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ABSTRACT. The three-dimensional structure of a covalent hybrid between cholic acid and the self-
complementary DNA hexamet-$GCGCA-3 was solved via two-dimensional NMR and restrained torsion
angle molecular dynamics. In the complex, refined to a pairwise rmsd of 0.64 A, the steroid binds to the
terminal T:A base pairs via extensive van der Waals contacts but without any hydrogen bonds or detectable
dipole-dipole interactions. The contacts involve the methyl groups as well as one edge of the streoid’s
sterane skeleton and both nucleobases and the deoxyriboses of the terminal base pair of the DNA. The
surprising shape complementarity between steroid and the undisturbed DNA termini explains the increase
in fidelity and affinity observed for hybridization probes bearing bile acid residues. Since the hydroxyl
groups of the steroid do not contribute to the binding of the DNA, they may be derivatized, potentially
giving access to a new class of specific binders for blunt ends of WatSdok duplexes.

Steroids, most notably steroid hormones, are known to known biological role in emulsifying dietary fats in the small
induce or suppress gene expressida-3) but are not intestine, i.e., not inside cells, where genomic DNA is found.
generally thought of as DNA-binding molecules. Instead, It was therefore interesting to see that DNA aptamers can
they are known to induce their effect on genomic DNA bind cholic acid tightly 83). When bile acids covalently
through nuclear receptord{6). Some reports on direct appended to the'&erminus of oligonucleotides were found
molecular interactions between steroids and DNA exist, but to stabilize DNA duplexes and to enhance DNA/RNA
most of these are on steroidal aminés {2), not hormones  selectivity and mismatch-discriminatioB4), these findings
(13), sterols, or bile acids without cationic groups. When came as a surprise. They were not the result of a specific
steroid derivatives were appended to oligonucleotides to bedesign, based on early reports on interactions between
employed for biotechnological or biomedical applications steroids with nucleobase85), but were obtained in the
(14—20), it was steroid-steroid interactions21, 22), or context of a combinatorial studyd8§). The melting point
interactions with receptor®8, 24) or membranes26—27), increase observed for short duplexes bearing the cholic acid
that were envisioned, and not stereidNA interactions. A cap is 11°C per modification and thus more pronounced
phosphoramidite building block of a cholesterol derivative than for other steroidal appendag@$,(31). Further work
suitable for covalently modifying oligonucleotides is now showed that covalently appending cholic acid to template
commercially availableZ8), but the supplier cites enhanced strands also accelerates nonenzymatic single nucleotide
penetration of 20-methyl oligoribonucleotides and thus extension reactions37), an effect conceptually similar to
improved transport into cells as key feature of oligonucle- that of polymerases catalyzing the extension of primers in
otides prepared with this reager9j. However, the NMR duplexes with templates.
structure of an estrone-tethered tandem DNA duplex where — \y,ch jike polymerases, cholic acid residues appended to
two steroid moieties interact not just with each other but oligonucleotides with a'serminal 3-amino-2,5-dideoxy-

also with DNA has been publishe8(). Further, stabilizing  ,cjeqtide are also found to exhibit their duplex stabilizing
effects of covalent steroid appendages on DNA duplexes and, mismatch-suppressing effect on more than one terminal
triplexes devoid of other steroids have been obserdad ( Watson-Crick base pair37, 38). Namely, T:A- and C.G.-

32. . . . . . terminated duplexes have elevated UV melting points when

Among the steroids, the bile acids, including their best stabilized by cholic acid residue84, 38), and T:A, C:G
known representative, cholic acid, were perhaps the least, 4 AT pase pairs all have been shown to be formed faster
obvious ligands for nucleic acids, since they exert their in nonenzymatic single-nucleotide extension reacti@m (
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appended cholic acid residue34) and the elucidation of
the three-dimensional structure of a representative cholic
acid-capped complex via two-dimensional NMR and re-
strained molecular dynamics. Here we report the high-
resolution structure of the bile acidNA complex (Chl-
TGCGCAY) (Figure 1)t where the steroid is in close contact
with the terminal base pair of the duplex.

MATERIALS AND METHODS

Synthesis and Sample Preparatioh sample of Chl-
TGCGCA () was prepared on 1@mol scale using a
methodology described previousB4j, on an ABI 380 DNA
synthesizer according to the manufacturer’'s recommenda-
tions, except that the capping steps were omitted and the
5'-MMT-protected 3-phosphoramidite of'samino-3-deoxy-
thymidine @0) was employed in the last phosphoramidite
coupling step. The cholic acid residue was coupled manually
as described previousl$4). The crude steroid DNA hybrid
was HPLC purified on a MachereyNagel Nucleosil C4
column, using a gradient of GBN in 0.1 M triethyl-
ammonium acetate, pH 7, with detection at 260 nm. The
purified product was lyophilized twice fromJ@, four times
from 10% aqueous N#to displace residual triethylammo-
nium counterions, and twice from;D. The residue was
dissolved in RO containing 150 mM NaCl and 10 mM
phosphate buffer pH 7, uncorrected for deuterium effect, to
a final volume of 20QuL and a strand concentration of 6
mM. For the acquisition of spectra detecting exchangeable
protons, the sample was lyophilized to dryness and im-
mediately taken up in 0/D,0 (9:1). The sample was stored
at 4 °C between acquisitions without preservatives and
showed no signs of decomposition after 14 months.

NMR SpectroscopNMR spectra were recorded in NMR
microtubes susceptibility-matched to,®@ (Shigemi Co.,
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of thymidine at 1.74 ppm. The NOESY cross-peak of this
singlet with its integration for three protons to the resonance
of H6 of the same residue at 7.30 ppm provided an entry
into sequential assignment of all HAnd nonexchangeable
nucleobase resonances of the nucleotid@s-49). Starting
from the HI frequencies thus determined, the remaining
protons of the deoxyribose spin systems were assigned based
on cross-peaks in DQF-COSY and TOCSY spectra. Peak
overlap prevented the unambiguous assignment of all H5
5" resonances and the diasterotopic position of some geminal
coupling partners was not resolved. The H5 resonances of
the deoxycytidine resonances were identified on the basis
of DQF-COSY cross-peaks to their H6 neighbors. Exchange-
able protons at N3 of T2 and N4 of C4 and C6 were
identified on the basis of NOESY cross-peaks to H2 of A7
and the H5 resonances of the cytosines, respectively. The
frequencies of the NH1 signals for G3 and G5 were assigned
based on NOESY cross-peaks to the NH41 resonances of
the Watson-Crick base pairing partners C4 and C6. The
assignment procedure for the cholic acid residue is described
in the text (vide infra).

Generation of RestraintsCross-peaks in a NOESY
spectrum of {),, acquired at 600 MHz in buffered,D at a
mixing time of 250 ms, were integrated. The intensities of
cross-peaks between protons with known distances, such as
H5 and H6 of the cytosine residues, were used to sort the
cross-peaks into classes of very strong (interproton distance
of 2.5+ 1.0 A), strong (3.0 1.0 A), medium (3.5+ 1.0
A), weak (4.0+ 1.0 A), very weak (4.5t 1.0 A), and very
very weak (5.0t 1.0 A) intensity. For cross-peaks that were
difficult to integrate, such as those that are overlapping or
of substantially different intensity on the two sides of the
diagonal, the boundaries of the distance constraints were set
to £2.0 A. For very well defined, intense cross-peaks from
protons of interior nucleotides, boundariestoD.5 A were

Tokyo, Japan) on Bruker DRX 600 and DRX 500 spectrom- seqd during refinement. Diastereotopic protons that could
eters at 286 K. Two-dimensional spectra were acquired with ot pe stereoselectively assigned were treated with the
_2048 data points _in f2 and 512 increments in f1. For sam_ples eometric center pseudoatom approdif).(Trivial distance

in D;O, suppression of the excess solvent peak was achieveonstraints, resulting inherently from the covalent structure
via presaturation during the recycle delay. For samples in o 1 \ere not entered to avoid less successful calculations.
H,0/D:0 (9:1), the WATERGATE pulse sequence was  The NH1 and NH3 protons of the deoxyguanosines and
employed 41). NOESY spectra4?) were acquired at mixing  thymidine in (L), are observed in the chemical shift range
times of 100 and 250 ms, of which the latter was used for typical for hydrogen bonding in WatserCrick base pairs
generating distance constraints. DQF-COS){TOCSY (34 Further, the NOEs between protons of neighboring

(spin lock time 70 ms)44), HMQC (either*H coupled or
decoupled to determine «€H coupling constants), and
HMBC experiments 45, 46) were recorded for resonance
assignment of the steroid moiety. The averageHdoupling
constant measured in the nondecoupled HMQC experiment,
was 140 Hz, leading to a delay (D2) of 3.57 ms for the
decoupled experiment used to identify directly linked
coupling partners. For the detection of long-range couplings,
a delay of 60 ms, corresponding to an averapeoupling
constant of 10 Hz, was used for the HMBC experiment.
Spectra were processed using XWINNMR (Bruker Biospin).

Peak Assignment#\ brief account of the assignment of
selected resonances df){ has been published previously
(34). In short, the starting point for the assignment of the
DNA portion of (1), was the resonance of the methyl group

1 Abbreviations: dsDNA, double-stranded DNA; Chl, cholic acid
residue.

nucleotides are those expected for an undisrupted B-form
duplex 61). Together, this information was used as the basis
for introducing base pairing restraints (hydrogen bonding and
base-pair planarity), using default values from CNS and
constraint boundaries a£0.1 A for the hydrogen bonds.
All phosphorus resonances of th® NMR spectrum of the
solution of (), appear within 1.7 ppm units. Since all H1
resonances also appear as triplets Witboupling constants
of 7.0 £ 1.0 Hz, as expected for the South orehdo
conformation of the deoxyribose ringS81), dihedral angle
constraints for B-form DNA from the literaturé&?) were
entered for the backbone with constraint boundaries2d°.
To aid the refinement stage of this work, restraint violations
were detected using either a visualization program written
in-house $3) or VMD-XPLOR (54).

Structure Generation and Restrained Molecular Dynamics
Topology and parameter files for molecular dynamics
calculations involving the cholic acid residues were generated
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Ficure 1: Schematic drawing of the dupleX) studied in this work. The highlighting box shows the terminus with the numbering scheme
used.

with the help of XPLO2D (version 3.0.1)5%), using ppm ; »w Y
structural data from an X-ray crystal structure of cholic acid 0.41 i Y
(56). The structural data used include the bond lengths, bond 154 = t — ;‘l@f
angles, and the connectivity. The output format of XPLO2D A " Tl b @ &
generating files in CNS syntax was used. The output was 1.0/ |. Bl % 1
manually corrected after visualizing the structure in VMD. H4B - - E L7
In particular, the file was edited to reduce-@ bond lengths E%g ﬁ " v
over 1.1 to 1.08 A and to include missing dihedral angles. H4A e "
The parameter and topology files thus obtained were e 3 20 o

employed for structure generation in X-PLOR (version H3A -~
3.851), using a patch from the cholic acid residue linked to Ficure 2: Expansion of the high field region of the DQF-COSY
the DNA strand written as recommended in the X-PLOR spectrum of {),, acquired at 600 MHz in bD/D0 (9:1), showing
manual 60). The DNA portion of the strands was generated the assignment of proton resonances of ring A of the cholic acid
in X-PLOR using default parameters. Restrained molecular residue. See Figure S1 for the naming of atoms.

dynamics calculations with parameters thus obtained were
performed with CNS (version 1.057) on LINUX or IRIX
platforms, using the torsion angle molecular dynamics
protocol 68). The number and order of computational steps

during the different phases of the structure generation wasgy Supporting Information), since they are linked to the

:;je”F:Cg' .to;hglse Srfpgrted |n.our| efarller yvoﬁ@%hand IS di same carbon atom. Confirming evidence came from the weak
ngiee“seof Ig reapr:sent;ti\lljg prg;itllwnegd gt?ljgl?:leolg)f haset;:::r: ’ cross-peaks of H2B and H4B to H3 in the COSY spectrum
o . (Figure 2). While this only established the relative position
deposited in the PDB database. The PDB ID code is 1ON5.to H3, the identities of each methylene group (position 2 or
RESULTS 4) were established on the basis of the number of additional
vicinal coupling partners. As expected, H4A gives a cross-
Resonance Assignmernithe assignment of the DNA peak to H5A, for which no other strong scalar coupling
portion followed established protocols and confirmed the partners to vicinal neighbors is found, but H2A couples
chemical shifts reported earlieB4). Assignment of the  strongly to H1A, which in turn gives an additional COSY
resonances of the steroid moiety aof){ proved more cross-peak to H1B. These assignments were confirmed via
challenging. Peak overlap in the region fron®.2 to 2.5 the TOCSY spectrum (Figures S3, Supporting Information).
ppm of the *H-spectrum was compounded by magnetic  Of the possible entries from the resonances of ring A to
anisotropies caused by the nucleobases of the terminal baséhose of ring B, namely, coupling between H5A and H6A/B
pair, inducing chemical shift changes that made assignmentand long-range heterocorrelation between C1 and H19A
strategies based on analogy to cholic acid derivatives C, the latter proved easier to realize unambiguously. After
previously assigned() unreliable. Six resonances provided the resonance of C1 had been identified in the HMQC and
potential entries into the spin systems of the steroid rings. the delays in the HMBC experimerts) had been optimized
Three of these were the resonance of CH protons with for three-bond correlations, the expected three cross-peaks
geminal hydroxyl groups at positions 3, 7, and 12 (see originating from H19 were observed (Figure 3). Two of these
Figures 1 and S1 for the numbering scheme used). Theirwere known (C1 and C5), leading to C9, whose directly
chemical shift at lower field put them outside the most linked proton (H9) was identified via the HMQC. Starting
crowded region of théH NMR spectrum. Of these, only  from H9, the remaining resonances in ring B could be
one gave two strong DQF-COSY cross-peaks to vicinal assigned via DQF-COSY and TOCSY.

neighbors (Figure 2), identifying it as the one at position 3.
The geminal coupling partners of the strongly coupling,
antiperiplanar vicinal protons (H2A and H4A) could then
be identified in an HMQC spectrum (H2B and H4B, Figure
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OH starting point established at position 8, rings C and D
were assigned using the same strategy as detailed above.
I - B B S NOESY cross-peaks from the methyl group at position 7 of
3 = = T2 helped to confirm the assignments. All but four protons
of the steroid moiety were thus assigned, though the
_ diastereotopic identity was not established for all protons of
20 5 methylene groups due to peak overlaps. In these cases, the
] - ' distance constraints generated in subsequent steps were
9 introduced via the pseudoatom approasf) (A list of the
resonances is given in Table S3 (Supporting Information).

C22 : ? Restrained Molecular DynamicsVith the assignment of
C1 -« the proton resonances in hand, distance constraints were
40 generated from NOESY cross-peaks, as detailed in Materials
C(zfg ~ . and Methods. A qualitative discussion of the NOEs can be
! | found in our earlier work34). Restrained molecular dynam-
g:% . T ics with the torsion angle protocd®) then led to a first set
507 of structures displaying the features of a DNA duplex, which
07 05 03 o1 o1 was refined by introducing base pairing and backbone
) i constraints. The former were based on the observasidn (
Ficure 3: Expansion of a portion of an HMBC spectrum &j4 of NH3 and NH1 resonances of the thymidine and deoxy-

acquired at 600 MHz in bO/D,0O (9:1), showing cross-peaks due . id velv. in th ical
to 3Je_y coupling between protons of methyl groups of the cholic 9Ua@nosine residues, respectively, in the ppm range typica

acid residue and quaternary carbons of the same residue. for Watsonr-Crick base pairing §1). The latter were
introduced since coupling constants for the deoxyribose
The other methyl group-based entry points to assignmentresonances fell within the range expected for a B-form duplex
then became obvious, since @RIl has a vicinal coupling  (51). The refinement of the structure was largely based on
partner and appears as a doublet, identifyings-C8l by the comparison between experimental and back-calculated
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Ficure 4: Overlay of the experimental NOESY spectrum df,(acquired at 600 MHz and 13, with a mixing time of 250 ms (black)
and the NOESY spectrum back-calculated from the lowest energy structufg,afbtained via molecular dynamics (red). The back-
calculated spectrum was generated in GIFB) (using the two-spin approximation and cross-peaks intensities calculated in X-FAGPR (
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Table 1: Statistical Data on the Structure @f,(as Determined by
Restrained Molecular Dynamics

Constraints

NOE-based total 130
interresidue 40
intraresidue 90
dihedral angle constraints 52
hydrogen bonding constraints 16
base pair planarity constraints 6

Ten Lowest-Energy Structures
NOE constraint violations{0.5 A)
dihedral angle constraint violations 80°)

bond lengths¥0.05 A) 0

bonding anglesx5°) 0

rmsd from average (all coordinates) 0.39A
pairwise rmsd (all coordinates) 0.64 A
rmsd from average (residue 1) 0.51A
rmsd from average (residue 2) 0.41A
rmsd from average (residue 3) 0.26 A
rmsd from average (residue 4) 0.22 A
rmsd from average (residue 5) 0.13A
rmsd from average (residue 6) 0.13A

energy —346+ 2 kcal/mol

is surprising how snugly it fits onto the terminal T:A base
pair, generating a folded structure with neither any exposed
side chains nor any holes for solvent molecules. A compact
cap is formed by the steroid that shields the termini, without
either disrupting hydrogen bonds in the DNA portion or
forming any new ones with the donor functionalities of the
steroid. Since the hydroxyl groups are on théace of the
steroid ring, they protrude out into the solvent and cannot
engage in hydrogen bonding with the DNA, in agreement
with earlier findings that these hydroxyl groups are not
critical for duplex stability 84). The DNA helix itself is
slightly bent, but retains the feature typical of a B-form

Ficure 5: Overlay of the 10 violation-free structures df){ of
lowest energy, obtained via restrained torsion angle molecular - ; i .
dynamics calculation in CNS. This and the subsequent graphic wereduplex (Figure 7; Table S4, Supporting Information).
generated using the program VMDG). Coloring scheme: hy-

drogen, white; carbon, light blue; nitrogen, blue; oxygen, red; DISCUSSION

phosphate, green.

The high-resolution structure of (Chl-TGCGGCA)elps
refined structure is shown in Figure 4. To compensate in to explain the duplex stabilizing effect of cholic acid residues
part for the two-spin approximation used in the backcalcu- attached to the termini of oligonucleotide34( 38). The
lation of the NOESY spectrum, the experimental NOESY structure also helps to explain why cholic acid residues, when
spectrum was symmetrized for this overlay. Figure 5 shows appended to the template strand, increase the rate and fidelity
the 10 lowest energy structures df){, as obtained from  of nonenzymatic single nucleotide extension reactions, an
torsion angle molecular dynamics. All low-energy structures effect not observed for other acyl grou®y). The steroid
are of the same fold, where a largely undisturbed B-form packs with all four rings and its alkyl side chain against the
DNA duplex is capped by the steroid residues. Table 1 T2:A7 base pair, thus allowing for extensive van der Waals
provides key data on constraints used and the quality of thecontacts with both terminal nucleotides. This bridging of the
structures obtained. The number of the former is smaller thanterminus buries a large lipophilic surface area and thus also
in studies where NOESY cross-peaks are converted tocontributes to duplex stability through a hydrophobic effect.
constraints automatically, since trivial cross-peaks, resulting Finally, the shielding of the terminal base pair from solvent
necessarily from the covalent structure, were not entered incan be expected to lead to stronger hydrogen bonds between
our case to avoid biasing the calculations toward “overde- T2 and A7 when compared to the unmodified duplex, where

fined” regions of the structure.

A detailed view of the terminal region from the backbone
of the 3-terminus (Figure 6a) shows the shape complemen-
tarity between the steroid and thet8rminal nucleotide. The
van der Waals representation of the terminal region (Figure
6b) confirms that the acyclic linker portion of the steroid
also packs well against the methyl group of T2, explaining
why introducing an additional amino acid residue between

their base pair is exposed to water.

Specific interactions are also noteworthy. For example,
the A-ring of the steroid packs against tHen#ethylene group
of A7, and thus senses differences betweearzio and 3
endo conformations of the deoxyribose of this residue. The
former conformation is to be expected for DNA:DNA
duplexes (B-form), whereas DNA:RNA duplexes favor the
latter conformation (A-form). Cholic acid-capped hybridiza-

cholic acid residue and T2 leads to decreased duplex stabilitytion probes accordingly show enhanced DNA/RNA selectiv-

(34). Given the puckered shape of the cholic acid residue, it

ity (34). Further, the tight fit between steroid and the terminal
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v
TEE I -5
.

- - 1
Ficure 6: Details of the three-dimensional structure f,( (2) View of the terminus with the strand displaying itst@&minus in the
foreground with hydrogens omitted. The cholic acid residue is shown in red, residue T2 is in yellow, and the remainder of the DNA is in
blue. (b) View of the terminus from the major groove (van der Waals representation); the cholic acid residue is in gold and the DNA in
blue.

Ficure 7: Stereo image of the lowest energy structurelds, (as obtained by restrained torsion angle molecular dynamics. The shadows
were introduced to aid visualization of the structure.

nucleotides of the duplex helps to rationalize the enhancedof nucleic acid structures, namely, stacking flat lipophilic
mismatch discrimination34, 38). Mismatched base pairs, molecules regardless of lipophilicity displayed at the termi-
including pyrimidine:pyrimidine, purine:purine base pairs, nus, the cholic acidDNA complex buries as much hydro-
and wobble base pairs (T:G), will not fit the convex side of phobic surface as possible and presents polar groups to the
the steroid and thus fail to realize the duplex-stabilization solvent. In this sense, it is reminiscent of protein structures
that its binding provides. Since the complex of the L-shaped or protein-DNA complexes, particularly those of structural
steroid with the terminal nucleotides is limited to the inner proteins and genomic DNAGQ).
“ridges” set up by the deoxyriboses and the “valley” defined In the field of bioorganic chemistry, bile acids have
by the nucleobases but does not include outside “walls” for become versatile building blocks for generating artificial
the base pair, hypotheses on the role of shape complemenbinding motives §4—66). Further, steroidal diamines, com-
tarity (61) in base pairing and single nucleotide extension pounds that are structurally similar to hormonal steroids, are
reactions 87) may benefit from detailed structural informa- known DNA-binders §7). This raises the somewhat aca-
tion on this simple, well-defined system. demic question is “why does nature not employ direct
Taking a more general view of the molecular interactions, steroid-DNA interactions”, even though feedback regulation
one notes how strongly duplex-stabilizing the interactions of bile acid synthesis links these two classes of biomolecules
between the aliphatic sterane scaffold and the nucleobase$68) and requires specific molecular interactions? The
is. Aromatic DNA binders, whose potential to interact with structure presented here provides one answer to this ques-
nucleobases has long been known, do not provide substantion: such direct interactions would require exposed terminal
tially greater duplex stabilization when employed as “mo- base pairs, and these are found only at the termini of
lecular caps” 86, 38, 59), except when C-nucleotides, chromosomes in genomic DNA. The mode of interaction
benefiting from the added interactions (and preorganizing between steroid and DNA observed here will not be possible
effect) of the deoxyribose unit, are employeg®); While in the interior of WatsorCrick duplexes, where the L-
aromatic molecules tend to mimic the central structural motif shaped cholic acid residue would have to intercalate. The
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thickness of the flat part of the “L” in itself (approximately

6 A) presents an obstacle for intercalation. But the concave
side of the steroid ring system would also offer too little
packing surface for a second base pair.

The difference between termini and the interior of long
double-stranded DNA must be borne in mind when compar-
ing the current structure with the earlier structural proposals
for steroidal amines binding to DNAG67, 69). These
proposals include structures with direct stacking of sterane-
bound methyl groups on T:A base pairg0(. Further, a
number of steroidal diamines, such as dipyrandidf), (have
a trans-connected A-ring rather than the@i®nected A-ring
of the bile acids and are therefore more prone to interact
with kinked dsDNA via a process resembling intercalation
than cholic acid. Steroidal diamines can induce hyperchro-
micity and duplex destabilization, effects that are the opposite
of what is observed for the covalently appended bile acids,
as expected for a binding mode separating base pairs and
kinking DNA and not the capping of undisturbed DNA
observed here.

Though bile acid-terminal dsDNA interactions may just
be an accident in molecular recognition between fundamental
classes of biomolecules, the strength and specificity of these
interactions may allow us to put them to good use. Bile-acid

nucleic acid complexes are being used to target therapeutic 13.

oligonucleotides, and duplex stabilization is a welcome side
effect of the modification introduced®). Attempts to design
improved caps, with even stronger duplex-stabilizing effects,
may benefit from the results of the current study. For
example, the contact between Pl and O4 of A7 may

be used to introduce a hydrogen bond. In addition, the
hydroxyl group at position 7 (ring B) is positioned well to
deliver a ligand to the major groove of the DNA duplex.
Finally, the detailed structural information available through
the current study may help to refine structural proposals for
aptamer-cholic acid complexeadj, which may be employed
as sensors for biomedical applicatio@) Other applica-
tions may emerge for ligands that bind preferentially to blunt
ends of DNA, a binding site fundamentally different from
the groves, the backbone, and intercalation sites.
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