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ABSTRACT: The exposed terminal base pairs of DNA duplexes are nonclassical binding sites for small
molecules. Instead, small molecules usually prefer intercalation or minor groove binding. Here we report
the solution structure of the DNA duplex (TMS-TGCGGAWhere TMS denotes trimethoxystilbene
carboxamides that aré-&thered to the DNA. The stilbenes, for which intercalation is conformationally
accessible, stack on the terminal T:A base pairs of an undisturbed B-form duplex. Two conformations,
differing by the orientation of the stilbene relative to the terminal base pair, are observed, indicating that
the flip rate is slow for ther-stacked aromatic ring system. The trimethoxystilbene is known to greatly
increase base pairing fidelity at the terminus. Here we show that it gauges the size of the T:A base pair
by embracing the '2methylene group of the terminal dA residue of the unmodified terminus with its
methoxy “arms”, but that it does not engage the entire base pairstacking. Mismatched base pairs
with their altered geometry will not allow for the same embracing interaction. On the basis of the current
structure, a trimethoxychrysene carboxamide is proposed as a ligand with increatsking surface

and possible applications as improved fidelity-enhancing element.

Small molecules usually bind DNA via one of three Understanding what drives binding to the termini is
possible modes of binding: intercalation, minor groove important because many key biochemical processes, such
binding, and external binding to the backbone, driven by as replication, certain repair processes, degradation by
electrostatic interactionsl). A fourth binding mode is exonucleases, and gyrase-induced supercoiling, all involve
accessible, though, which may be termed “capping” (Figure steps occurring at the interface between a terminus and a
1). This form of binding involves the plane of the otherwise (protein) ligand. Further, the terminus is interesting for a
exposed terminal base pair as the binding site for small fundamental reason, as it provides a planar surface where
hydrophobic molecules. While binding to termini has been s-stacking interactions7j can be studied that are more
difficult to study with polymeric DNA from natural sources, extensive than usual in folded biomacromolecules. Finally,
the availability of defined short sequences via automated capping the termini is a novel approach for increasing the
DNA synthesis has made possible the exploration of cappingbase pairing fidelity of hybridization probes8)( Other
as a binding mode. Capping can be favored by covalently approaches that involve small molecule ligands have been
tethering the small molecule to one or both termini of DNA developed for PCRorimers Q). Without caps that selectively
duplexes. Recent examples of oligonucleotide duplexes thusstabilize canonical base pairs, mismatches at the termini
modified that have yielded high-resolution structures that induce little destabilization1(), probably due to unrestricted
show capping include doubly tethered stilbenediethgrs ( fraying and wobbling.

3), a phenazinium moiety capping a DNA:RNA dupled,( Among the small molecule ligands that can show capping
a tryptophan as'Eacylamido substituent of a DNA duplex when tethered to the termini, stilbenes have attracted
with dangling residuesb], and a cholic acid residue capping significant attention, since they can be used to study electron
a duplex with blunt endsgj. transfer in DNA (11—13). But certain stilbenes are also
known as DNA-binding molecules in their own right. Some
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Ficure 1: Binding modes for small molecules interacting with DNA duplexes.

fully matched duplexes and duplexes with a single terminal bonylaminopropyl-1©-cyanoethyIN,N-diisopropylphos-
mismatch of up to 23.4C (16). The fidelity-enhancing effect ~ phoramidite 16) (171 mg, 30Q:mol) in dry acetonitrile (150
of the trimethoxystilbene is greater than that of pyrene ulL), the same volume of activator solution, an extended
derivatives 10), even through pyrene offers more surface coupling time of 30 min, and was repeated once before
area and should thus engage in stronger stacking interactionsoxidation to ensure complete conversion. The product was
The fidelity-enhancing effect is also stronger than that of a released by treatment with ammonium hydroxide (30%
steroid that had previously been shown to fit exquisitely onto aqueous Nkl 3 mL) for 16 h at 25°C. Excess ammonia
terminal base pairs( 8). was then removed with a gentle air stream directed onto the
The observation that the trimethoxystilbene substituent is surface of the solution for 1 h. The supernatant was aspired,
more duplex-stabilizing than stilbene substituents with and the support was washed with deionized watex @.7
electron-withdrawing substituents was unexpected. The mL). The combined aqueous solutions were filtered (0r2
electron-rich distal ring of the alkoxystilbene could be pore size, Whatman Inc) and used directly for HPLC on a
expected to stack on the purine ring system of the deoxy- 250 x 10 mm Nucleosil 300-7 C4 column (Macherey-Nagel,
adenosine residue found at thet&rminal position of the Duren, Germany), with a gradient of GEBN in 0.1 M
target strand. This would place two electron-ricisystems triethylammonium acetate, pH 7 (0% for 5 min, to 27% in
on top of each other, which should be energetically less 30 min, elution at 32 min), at a flow rate of 3 mL/min and
favorable than stacking between an electron-depleted and ardetection at 260 nm. The purified product was lyophilized
electron-rich ring system. The available high- and low- from water (3x 0.75 mL), 10% aqueous NH4 x 0.75
resolution structures of DNA duplexes with stilbenes co- mL) and DO (2 x 0.5 mL). Yield 0.57umol (19%, based
valently tethered to both termin2,(3) did not provide clues  on cpg-dA?loading), intensity of product peak in the HPLC
that helped to explain this phenomenon. Instead, the formertrace of the crude: 79%. MALDI-TOF MS (linear, negative
shows a surprising structural heterogeneity, in that the mode, trihydroxyacetophenone/diammonium citrate matrix)
stilbene ring system in these hairpins binds to the neighboring calcd for GgHg7N24041Ps ([M —H] ™) 2224.5, found 2226.2;
DNA base pair both in the usuatstacking arrangementand UV —vis (H,O, qualitative) Amax (nm) 255 (100%), 335
in an edge-on or T-shaped arrangeme)t This prompted (41%); €260 (calc) 73 000 Mt cm™2,
us to study the structure of trimethoxystilbene-tethered  samples were dissolved in 20@. of D;O or H,0/D;0
complexes by NMR and restrained molecular dynamics.  (g:1) containing 150 mM NaCl and 10 mM phosphate buffer,
Here we report the solution structure of a DNA duplex pH 7 (uncorrected for deuterium effect). The solution
with trimethoxystilbenes bound to the termini. This duplex containing 90% KO was employed for experiments detecting
shows how the trimethoxystilbene can gauge the shape ofexchangeable protons. NMR spectra were recorded in NMR
the base pair with their alkoxy substituents, thus explaining microtubes susceptibility-matched to,® (Shigemi Co.,
the exceptional fidelity-enhancing effect of this substituent Tokyo, Japan) on Bruker spectrometers with 600 or 800 MHz
on the base pairing at the termini of hybridization probes 1H resonance frequencies at a temperature of 288 K. Two-
(16). The NMR results also show structural heterogeneity, dimensional spectra were acquired with 2048 data points in
with a second conformation detectable both in the one- andf2 and 512 or 256 increments in f1. The HDO peak in spectra
two-dimensional data and the molecular dynamics results. from D20 solutions was suppressed via presaturation during
the recycle delay. For the samples in,G4D,0O, the
MATERIALS AND METHODS WATERGATE pulse sequencé?) was employed. NOESY

Sample Preparation and NMR Spectroscoffye synthesis spectra were acquired at mixing times of 100, 250, 300, and
of the DNA portion of1 was performed on a Perseptive 200 ms. Further, DQF-COSY and TOCSY spectra were
Biosystem 8909 Expedite DNA synthesizer usfhgyano- gcquwed to aid the ass'lgnment, the Igtter with a spin lock
ethyl phosphoramidites and the standard protocol fom®l time of 70 ms. Pr'ocessmg and analysis qf thg NMR spectra
scale syntheses, as recommended by the manufacturer. DNAVere performed in XWINNMR (Bruker Biospin).
synthesis reagents were from Proligo (Hamburg, Germany). AssignmentsResolved resonances belonging to the major
Samples of 94 mg (8mol loading) of controlled pore glass conformation (conformation 1) or the minor conformation
(cpg-dAB?) with 1000 A pore size were used in polypropylene (conformation 2) could be identified based on their relative
reaction chambers for DNA synthesis (Prime Synthe- intensities (4:1). For conformation 1, an uninterrupted series
sis, Aston, PA). The coupling step installing the stilbene of NOESY cross-peaks connecting 'Hand nucleobase
residue employedH)-3,4,5-trimethoxyphenylvinyl benzocar-  resonances allowed for the sequential assignniesit Z0)
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of anomer_ic and_ nonexchangeable nucleobase resonante&apie 1: Constraints Used for Molecular Dynamics and Quality of
The chemical shift of the methyl group of T2 was assigned structure Obtained
on the basis of the NOESY cross-peak to H6 of the same

Constraints

residue and provided the starting point for the sequential  NOE-based constraints (total) 104
assignment. On the basis of the resonances of the H1 interresidue 12
protons, the chemical shifts for protons of the individual spin  intraresidue _ 92
systems were identified in DQF-COSY and TOCSY spectra. ﬂ'; dergg’:r?ggf d(i:r?gsctgﬁlsqtriints ?i%
The assignments were confirmed in NOESY spectra. The  pase pair planarity constraints 6

stilbene spin system of the proximal ring was identified in Data on the 15 Lowest Energy Structures
the DQF-COSY spectrum. Both the protons of the olefinic restraint violations

bridge and those of the methoxy-substituted distal ring are NOE violation> 0.5 A 0

isochronous and appear as singlets. The identity of the dihedral angle violatior 30° 0

respective singlets was established based on the intensity of de‘éﬁ‘;’gggfa”; C'ggaggoe;;_\ne"y 0

NOESY cross-peaks to the methyl groups of the methoxy bond angles- 5.0° 0

substltuen'gs. The resonances of the methylene units of the Refinement Statistics for 15 Lowest Energy Structures
prOpyl chain of the linker were aSS|gned based on NOESY rmsd from average (all coordinates) 1.09 A
cross-peaks to the stilbene moiety and COSY connectivities. (backbone) 0.59 A
Assignment of the resonances of conformation 2 followed  Pairwise rmsd (all coordinates) 1-5%3\

the same principles. The chemical shift differences between en(;;g;kbone) _oéggi & keal/mol

the respective resonances in the major and minor conforma
tion were greatest for the stilbene ring system and decreased . ) .
toward the interior of the duplex. Full assignments are given Crystal structureZ6). The link between the stilbene residue
in the Supporting Information. and'the 'mOdIerd thymidine was created using the gener-
Generation of Restraintdor the generation of distance ate.inp file of X-PLOR. Restrained molecular dynamics
restraints, NOESY spectra recorded at a mixing time of 300 calculations were carried out in CN82) with the torsion
ms were used. Cross-peaks in NOESY spectra acquired in@"gle molecular dynamics protoc@?). The details of the
D,O were integrated using XWINNMR. On the basis of the protocol are the same as those used in earhgr work from
intensity of cross-peaks between protons of known distance,oUr Iaboratory@). Trivial cross-peaks, expected independent
such as H5 and H6 of dC residues, NOESY cross-peaks werdf conformz_sltlon, based on t_he covalent struct_ure, were not
divided into very strong (interproton distance of 2.5 A), entered to improve the efficiency of the algorithm. During
strong (3.0 A), medium (3.5 A), weak (4.0 A), very weak refinement, restraint ylolatlons were deteqted using VMD-
(4.5 A), and very very weak (5.0 A) signals. The distances XPLOR (28). Minimizing them by comparison of experi-
were used as constraints with boundariestaf0 A. In the mental and back-calculated NOESY spectra was one key
case of overlapping peaks or peaks showing substantiallyStrategy for obtaining |mplroved structures. Back-calculated
different intensity on the two sides of the diagonal, bound- SPectra were generated in GIFRY and the cross-peaks
aries of+2.0 A were used. Pairs of protons from the stilbene intensities back-calculated with X-PLOR using the two-spin
that were isochronous were treated with the pseudoatom@pPProximation. Data on the restraints used and the quality
approach, using the averaging function for distance restraintsOf the structures obtained are compiled in Table 1. The
and the setting “sum” in X-PLOR (version 3.852)}. Pairs coordinates 'of representative refined structuredpftiave _
of diastereotopic protons from deoxyribose residues not P€en deposited in the PDB database. The PDB ID code is
assigned individually, such as certain'HB protons, were 1X6W.
g?stLe(;ij.vlth the geometric center pseudoatom approach OfRESULTS
Since the chemical shift of the imino protons of deoxy-  The sequence ofl],, the DNA duplex studied in this work,
guanosine and thymidine residues appear in the region typicalis shown in Figure 2. This duplex has previously been shown
for hydrogen bonding in WatserCrick base pairs in spectra  to have a UV-melting point up to 223 higher than that
acquired in HO/D;O (9:1), base pair constraints (hydrogen of unmodified (TGCGCA) (16). It consists of a mixed
bonding and base-pair planarity) were introduced, using the sequence, self-complementary hexamer with a core of four
default values of CNS (version 1.022) with constraint C:G base pairs and terminal A:T base pairs, which can easily
boundaries of 0.1 A for the hydrogen bonds. The NOESY be disturbed by substituents that favor refoldigg)( The
peaks between protons of neighboring nucleotides are thoseone-dimensionalH NMR spectrum of {), shows more than
expected for an undisrupted B-form dupled3). Further, one set of signals (Figure 3). The available spectroscopic
the H1 protons of the nucleotides appear as triplets, with and chromatographic data, including MALDI-TOF MS,
3J(12') coupling constants of 6:58.0 Hz, as expected for UV —vis spectroscopy, and HPLC show a single, pure
B-form DNA. Consequently, dihedral angle constraints for compound. Accordingly, it was assumed thaj}, (adopts
B-form DNA from the literature Z4) were used for the  more than one conformation, and that the interconversion
backbone angles with boundariesb20°. between these conformations is slow on the NMR time scale.
Structure Generation and Restrained Molecular Dynamics Integration showed a ratio between the predominant set of
Topology and parameter files for the molecular dynamics signals and the less intense one of 4:1. A few isolated signals
calculation of ), were generated on the basis of X-PLOR from a presumed third set of signals with very low intensity
files for DNA. For the stilbene residue, parameters were can also be discerned (Figure 3). These did not allow for
generated with the help of XPLO2%), based on an X-ray =~ meaningful assignment work. A sufficient number of signals
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Ficure 2: Sequence of the duplex studied. The box on the right-hand side shows details from the terminus.
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Ficure 3: Low field region of the one-dimension#fl NMR spectrum of {), at 600 MHz in O, 150 mM NaCl, and 10 mM phosphate
buffer, at 600 MHz, and 288 K. Peak assignments for the major conformation (1) and the minor conformation (2) are shown.

was nonoverlapping for the two prominent conformations, nent peaks were assigned to the stilbene substituents,
though, which will subsequently be referred to as conforma- although more isochronous resonances were observed than
tion 1 and conformation 2. initially expected. The assignment of the resonances of
Peak assignment for conformation 1 (major conformation) conformation 2 followed the same principles.

was achieved using conventional approaches, as detailed in The proton chemical shifts for the stilbene and the terminal
the experimental part. The anomeric protons and the H6/8 nucleotides are quite different for the two conformations but
protons of the nucleobases show NOESY cross-peaks typicabecome increasingly similar toward the interior of the duplex.
for B-form DNA duplexes (Figure 4). The Hlproton This suggested that it is the termini where the two differ the
resonances identified in NOESY spectra provided the startingmost in their “folding”. Entering loosely defined distance
points for assignments in the deoxyribose spin systems viaconstraints based on NOESY cross-peaks from both sets of
DQF-COSY and TOCSY cross-peaks. The remaining promi- resonances gave families of structures that differed in the



15684 Biochemistry, Vol. 43, No. 50, 2004 Tuma et al.

=B =] - - ]
1.3 4 [s)] @ MeT 2_ j
H1’C6 ]
52l 1368 54
il HI’C4
4
il HI'GS
HI'G3
| HI'T2
HI’A7
s 0 5
T T
8.0 7.0 ppm 6
Ficure 4: Expansion of the NOESY spectrum df){ in D,0,
phosphate buffered saline at 288 K and 300 ms mixing time. Cross-
peaks between H-hAnd nucleobase resonances are shown and the
sequential assignment is indicated by lines. 74
8-

Ficure 6: Overlay of experimental and back-calculated NOESY
spectra for {),. The experimental spectrum was acquired at 800
MHz in phosphate buffered saline at 288 K with 300 ms mixing
time. The back-calculated spectra were generated based on pdb files
of low energy structures using GIFA29). Signals from the
experimental spectrum are shown in black, and those of the back
calculated spectra are in green (major conformation) and blue (minor
conformation).

NOESY spectra, and no structures were obtained that showed
intercalation of the stilbene during the refinement phase. The
overlay of the experimental and back-calculated NOESY
spectra (Figure 6) was satisfactory only when back-calculated
peaks from both conformations were included, strongly
supporting that the two conformations are indeed resulting
from the two different orientations of the stilbene relative
to the neighboring nucleobases. The remaining discrepancies
between experimental and back-calculated structures are to
be expected when using the two-spin approximation for back-
calculations and is within the range of what was observed
FicURe 5: Overlay of 15 structures of lowest energy, as obtained in Similar complexes that adopt a single conformatignt(

for (1), by restrained molecular dynamics. 30).

Structural details of the arrangement of the terminal
orientation of the stilbene ring system relative to the terminal residues in either conformation are shown in Figure 7. The
base pair. Refinement led to satisfactory convergence in thel8(® flip of the stilbene ring system between the two
structures calculated by torsion angle molecular dynamics conformations slightly affects stacking between the nucleo-
(27), as shown in Figure 5. Among the 15 duplexes of lowest base of T2 and the proximal benzene ring of TMS1, which
energy obtained through molecular dynamics, eight show is slightly more extensive in conformation 1, although
conformation 1 at both termini, three show conformation 1 stacking between this part of the hydrocarbon part of the
at one terminus and conformation 2 at the other, and two ligand and the heterocycle are evident for both conforma-
show conformation 2 at both termini. Thus, the ratio of tions. Interestingly, the distal ring of TMS1 does not fully
termini showing conformation 1 versus 2 (19:7) roughly cover the adenine nucleobase of A7. Instead, part of this
agrees with the relative intensity of thd NMR signals for benzene ring is above the minor groove, thus placing the
the two sets of signals (4:1). middle methoxy group in a position where, together with

No cross-peaks between the stilbene and nucleobases othgéhe methoxy substituent facing the major groove, it can
than those of the terminal base pair were observed in the“embrace” the 2methylene group of the deoxyribose ring
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conformation 1 conformation 2

Ficure 8: Embracing interactions between two methoxy groups
of the stilbene moiety and thé-hethylene group of the'3erminal
FIGURE 7: Two conformations ofX), differing in the orientation residue A7. The structure shows the -OQgtoups of the ligand

of the stilbene ring relative to the DNA duplex. Left hand side: and the -CH- group of the deoxynucleoside in space filling
major conformation; right-hand side: minor conformation. (a) representation and the remainder of the duplex in bond line
Cartoons showing the orientation of the stilbene; (b) and (c) low representation to highlight the interaction partners. Strand A is in
energy conformations obtained by restrained molecular dynamics. yellow, and strand B is in cyan. The drawing was generated from
(b) View from the top with the stilbene displayed as a “licorice” the major conformation using VMD.

and the remainder of the in space-filling represenation; (c) view

perpendicular to the helical axis with all residues in space-filling

representation. Color code for (b) and (c): stilbene substituent, red; duplex where the stilbene ring system is intercalating, which

S'-terminal thymidine residue, yellow; remainder of the DNA, blue. \as obtained using selected constraints that favor a location
between the terminal and penultimate base pair during
Eestrained molecular dynamics. This structure shows that
although intercalation is geometrically feasible, it may be
unfavorable for the terminal base pair, whose thymine ring
is not coplanar with A7. Typical intercalators, such as
ethidium ions, acridine, or proflavine, have at least a tricyclic
core system that provides a sufficiently large foundation for
a neighboring base pair to stack on. In the trimethoxystilbene,
the two rings are separated by a vinylic bridge, which offers
very limited surface area for stacking.

In the structures obtained (Figure 7), the trimethoxyben-
¢ zene ring of TMS1 does not seek maximum stacking overlap.
>I,nstead, it is found in a stacked arrangement that one might
call “tiling”, where only a portion of the aromatic ring
systems of ligand and the nucleobase of A7 overlap.
Apparently, the decisive interaction is between two of the
methoxy groups, which form a cleft, and the methylene group
at the 2-position of the deoxyadenosine residue at the 3
terminus. Which pair of methoxy group engages in this
(1), adopts in either conformation is tight, without exposed embracing interaction differs between the two conformations

loops. When viewed as a whole (Figure S4, Supporting observed, but the binding mode is similar. Apparently, the

Information), the stilbene appears as a “natural” extension protuberances above the plane_ of the terminal base_pairthat
of the z-stack of the helix. the 2-methylenes of the deoxyribose residues constitute are

an important feature of the binding surface. They can anchor

of A7 (Figure 8). The embracing interaction is found in both
conformations and seems to be adopted at the expense o
more extensive stacking interactions between the aromatic
rings of TMS1 and A7.

The methyl groups at position 5 of T2 and the edge of
TMS1 that faces the minor groove protrude from the plane
of the aromatic rings they are attached to. They thus
presumably act as “stoppers” and aid the embracing methoxy
groups in preventing sliding of the stilbene substituent on
the base pair. The propyl linker between the carboxamide
functionality of the stilbene and thé-phosphate group of
T2 is long enough to allow for the stacking arrangemen
between the aromatic rings but does not have unnecessar
“slack” that would make parts of it more solvent accessible
and the ligand entropically more costly to engage in complex
formation. Thus, the linker length, which is identical to that
used in hairpin-bridging stilbened1), appears well opti-
mized for the capping mode of binding of our ligand, which
is linked to one terminus only. Overall, the folded structure

DISCUSSION the ligand and provide the side-on contacts that complement
the face-on interactions thatstacking provides.
The solution structures of stilbene-cappet), (show The interactions observed thus confirm the expectation that

capping and not intercalation of the tethered ligand. Figure the electron-rich trimethoxybenzene moiety does not seek
S5 (Supporting Information) shows the terminus of a DNA optimal stacking interactions with the electron-rich adenine
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PMe be addressed experimentally. Perhaps further surprises are

0 OMe in store. After all, a small bicyclic heterocycle can also make
/@ﬁ , < QOQO the terminus of a DNA duplex refolB0).
NH Ove Better understanding the binding properties and folding
2) b) variants of termini should be worthwhile, given their

Ficure 9: Proposed structure of further improved ligand for importance for biochemical processes, such as those cata-

capping. (a) Cartoon of the expanded stilbene stacking on the : il
terminal base pair (shown as rectangles). The benzannelations tolyZed by polymerases, repair enzymes, and gyrases. Mimick

be added to the stilbene ring system to enhance stacking with thel"d interactions between termini and proteins with small
terminal base pair are shown as broken lines. (b) Structure of molecules may also lead to new applications. Tethered
proposed trimethoxychrysene substituent as a possible realizationligands have been shown to be modulators of the rate and
of a ligand with enhanced stacking capabilities. fidelity of nonenzymatic, template-directed primer extension

i i ) . reactions 82). Primer extension is a key technique in SNP
ring system. Instead, interactions that involve the methyl genotyping 83). Another proteir-DNA interaction that
groups of the methoxy substituents and the deoxyribose seemiyolves the termini that has recently come into focus is the
to dominate the interactions. The most distal methoxy group gauging of the size of SiRNA duplexe84). Tryptophan
also engages in interactions with the CH-fragment at the 1 yesjques were found to provide key stacking interactions, and
position of the deoxyribose of A7. To do so, it partly "sinks” - mimjcking them may lead to small ligands for monitoring
into the minor groove. The interactions of the methoxy the appearance of RNA species formed in RNA interference
groups thus ensure the tight fit that allows gauging the size paways. Melting curve studies have shown, however, that
and geomeltry of the terminal base pair. The tight fit explains there can be substantial changes in the stabilizing effect of
the strong fidelity-enhancing effect that this substituent has mgjecylar caps on duplexes when the target strands are RNA
on hybridization probes when forming base pairs at the (ather than DNA 9.

terminus (6). The slow interconversion between the two  ag mentioned above, ligands tethered to termini can also

conformations on the NMR time scale, which are probably ennance the target affinity and selectivity of hybridization
due to a slow “off-rate” for the intramolecular release of the probes, including those immobilized on microarrags)(

tightly bound stilbene, confirms that the aggregate strength Their effect is not limited to blunt ends, as experiments with
of the interactions is very substantial. target strands with overhangs shai$), The present study
Further support for the importance of the alkoxy groups shows that such ligands can gauge the size and identity of
in the stability of the complex between cap and DNA comes the terminal base pair by embracing tHet&minal nucle-
from the observation that a stilbene substituent lacking the otide. These “read-out” interactions may be combined with
methoxy group is less duplex stabilizingg). The same is  contacts to the universal hydrogen bond accepto gf
true for di- and pentafluorostiloene substituents, whose pyrimidines and\3 of purines) located in the minor groove
benzene rings are electron depleted and might engage in(35). Tethered minor groove benders could provide these
“donor—acceptor’-type stacking interactions. Stacking in- contacts. They are a class of fidelity-enhancing elements
teractions between methyl groups and nucleobases are alsguccessfully applied in earlier studie®).(Finally, funda-
known from the structure of a cholic acid-capped DNA mental studies, such as those on electron trangfer13)
duplex @). How strong they can be has been shown in may benefit from structurally defined arrangements between
physical organic studiesS{). Taken together, the evidence ligands and duplexes. The current structure shows how such
now suggests that for the capping mode of binding the arrangements may be created, starting from singly tethered
aromatic moieties are entities that do not necessarily seekstilbenes.
maximums-stacking. They may act simply as rigid scaffolds
that make possible other interactions and only stack to avoid ACKNOWLEDGMENT
exposure of hydrophobic surfaces to water. This view is

confirmed by the edge-to-face arrangement between doubly Expert teqhnica} assistance by Annette Hochgesand during
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of exploratory NMR spectra and Prof. C. Griesinger for
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interactions, the present structure suggests a way to generatgtingen.

them. Figure 9 shows how one might expand the stilbene

ring system to a chrysene, whose additional two benz- SUPPORTING INFORMATION AVAILABLE
annelated rings can more extensively stack with the nucleo-
bases without losing the grip of the methoxy groups on the
3'-terminal nucleotidé.The synthesis of a DNA strand with
the ligand shown in Figure 9b as-8ubstituent should be
within the realm of today’s synthetic organic chemistry.
Whether this expanded ligand will indeed be an even better
cap or will find intercalation energetically more favorable
to bury both of itsz-surfaces is a question that deserves to REFERENCES

Mass spectrum, UV spectrum, and structural drawing with
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