a mismatch
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Figure 13. Dimerization of two oligonucleotides for coop-
erative triplex formation at two sites separated by two base
pairs in duplex DNA 8889

near the site of the interactions will disrupt the
binding of both domains.

1. Dimerization for Triplex Binding

Two oligonucleotides can hybridize simultaneously
to directly adjacent sites in a single-stranded or
double-stranded target. This binding brings the ends
in a position to stack directly on each other in coaxial
fashion, which is a weak interaction but does bring
some cooperativity to the total binding. For example,
the adjacent binding of two oligonucleotides to duplex
DNA was found to be stabilized by 1.8 kcal/mol,®” and
if C-5 propynyl groups are present on the stacking
interface, this can rise to >4 kcal/mol.8 Some
noncovalent dimerizations having greater cooperat-
ivity are known. For example, Dervan and co-
workers have shown that two oligonucleotides can
form a dimeric triple-helical complex with duplex
DNA by forming a Watson—Crick stemlike interac-
tion (Figure 13).8° In a related approach, a short
Watson—Crick stem can aid in dimerization of two
triplex-forming strands, and a drug (echinomycin, for
example) can bind the stem and enhance cooperat-
ivity. %0

B. Covalent Links
1. Disulfide-Cross-Linked DNA

Several research groups have successfully engi-
neered thiol groups into DNA for the purpose of
disulfide cross-linking (Figure 14).917° If the thiols
are placed into opposite strands of a duplex-forming
sequence, the duplex is linked covalently by oxidation
and becomes stabilized thermodynamically, presum-
ably because of the entropic benefit.%? A similar
approach can be used to stabilize intramolecular
hairpins; this has the added advantage of organizing
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Figure 14. Examples of five different nucleoside ana-
logues (21—25) which allow disulfide formation in DNA.91-9

the conformation predictably,®®%* since hairpins can

be in equilibrium with bulged duplex structures.
Such a cross-linked hairpin has been preorganized

linked strands

-
|

two separate strands
(purine target)

eecccccv e
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in this way to enhance affinity with a DNA-binding
antibody.% Bicyclic and related cross-linked struc-
tures (see below) represent the first application of
cross-linking for preorganization in binding nucleic
acid targets.%®

2. Triplex Formation on Single-Stranded Targets

Triple-helical nucleic acid structures (Figure 1)
have been known since 1957.°7 A purine DNA base
can form hydrogen-bonded contacts on two sides, one
the Watson—Crick face and one termed the Hoogs-
teen face. Thus, in duplex DNA, a purine stretch
presents sites in the major groove for Hoogsteen
complexation by a third strand.?®®® In 1991 it was
realized by two different research groups that single-
stranded DNA can also serve as a target for triple
helix formation: a purine stretch can be bound on
two sides by a molecule carrying both a Watson—
Crick complementary domain and a Hoogsteen
complementary domain.82100101 This brings ample
opportunities for linking such domains to gain pre-
organization.

a. Clamp or Fold-Back Oligonucleotides. The
simplest way to link two such triplex-forming do-
mains (Figure 15, Table 2) is to connect them with
extra nonpairing nucleotides!®? or by a simple non-
nucleotide linker such as hexaethylene glycol.1%t
Héléne and co-workers in 1991 and 1993 described

stem-loop ligand

circular ligand

crosslinked strands bicyclic ligand

IV G D

circular ligand tail-to-tail linked strands

(pyrimidine target) (pyrimidine target)
!

"\ X,

Figure 15. Strategies for preorganization of two binding domains in recognition of single-stranded DNA or RNA targets
by triplex formation (Watson—Crick binding is denoted by lines and Hoogsteen binding by dots). In general, the greater
the number of links between the two binding domains, the greater the rigidity of the ligand, and the greater the affinity
and selectivity is. See text for descriptions of and references for these strategies.
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Table 2. Thermal Melting Data for Complexes of
Linear, Clamp, and Circular Oligonucleotides with
the Target Sequence 5'-dAAGAAAAGAAAG at pH 7.0,
100 mM Na*, 10 mM Mg?+ 110

ligand type complex Tp.°C
5-AAGAAAAGAAAG
linear I A R R 43.8 °C
TTCTTTTCTTTC &
5.pACTTCTTTTCTTTCC
clamp AAGAAAAGGAAG ¢ 54.9

c LI T T T O O A B |
ACTTCTTTTCTTTCC

cTTCTTTTCTTTCc

circular ¢ ARFAMMASIMAT O 62.3

CTTCTTTTCTTTCC

the cooperative binding by such a “clamp”-like ligand
relative to binding of separate Watson—Crick and
Hoogsteen domains; for example, two linked 16+18
mer sequences had a single T, of 42 °C, whereas
without the linkage there were two Tny's observed,
at 35 and 48 °C. The same group showed that such
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a strategy, combined with attachment of an interca-
lator, results in high enough affinity to inhibit the
progression of a DNA polymerase enzyme along the
target.1? Later work by Agrawal and co-workers has
led to similar results with “fold-back” (similar to
clamp) structures.t031%4 QOther approaches for the
linking of two binding domains and forming similar
triplexes have been reported recently.195-197

b. Circular and Looped Oligonucleotides. The
clamp or fold-back strategy for triplex formation
illustrates the linking of two binding domains to
increase preorganization. At the same time Hélene
was developing the clamp approach, Kool et al.
reported the strategy of using circular oligonucle-
otides to form triplexes on single-stranded tar-
gets.82190 This is a related approach but instead of
a single linkage at one end of the complex, there are
two loops linking both ends (Figure 15, Table 2). This
has been carried out with nucleotide loops as well as
(more recently) nonnucleotide linkers.2%81%° The pres-
ence of two rather than one linkage results in higher
binding affinity. For example, Prakash and Kool
found that while a clamp-like oligonucleotide bound
a target sequence with an 11 °C advantage in T,
closure of the clamp into a full circle gave a 19 °C
advantage (Table 2).119 Comparison of linker types,

Table 3. Selectivities of Linear, Circular, and Bicyclic Oligonucleotides, As Measured by Free Energy
Differences (AAG®s;) between Binding Correct and Singly-Mismatched Targets as Shown (See Ref 95)ab

ligand targets

pH=7.0 selectivity

Tm (°C)  -AG°s (kcal/mol)  AAGPs (kcal/mol)

TTTCTCTCTCTTT
(Watson-Crick complement)

AAAGAGA
AAAGAGA

AAAGAGA

AAAGAGA

TTTTCTCTCTCTT T

T T
T T
CTTTCTCTCTCTTTC

AAAGAGA|G

AGAAA

AAAGAGAAIAGAAA

AAAGAGA[TIAGAAA

AAAGAGAICAGAAA

TTTTTCTCTCTCTTTTT

T S\S T

T ] T
CTTTCTCTCTCTTTC

AAAGAGA|GAGAAA

AAAGAGAAIAGAAA
AAAGAGATIAGAAA

AAAGAGA[C|A

45.1 107 -
25.0 55 5.2
27.4 5.8 4.9
23.7 5.1 5.6
54.7 17.5 -
35.8 8.3 9.2
36.3 8.5 9.0
37.3 8.9 8.6
64.3 25.2 -
49.1 13.4 11.8
48.2 14.4 10.8
49.1 15.2 10.0

a Conditions: 1.5 uM concentration each strand, 100 mM NaCl, 10 mM MgCl,, 10 mM Na-PIPES buffer. ® Error limits for
individual measurements are estimated at £0.5 °C in T, and £5—10% in free energy.
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lengths, and sequences for clamp-type or circular
ligands has established that these factors can greatly
affect the affinity of binding a complementary strand
of DNA.0°

Measurement of the thermodynamics of binding by
a circular triplex-forming oligonucleotide showed that
a circular oligonucleotide could have a 7 kcal/mol
advantage in binding over standard Watson—Crick
linear oligonucleotides.’® Importantly, the same
modified DNA was measured for its sequence selec-
tivity, as defined by the difference in free energies of
binding the correct sequence relative to targets that
are mismatched by only one nucleotide.?? It was
established that while a linear oligonucleotide has
3—4 kcal of selectivity, a circular oligonucleotide
demonstrated 6—7 kcal/mol of selectivity on the same
targets. (See Table 3 for an additional example.) This
was the first demonstration that such a preorgani-
zation strategy could not only increase affinity but
greatly enhance selectivity as well. This increased
selectivity arises from interrelated effects: first, the
increased entropic preorganization leads to greater
rigidity and cooperativity; second, in the triplex
binding, a mismatched base in the target causes
disruption in two, instead of one, binding domains;
and third, protonation of cytosine in triplexes has
been shown to enhance selectivity as well.3

It has not escaped the attention of several research
groups that circular oligonucleotides have another
property which can lend advantages in certain ap-
plications. In biological and biomedical applications,
DNAs are commonly found to be degraded rapidly
by nuclease enzymes, and primarily by exonucleases
which cleave DNA from the ends. Circular oligo-
nucleotides have no ends and thus can be consider-
ably more resistant to such degradation.108:85111

c. Cross-Linked Oligonucleotides. The clamp and
circular oligonucleotide approaches are strategies in
which two DNA-binding domains are linked at their
end or ends. Another approach would be to link them
across the center. Examination of the base triads
involved in triple-helix formation shows that a bridge
can easily link two C-5 positions on pyrimidines in
opposite strands (Figure 16). Chaudhuri et al. de-
signed a simple thiopropyne-substituted thymidine
nucleoside which could position two thiols such that
a cross-link could form between the two noncomple-
mentary pyrimidine strands.®® This gives a molecule
having the form of an “H”, with the two linked
strands being preorganized to form a cooperative
triple helical complex with a complementary strand.
The experimental results showed that such a cross-
linked molecule binds a target strand more strongly
than a clamp-type oligonucleotide does with the same
target.

d. Bicyclic Oligonucleotides. The concept of using
a circular oligonucleotide as a ligand for triplex
formation on a single-stranded target nucleic acid has
been quite successful in improving affinity and
sequence selectivity. However, a circular single-
stranded oligonucleotide in the ~30—40 nt size range
still remains quite flexible, with a good deal of room
for improvement in preorganization. Chaudhuri et
al. therefore combined the circular DNA strategy
with the above disulfide-cross-linking strategy (Fig-

Kool

target strand
(purines)

ligand ligand
Hoog§t9gn strand W-C strand
(pyrimidines) (pyrimidines)

// alkyne linker

enhances stacking

disulfide
crosslink

Figure 16. Strategy for cross-linking opposing pyrimidine
strands in a triple helix. Shown is a short segment of a
triplex in cross section, illustrating how two pyrimidine
strands can be bridged by a disulfide linkage to yield a
stronger-binding preorganized ligand for the purine (cen-
tral) strand.®®

ure 16), producing a bicyclic oligonucleotide which is
composed of a DNA circle with a disulfide link across
the center.®> Thermal denaturation studies showed
that this bicyclic ligand binds a complementary DNA
strand with extremely high affinity; for example, at
neutral pH it binds the complement with a free
energy 15 kcal/mol more favorable than a Watson—
Crick complement alone and 8 kcal/mol more strongly
than the circle lacking the extra cross-link (Table 3).

Sequence selectivity was also found to benefit from
this additional preorganization strategy (Table 3).%°
Measurement of the thermodynamic ability to dis-
criminate against a single mismatch in the target
revealed a preference of a very high 10—12 kcal/mol
for the correct target. This is believed to be the
highest DNA sequence selectivity observed for any
molecule to date, and serves as a good example of
how selectivity and high affinity are not mutually
exclusive.

e. Extension to Pyrimidine Targets. A second motif
for triplex formation has been known for some time.
This is the so-called purine motif, in which purine—
purine—pyrimidine base triads are formed.*2113 As
with the previous motif, a purine strand is in the
middle, with two other strands forming hydrogen-
bonded contacts. In such a motif, one may consider
the Watson—Crick complementary pyrimidine strand
the target and the other two as binding domains
which might be preorganized by linking. Mirkin et
al. have shown that a fold-back-type ligand binding
by this mode can inhibit a DNA polymerase during
replication.’** Kool and co-workers took this a step
further by constructing circular DNAs in which the
two domains are linked at both ends (Table 4). Such
circular DNAs bind both DNA and RNA targets with
elevated affinity; for example, a circular 26 mer binds
a 12mer C,T-containing target with a free energy of
—17 kcal/mol, while a standard Watson—Crick comple-
ment binds with a free energy 3.0 kcal/mol less
favorable (Table 4).115116 This approach expands the
number of possible natural target sequences available
for binding by triplex formation.



Preorganization of DNA

Chemical Reviews, 1997, Vol. 97, No. 5 1485

Table 4. The Effect of Ligand Structure on the Binding of an RNA Strand (Sequence rCUCCUCCCUCCU) Shown
Are Melting Transition Temperatures (T, (°C)) and Free Energies (—AG° (kcal/mol)) at pH 7.0

ligand b AGE -AG g
complex ( target> Tm (C) (keal) (keal)
dGAGGAGGGAGGA-S 58.9 15.6 8.3
5.r CUCCUCCCUCCU ' . .
GTGGTGGGTGGT
c 65.5 18.3 10.8
GAGGAGGGAGGA-
5.-r CUCCUCCCUCCU
GTGGTGGGTGGT
c ¢ 70.5 18.0 12.3

CGAGGAGGGAGGAC
5-r CUCCUCCCUCCU

a Conditions: 100 mM NaCl, 10 mM MgCl,, 10 mM Na-PIPES, pH 7.0, 1.5 uM each DNA strand. ? Error in T, values and in

free energies are estimated at £1.0 °C and +10%, respectively.
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Figure 17. (A) Structure of peptide nucleic acid (PNA)
next to natural DNA (left) and (B) illustration of the
binding of duplex DNA by two PNA strands at low ionic
strength, forming a “D-looped” structure. One strand (at a
homopurine site) is bound in a triplex with two identical
PNA strands, and the unbound strand is displaced from
the double helix.2%:64

f. Unlinked Domains. Two separate molecules can
act as ligands for one molecule without even contact-
ing each other, and still do so with a measure of
cooperativity in certain instances. For example, a
sequence of C,T-containing peptide nucleic acid will
not bind a purine complementary sequence of DNA
by formation of a duplex, but will instead proceed to
form a three-stranded complex in which two PNA
strands clamp the target DNA (Figure 17).286 Thus

the three-stranded complex is favored energetically
over the two-stranded one. This probably occurs
because binding of the first PNA strand induces a
conformation in the DNA which further favors the
next binding event.®* However, in such a complex
there is still an entropic cost for bringing the three
molecules together, and physical linking of the two
PNA strands in a clamp-type ligand (see above) gives
even higher affinity.*t’

3. Tethered DNAs

As pointed out in some of the above strategies, it
is often advantageous in many applications to link
multiple binding domains together. For maximum
cooperativity, a rigid linking domain would perhaps
be ideal, and yet to date, most reports of tethered
oligonucleotide domains have utilized flexible linkers.
Although flexible linkers may not maximize affinity
and selectivity, they have shown utility in some
applications. Flexible tethers have been used to link
two DNA-binding sequences for hybridization to
separated sites in single-stranded RNAs!*® and also
to duplex DNAs.1197121 |n the RNA-binding case this
strategy allowed the recognition of sites which are
near in space but separated in sequence on a folded
RNA target. In the case of duplex DNA recognition
this can allow the recognition of purine runs sepa-
rated by non-homopurine segments!'®120 or the rec-
ognition of adjacent purine runs in opposite strands
of a duplex.'?

VI. Summary and Prospects for the Future

It is becoming increasingly evident that preorga-
nization strategies can lend great benefits in the
recognition of nucleic acids by oligonucleotides. Even
the most advanced molecular examples of preorga-
nized oligonucleotides in existence, however, still are
quite flexible by the standards of the more classical
guest—host recognition field. Thus it seems likely
that considerably greater improvements in the bind-
ing properties of modified DNAs are to be anticipated.
It should also be pointed out that there are other
chemical strategies for improving molecular proper-



1486 Chemical Reviews, 1997, Vol. 97, No. 5

ties of DNA which are not directly related to the
entropic arguments presented here. For example,
many other DNA backbone replacements have been
synthesized which increase lifetime in biological
media,’? and conjugated groups have been added to
enhance binding or cellular uptake.® Such strategies
are complementary to most of those presented here,
and thus combining these varied features in future
generations of molecules will no doubt give further
improvements in properties. Finally, the widespread
and increasingly important applications of modified
DNAs are still at an early stage of development, and
the availability of improved molecular properties
such as those described here will only aid in this
development in the future.
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