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Abstract:  Hydrogen-bonding  and
stacking interactions between nucleo-
bases are considered to be the major
noncovalent interactions that stabilize
the DNA and RNA double helices. In
recent work we found that one or mul-
tiple biphenyl pairs, devoid of any po-
tential for hydrogen bond formation,
can be introduced into a DNA double
helix without loss of duplex stability.
We hypothesized that interstrand stack-
ing interactions of the biphenyl resi-
dues maintain duplex stability. Here we

d(CTGCYGTCAC) that contains one
such X/Y biaryl pair. X represents a
3”.5"-dinitrobiphenyl- and Y a 3”,4"-di-
methoxybiphenyl C-nucleoside unit.
The experimentally determined solu-
tion structure shows a B-DNA duplex
with a slight kink at the site of modifi-
cation. The biphenyl groups are inter-
calated side by side as a pair between
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the natural base pairs and are stacked
head to tail in van der Waals contact
with each other. The first phenyl rings
of the biphenyl units each show tight
intrastrand stacking to their natural
base neighbors on the 3'-side, thus
strongly favoring one of two possible
interstrand intercalation structures. In
order to accommodate the biphenyl
units in the duplex the helical pitch is
widened while the helical twist at the
site of modification is reduced. Inter-
estingly, the biphenyl rings are not

present an NMR structure of the deca-
mer duplex d(GTGACXGCAG)-

acids

Introduction

Hydrogen-bonding and stacking interactions between nucle-
obases are the major components of the noncovalent forces
that stabilize the DNA and RNA double helices.!"? The rel-
ative contribution of each to this stability has been contro-
versial since the discovery of the double helix. Recent ex-
perimental data on oligonucleotide duplexes containing non-
polar nucleobase substitutes as dangling ends fueled this dis-
cussion.®# Factors such as hydrophobicity (logP), polariza-
bility, dipole moment, surface area, and stacking area have
been discussed as contributors to the observed enhanced
thermodynamic stabilities of these capped oligodeoxynucle-
otide duplexes.*®! Shape mimics of complementary natural
bases that are devoid of any possibility to form hydrogen
bonds have recently been used to probe DNA-processing
enzymes. Although such isosteres destabilize DNA duplexes,
they can code for each other with high precision in DNA
polymerase-mediated replication.” ¥ These findings trig-
gered an extensive search for hydrophobic, aromatic pairs
that are orthogonal to the natural base pairs in their recog-
nition properties."*?* Such pairs are of interest for exten-
sion of the genetic alphabet.

A solution structure of a duplex containing a 4-methyl-
benzimidazole/difluorotoluene base pair showed that shape-
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static in the duplex but are in dynamic
motion even at 294 K.

complementary hydrophobic base analogues are located
side by side in the base stack of the duplex without distort-
ing the overall conformation of the DNA backbone.”* This
aromatic pair, however, destabilizes the duplex. One of the
first examples of a stabilizing pair lacking hydrogen bonds
was the pyrene/abasic site pair.*'? Also in this case, the
overall geometry is only marginally affected by the modifi-
cation.” The enhanced stability is believed to originate
from extensive stacking interactions between the pyrene
unit and the nearest neighbor natural base pairs. During
review of this communication an X-ray structure of a duplex
containing a m-fluorobenzene self-pair and an NMR struc-
ture of a duplex containing a propynylisocarbostyryl (PICS)
self-pair were reported.”” In the former duplex, a side-by-
side arrangement of the m-fluorobenzene residues with no
major structural perturbations from B-DNA was observed.
The latter duplex showed the PICS self-pair in an inter-
strand intercalation arrangement.

DNA is becoming increasingly important as a scaffold for
the self-assembly of attached molecular entities on the
nanometer scale® and also as a functional molecule, due to
the charge-transport properties through the DNA base
stack.”” In our research directed towards the exploitation of
interstrand aromatic stacking interactions for production of
novel and functional DNA duplex architectures we recently
found that up to seven biphenyl C-nucleoside pairs can be
accommodated in a helix without loss of duplex stabili-
ty.”*31 From molecular modeling we proposed a zipper-like
recognition motif, assuming that the stability is based on in-
terstrand aromatic interactions between the biphenyl resi-
dues. Such a zipper motif has previously been shown by
NMR spectroscopy to exist in unusual 5'-(GXA)/(AYG)-5'
DNA sequence motifs (X/Y=T/A, A/T, C/G, G/C, and
G/G).P! Here we describe an NMR solution structure of
an oligodeoxynucleotide duplex containing a 3”,5”-dinitro-
biphenyl/3”,4"-dimethoxybiphenyl  (X/Y) base  pair
(Scheme 1).
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Results and Discussion

The thermal duplex stability of the modified duplex was de-
termined by UV melting curve analysis (Figure 1). For com-
parison, the same experiment was also performed with an
unmodified duplex containing an A/T base pair instead of
the biphenyl modifications. We found T, values of 50.1°C
for the modified duplex and 45.2°C for the duplex in which
X/Y is replaced by A/T. This clearly shows an enhanced
thermal stability of the biphenyl base pair over an A/T base
pair, by 4.9°C. We find that the total hyperchromicity is
lower in the case of the modified duplex. This may be a
direct consequence of differences in induced dipolar interac-
tions between the modified and the natural bases.

To elucidate the origin of the higher thermal stability, the
free energies of duplex formation (AG*'C) were derived
from plots of 1/7,, against Inc for the biphenyl and the natu-
ral duplex, assuming that the two-state melting mechanism
is fulfilled in both cases (Figure S3, Supporting Informa-
tion). As expected, we found higher thermodynamic stability
of the modified X/Y (AG®“=-152kcalmol™") over the
A/T duplex (AG®“=-13.2 kcalmol™), by 2 kcalmol™. In-
terestingly, the higher thermodynamic stability is largely due
to a more favorable pairing enthalpy term (AH), which
amounts to —79.9 kcalmol™ for the X/Y and to —69.8 kcal

O-DNA

O-DNA
X £
12345678910

5-~GTGACXGCAG-3
3-CACTGYCGTC-Z

201918 171615 14131211

Scheme 1. Chemical structures of the biphenyl-C-nucleoside derivatives
and sequence information on the duplex investigated.

mol™ for the A/T duplex. This finding is in agreement with
(but no proof of) an enhanced contribution of stacking inter-
actions to the stability in the modified duplex.

Preliminary structural investigations of both the modified
and the unmodified duplex were performed by CD spectros-
copy (Figure S4, Supporting Information). No significant dif-
ferences in shape and ellipticity maxima and minima were
found. CD spectroscopy thus points to only minor deviations
from the B-type conformation in the modified duplex. No
further structural information around the site of modifica-
tion was deducible from the CD spectra.

A study of the temperature dependence of the 1D-'H
spectrum (Figure S1, Supporting Information) revealed that
below around 290 K some lines—in particular those in the
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Figure 1. UV melting curves of modified and unmodified duplex deca-
mers m: X/Y, @: A/T.

region where the protons of the biphenyl moieties are ex-
pected—broadened and did not sharpen again when the
temperature was lowered down to the experimental limit
(freezing of the sample). This was attributed to a dynamic
process different from what is seen in duplex melting/forma-
tion, its rate approaching the NMR timescale below 300 K
(see discussion below). We therefore decided to carry out
the full NMR analysis at the intermediate temperature of
294 K, where the lines were comparably sharp and not yet
affected by the dynamics of melting.

The residue-specific assignment of all sugar protons,
except for some of the strongly overlapping H,C(5") groups,
and of all base protons was possible through a combination
of COSY, NOESY, HSQC, and HMBC spectroscopy. Begin-
ning at the four ends, the pattern of NOEs between the base
and sugar protons along each strand allowed the sequential
assignment to be performed and already qualitatively indi-
cated that the overall conformation is similar to that of B-
type DNA. A list of assignments of the 'H resonances from
the spectra in D,O and in H,O/D,0O 9:1 is given in Table 1,
and the position numbering of the two biphenyl base ana-
logues is shown in Scheme 1.

If the rotation of the biphenyl rings around their axes
were slow on the NMR timescale, one would clearly expect
two sets of resonances for biphenyl protons that are rota-
tionally equivalent, such as H3/HS5, H2/H6 (and, in the dini-
trobiphenyl moiety, also H2"/H6") in the highly asymmetric
environment of the duplex. That only one set of time-aver-
aged resonances was observed shows that the three symmet-
rical rings rotate more rapidly than the NMR timescale
inside the duplex at 294 K. We presume the same for the
asymmetrically substituted dimethoxyphenyl ring (see
below), although in this case the observation of a single set
of resonances would also be consistent with a single pre-
dominant rotamer.

Only five of the nine possible imino protons were ob-
served in the H,O/D,0 9:1 spectra at 294 K. They could be
assigned through their NOEs to the four nonterminal G-C
base pairs and the central A4-T17 pair (Table 1). While it is
common that the imino protons of terminal base pairs can
be too broad to be detected at this temperature, and the
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second-last base pairs are often also not detected if they are
A-T pairs, the fact that the A4-T17 imino proton is broad-
ened indicates an unusually high rate of exchange for this
pair in the inner part of the sequence. At 271 K, the ex-
change with solvent protons is slow enough to allow detec-
tion of all nine imino protons, although the signals of the
two outermost base pairs are still quite broad.

Qualitative inspection of the overall NOE pattern and
analysis of the vicinal coupling constants in the ribose units
revealed that the duplex is a B-type helix with the sugar
units, including the two biphenyl-substituted residues, pre-
dominantly in the C2'-endo conformation. A considerable
number of NOEs between the biphenyl moieties and resi-
dues on the opposite strand, between the biphenyls and
their neighboring nucleotides, and also between the two bi-
phenyl units themselves were observed (Figure 2). Together
with large high-field shifts of several of the biphenyl signals
(see, for example, the chemical shift of the 3”-methoxy
signal at 2.65 ppm), as compared to the spectra of the mono-
nucleosides, this shows that the biphenyl units must be
reaching across to the opposite strands and that they are in-
tercalated into the stack of the base pairs.

For simulated annealing calculations of structures that are
consistent with the experimental constraints, the ambiguity
introduced by the rotational averaging in the symmetrical
phenyl rings precluded, at first, the use of the corresponding
restraints. Nevertheless, the ensemble of unambiguous
NOE:s defined the structure sufficiently well to allow resolu-
tion of the ambiguity for some of these NOEs and their re-
introduction into the calculations in a cyclic refinement. A
set of conflicting NOEs remained, however, in particular
with regard to the asymmetrically substituted 3",4”-dimeth-
oxyphenyl ring. This indicates that this ring, like the others,
rotates at 294 K, but the rotamer with the 3”-methoxy group

Table 1. 'H chemical shifts and assignments (R = residue).
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pointing in the direction of the minor groove is clearly dom-
inant.

Figure 3a shows a bundle of (calculated) low-energy struc-
tures from the larger ensemble of accepted structures with
no NOE violations (with exclusion of a few still ambiguous
NOEs), generated by the simulated annealing calculation
with the NOE constraints. A single representative structure

Figure 2. NOEs observed between the biphenyl moieties and between bi-
phenyl residues, neighboring bases, and the backbone sugars (green: un-
ambiguous NOE:s; yellow: NOEs that are ambiguous with respect to two
rotationally equivalent, dynamically averaged protons).

is represented in stereo in Figure 3b.

The overall conformation is that of an antiparallel
Watson—Crick B-DNA-like double helix with a less helical
region around the biphenyl units and varying degrees of
overall bending. The biphenyl groups are intercalated side
by side as a pair between the natural base pairs and are
stacked head to tail in van der Waals contact with each
other and with their respective neighboring base pairs. The
first phenyl rings (C1-C6) are tightly stacked against the

Ribose protons Nucleobase protons

Biphenyl units NH protons (H,0)

R HI' H21 H22 H3¥ H4 C51 C52 H2 H5 Me- H6 H8 H2/ H3/ H2'6’ H4" H5' MeO- MeO- HN1 HN3 HN41 HN42
5 H6 HS5 3" 4
Gl 588 268 249 471 412 36 3.63 7.83
T2 571 237 203 478 410 na na 126 7.20
G3 549 267 256 490 423 na na 7.76 12.43
A4 607 274 242 492 432 410 na 7.63 7.95
C5 561 227 216 480 401 4.07 na 4.99 7.12 754 618
X6 473 252 1.84 472 418 389 3.83 6.88 690 7.87 7.67
G7 544 239 250 482 424 na na 7.77 11.83
C8 553 218 1.83 474 407 na na 5.34 7.30 805 6.19
A9 590 216 259 490 424 na na 7.68 8.07
G10 590 2.75 235 452 405 na na 7.61
Cl1 580 2.60 1.98 457 3.99 3.67 3.63 5.80 7.68
T12 563 238 211 476 406 na na 1.55 7.36
G13 580 2.60 245 4.87 424 393 3.87 7.71 12.60
Cl4 571 246 220 484 399 na na 5.11 7.20 772 645
Y15 451 242 1.82 465 391 na 4.10 6.56 651  6.37/5.97 6.16 2.65 345
G16 553 217 250 481 422 410 4.02 11.97
T17 591 236 2.04 474 412 na na 120 7.14 13.51
C18 548 227 194 472 399 na na 5.57 7.41 835 6.70
Al19 612 275 256 490 428 na na 7.67 8.16
C20 594 2.02 200 435 3.88 4.14 3.94 5.23 7.23
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neighboring base in the same strand in the 3'-direction (Fig-
ure 3c). In all accepted structures, the order of intercalation
is the same: the dinitrobiphenyl moiety is nearer to the
G10-C11 end of the duplex, whereas the dimethoxybiphenyl
group is on the G1-C20 side.

The side-by-side intercalation of two aromatic residues
where only one base pair would be located in a natural B-
DNA helix requires stretching of the backbone through
changes in the dihedral angles near the biphenyl residues.
Experimentally, this could be detected for the H5 and HS”
protons of the 3”,5”-dinitrobiphenyl residue: in contrast to
the HS" and H5” protons of the residues in the natural part
of the duplex, which show the pattern of NOEs typical for
B-DNA, the H,C(5)-group of X6 is turned towards the
center of the helix and shows medium to strong NOEs to
the 3'-methoxy group and H2'/H2” of C5. The dihedral
angle y of X6 is g~, as compared to g* for B-DNA. In all ac-

Figure 3. a) Superposition of the 20 structures with lowest calculated energies out of a set of 75 accepted struc-
tures. The superposition is based on all phosphorus atoms except the terminal ones in each strand. b) Stereo-
view of a representative single structure from the set shown in a). c¢) Section of the duplex with the biphenyl
residues and their neighboring base pairs, highlighting the stacking interactions (view direction perpendicular
to the mean base pair plane). d) Space-filling view of the structure in b) illustrating the van der Waals contact g
between the biphenyl units and with their neighboring base pairs, the widening of the minor groove, and the

resulting exposure of the A4-T17 imino proton (colored in magenta).

cepted structures the corresponding dihedral angle y of the
dimethoxybiphenyl residue Y15 is ¢, but we do not have
direct experimental evidence from coupling constants. Un-
fortunately, severe overlap in the H5/HS5"/H4' region of the
spectrum did not allow us to assign all H,C(5") protons, and
no reliable Jy,ps coupling constants could be extracted,
except in the case of X6 and the 5'-terminal residues. We
were therefore unable to carry out a more detailed analysis
of the backbone deformation in the biphenyl region. This
lack of dihedral constraints, in particular for the phospho-
diester linkages, causes a variation in the overall bending of
the duplex that manifests itself as a “fraying out” towards
the ends of the structural bundle in Figure 3a.
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The extra space needed by the additional aromatic resi-
due in the stack leads to a reduced helical twist: the twist
between the flanking G7-C14 and C5-G16 base pairs is
only around 35°. Therefore, over three aromatic stacking
distances of around 3.6 A each, the total twist is only as
much as normally observed between two adjacent base
pairs. This leads to a pronounced widening of the minor
groove (Figure 3d), and the concomitant exposure of the
A4-T17 base pair may well be the reason for the unusually
fast exchange of its imino proton (colored in magenta in
Figure 3d).

Conclusion

The experimentally determined solution structure shows
that a B-type DNA duplex can accommodate two opposing
biphenyl base analogues
through local widening of the
pitch and reduction of the twist
of the helix. The steric demand
of the two biphenyl groups,
both of which exclusively point
towards the inside of the
duplex and have to avoid each
other, leads to a particularly
tight stacking of their first ben-
zene rings against the natural
base neighbor on the 3'-side,
thus selecting one of two possi-
ble interstrand intercalation ge-
ometries. The two phenyl rings
of the biphenyl units are nearly
planar and stack on each other,
producing an uninterrupted
base-stack  throughout the
double helix. Both biphenyl
units span the whole of their
adjacent natural base pairs and
have the strongest interresidue
interactions between the
distal ring of one unit and the
proximal ring of the opposite
unit. The increased stacking
surface to a complete neighboring natural base pair, togeth-
er with the interbiphenyl contacts, fully explains the ob-
served high thermodynamic stability of this duplex. Of spe-
cial interest are the rotational dynamics along the biphenyl
axes, which are not frozen even at 271 K. This points to con-
siderable dynamics of the duplex structure but does not pre-
clude the stacked arrangement being the preferred confor-
mational state. Although the detailed mechanism of rotation
(in-stack against out-of-stack) is not known at this point it is
worthwhile to consider that the thickness of a phenyl ring is
not that much different from its diameter and that it thus re-
sembles an ellipsoid body (squeezed cylinder) more than it
does a flat tile.

Chem. Eur. J. 2008, 14, 10801086
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The structure described here is fully supportive of our
proposed zipper recognition motif. We found earlier that
not only one but multiple biphenyl pairs can be introduced
into the center of a double helix without loss of helix stabili-
ty."! It now remains to be shown whether the observed
local biphenyl geometry in this duplex can be extrapolated
to several consecutive biphenyl pairs in a duplex. In any
case, the thermal stability data of the duplex described here,
together with its structure, demonstrate the tolerance of this
recognition motif for variation of substituents on the bi-
phenyl periphery. With this, fine tuning of the electronic and
recognition properties of the aromatic systems seems possi-
ble. This in turn might be of importance in applications in
the field of DNA materials, as well as in DNA diagnostics.

Experimental Section

Sample preparation: The syntheses of modified phosphoramidite mono-
mers and their incorporation into oligodeoxynucleotides are described
elsewhere.’ Unmodified oligodeoxynucleotides were purchased from
Microsynth (Balgach, Switzerland) and used without further purification.

Thermal denaturation: All UV melting curves were recorded at 260 nm
on a Cary 3E UV/VIS spectrometer (Varian) fitted with a Peltier block
and with the aid of Varian WinUV software. The oligonucleotide concen-
tration was 1.2 um in NaH,PO, (10 mm), NaCl (150 mm), pH 7.0. Consec-
utive heating-cooling-heating cycles over the temperature interval of 10
to 90°C were applied with a linear gradient of 0.5°Cmin'. Heating and
cooling ramps were superimposable. Each T,, value was defined as the
maximum of the first derivative of the melting curve. To elucidate ther-
modynamic data, 7, measurements were performed at five different con-
centrations over the range of 0.5-15 um duplex. Free energy values were
then calculated from van't Hoff plots by plotting 1/7,, against Inc (Fig-
ure S3: Supporting Information).

NMR spectroscopy: 1D-"H, 1D-*'P, and 2D NMR-COSY with *'P decou-
pling, NOESY with mixing times of 300 msec, 150 msec (Figure S2, Sup-
porting Information), and 75 msec, HSQC, and HMBC spectra were re-
corded in a 5mm Shigemi tube with a sample concentration of c=
3.1 mm in D,0O/Na arsenate buffer (pH 7, 50 mm) at 294 K at 600 MHz
(*H) and 125 MHz (*C). To detect the exchangeable protons, the sample
was lyophilized and measured again in H,O0/D,O 9:1 Na arsenate
(50 mm). The same set of 1D-'H and homonuclear 2D spectra were re-
corded as in D,O, but with excitation sculpting for suppression of the sol-
vent signal.

Assignment and volume integration of NOESY cross peaks (mixing
times 300 ms, 150 ms, and 75 ms, for both the D,0 and H,O spectra)
were performed with the aid of SPARKY.® Distance constraints and
error limits were generated from build-up curves of cross-peak volumes
by calibration with known distances (+£20% error limits) through a
python extension within SPARKY.

Structure calculations: The simulated annealing molecular dynamics cal-
culations were performed with XPLOR-NIH version 2.16.0.%"] The pa-
rameter file parnahlerl_mod_new.inp and the topology file topall
dna.hdg were modified to deal with the two new DNA base analogues
(equilibrium values for bond lengths and angles were based on an X-ray
structure of biphenyl).*®! All the other parameters concerning the base
and the sugar atoms, as well as the force constants (ky,n,q= 1000 kcal
mol ™", kypge =500 kealmol ™", Kipproper=>500 kcalmol ') were left un-
changed. For generating a starting structure a “dummy” pdb file was gen-
erated by use of a perl script and was then used as a template for gener-
ating the structure (.psf) file. The “zero coordinate” pdb files were mini-
mized in order to generate the two single-strand structures at 300 K. The
two minimized single strands were then combined into a duplex by intro-
ducing hydrogen bond restraints for the Watson-Crick pairs, for which
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the imino proton resonances indicated the presence of hydrogen bonds in
an otherwise unrestrained simulating annealing calculation. The resulting
extended zigzag duplex conformations in which the two biphenyl groups
were not stacked and pointed outwards from the duplex were used as
starting structures. The simulated annealing (SA) protocol (adopted from
the torsional angle dynamics protocol of Stein et al.*”)) included 4000
steps (0.015 ps each) of high-temperature torsional angle dynamics at
20000 K, followed by 4000 (0.015 ps) steps of slow cooling to 1000 K with
torsional angle dynamics, 2000 steps (0.003 ps) of slow cooling with
Verlet dynamics to 300 K, followed by a final Powell minimization. Dis-
tance restraints derived from NOESY (as explained above) were intro-
duced in the SA calculation (Table S1, Supporting Information).

Since analysis of the chemical shifts of the imino protons in the H,O/
D,0O 9:1 1D-spectrum at —2° indicated the presence of all nine possible
base pairs and NOESY in H,0/D,0O 9:1 at 295 K indicated Watson—Crick
pairing for all base pairs except the two outermost ones, hydrogen bond
constraints defining standard Watson—Crick pairing for all base pairs
except for the nonnatural base analogues were introduced. For the two
base pairs flanking the biphenyl residues this restraint was loosened by
20 %. Calculations were preformed once without and once with planarity
restraints for the base pairs not flanking the biphenyl groups. Introduc-
tion of planarity restraints gave bundles with less variation in the propel-
ler twist and buckle of base pairs but otherwise did not change the over-
all conformation and relative orientation of the biphenyl groups. The
only non-bonded interactions used were van der Waals repel functions. A
total of 97 structures were generated by use of the SA protocol explained
above. Out of these, 75 structures were accepted. Final structures were
accepted if they showed no NOE violation >0.1 A and no deviation
from equilibrium bond lengths, angles, and impropers of >0.05 A,
>5.0 A, and >1.5°, respectively.
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