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Figure 4 Distance between the dominant d-cones and the centre with various o and d
values. kis half the mean curvature at the plate centre when Z = 0. Crosses, numerics;
the other symbols are experimental. Open symbols, two-cones regime. Grey symbols,
diamond regime. Black symbols, trapezoid regime. Solid line, theoretical prediction from
equation (3). Inset curve (Z = 6 mm), x cross-section of the plate (solid line); elastic arch
(dashed line).

(3)) hold when k is replaced by kcos®B as is checked in Fig. 4. To
lowest order in kZ, the d-cone radius is R = D = cosB+/ Z/k. If the
interaction between the d-cone and the clamped boundary is
strong, the d-cone is constrained to move to a new position
B # 0, in which the periphery of the d-cone (a circle of radius R)
exactly touches the boundary of the plate, D cos3 + R = W/2.For Z
near to Z, this condition leads to

B~ + 4\ 213kW\/K(Z — Z.) (4)

Here 4\/%/kW = 3.3 and Z_ = 10.9 mm compare well with the
experimental 8 = 3.1\/k(Z — Z_) with Z_ = 10 mm.

Now consider the second pair of d-cones. When their peripheries
touch the clamped boundaries, 3+ 0 = w/2 so that Z =Z~=
k(W/2/sinf/(1 + sinf))* = 15 mm (with § = 63°) which is compar-
able to the experimental Z, = 12 mm. For Z = Z, all d-cones have
to move along the clamped boundaries. If two of them are
constrained to have an angular opening of 26, the only possible
shape is a trapezoid. Compared to the two-d-cones regime, energy is
gained in the diamond, and then the trapezoid regime. These
configurations were not observed numerically, probably owing to
the discretization. For this reason the numerics overestimates the
force in region IV of Fig. 3. At Z= 13mm the plate becomes
cylindrical (pure bending deformations) so that the force jumps
to a much smaller value (Fig. 3). This transition is well predicted by
the numerics. The energy of the plate is then the same as the elastic
arch®.

The experiment we have performed is typically a controlled
version of what happens when a car is bumped. The difference is
in the material; in metals the elastic limit is easily exceeded at the
d-cones and then at the ridges. The first deformation of a plate is
either cylindrical or conical. Most further deformations lead to the
formation of pairs of d-cones and to the diamond-shaped deforma-
tion we have studied here. The observed shapes are determined by
the geometry, and the energy of the plate can be computed using
only the energy of the singularities. U
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Synthetic single-helical conformations are quite common, but the
formation of double helices based on recognition between the two
constituent strands is relatively rare. Known examples include
duplex formation through base-pair-specific hydrogen bonding
and stacking, as found in nucleic acids and their analogues, and
polypeptides composed of amino acids with alternating 1 and p
configurations™”. Some synthetic polymers’ and self-assembled
fibres* have double-helical winding induced by van der Waals
interactions. A third mode of non-covalent interaction, coordina-
tion of organic ligands to metal ions®”, can give rise to double,
triple and quadruple helices, although in this case the assembly is
driven by the coordination geometry of the metal and the
structure of the ligands, rather than by direct inter-strand com-
plementarity. Here we describe a family of oligomeric molecules
with bent conformations, which exhibit dynamic exchange
between single and double molecular helices in solution, through
spiral sliding of the synthetic oligomer strands. The bent con-
formations leading to the helical shape of the molecules result
from intramolecular hydrogen bonding within 2’-pyridyl-2-
pyridinecarboxamide units®'>, with extensive intermolecular

§ Present address: University of Texas at Austin, Department of Chemistry and Biochemistry, Austin, Texas
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aromatic stacking stabilizing the double-stranded helices that
form through dimerization.

In the linear heptamers 1 to 3, curvature of the strand should lead
to a helical shape of the molecules (Fig. 1). Modelling studies
suggest that coiling should extend to nearly one and a half turns.
A 0.5-mM solution of 1 in CDCl; features a sharp 'HNMR
spectrum consistent with the presence of a single well defined
species (Fig. 2a). The spectrum indicates that, on average, rings a,
B and vy have the same environments as o', ' and y' respectively.
Comparison of the spectrum of 1 to that of its shorter analogue 4
shows that a number of signals are substantially shifted upfield,
suggesting intramolecular stacking interactions in 1. For example,
the terminal amide signals CH,CONH are found at 2.39 and
8.42 p.p.m. in 4, and at 1.97 and 7.54 p.p.m. in 1. Similarly, despite
the almost symmetrical substitution of the 3/B’ rings, one of the
two aromatic protons of these rings is shifted upfield by 0.5 p.p.m.
from the other (7.40 and 7.88 p.p.m. compared to 7.92 p.p.m. for
protons of the 3 ring of 4).

These features are consistent with the single-helix structure of 1
shown in Fig. 1. Indeed X-ray diffraction analysis indicated that 3, a
less soluble analogue of 1, crystallized from DMSO/CH;CN as a
single-helix entity (Fig. 3a). Conformationally stabilized single
molecular helices presenting up to four turns have been described
recently’>™'°.

Upon concentrating a solution of 1 in chloroform, a second set of
signals appears on the "HNMR spectrum (Fig. 2b—d), indicating
the presence of another species in slow exchange on the NMR
timescale with the single-helix entity. Heating an 8.2-mM solution
causes an increase of the proportion of the latter, up to over 98% at
55 °C, without any coalescence. The concentration and temperature
dependence of the proportions between the two species suggests
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Figure 1 Structures and folding of oligopyridinecarboxamides. a, Formula of various
oligomers and helical shape of a heptamer. These compounds were synthesized
according to the scheme used for isophthalate analogues2°. The decyloxy chains
ensure the excellent solubility of 1 and 2 in chlorinated or aromatic solvents, and even
in pure alkanes for 2. b, Conformation of the 2’-pyridyl-2-pyridinecarboxamide motif.
Conjugation of the aromatic rings with the amide moiety and intramolecular hydrogen
bonding of the amide hydrogen to one pyridine ring is expected to stabilize one
conformer in which substituents of the pyridine rings at the 6 and 6’ positions protrude
on the same side of the molecule. Modelling studies indicate that these substituents
define an angle reduced to 39°. In the solid state, this angle can be as low as 35°
(ref. 8).
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that the new signals correspond to an aggregate formed by two or
more helical monomers. The exchange is clearly visible on the 'H
nuclear Overhauser enhancement spectroscopy (NOESY) spectra,
which display cross-peaks between each signal of the monomer and
each signal of the aggregate. Saturation transfer experiments yielded
an exchange rate of 8.7s™" at 25°C.

In the NMR spectra, the protons of the aggregate are overall more
strongly shielded than the protons in monomeric species, suggest-
ing that intermolecular —r aromatic stacking is important in the
aggregation process as expected for compounds containing several
aromatic residues. However, simple stacking of independent helices
should be fast on the NMR timescale and lead to a mixture of
various oligomers instead of a well defined aggregate. Instead,
aggregation apparently requires considerable conformational
changes in the molecules. For these reasons, we proposed the
formation of a double helix consisting of two intertwined mono-
meric strands, which would stack all along their length, so that
association and dissociation would require winding and unwinding
of the helical monomeric strands. A related process has been
described for the formation of the double-helix gramicidin A
dimer™".

The proportions between the monomer and its aggregate at
different concentrations (1-25 mM; see Fig. 2) are consistent with
a dimerization constant Ky, of 25-301mol™ in CDCl; at 25°C.
This value is strongly solvent dependent, being about 300, 22
and 951mol™" for CD,Cl,, 1/9 CDCl5/CCly, and 3/7 CDCl3/CgD1
respectively. In all these solvents, however, increasing the concen-
tration leads to broadening of the signals or precipitation, and not
to analysable spectra of the aggregates.

The NMR spectra of the less soluble analogue 3 feature similar
concentration dependence and slow exchange between monomeric
and dimeric species (not shown). The proportions between these
signals are in agreement with a dimerization constant of 110—
1201mol™ in CDCl; at 25°C. That these processes observed in
solution do correspond to a double helix formation is supported by
a crystal structure of the same compound 3, which crystallized from
nitrobenzene/heptane as a double helix (Fig. 3b).

As expected, the double-helix structure allows considerable over-
lap between the aromatic groups of each monomeric helical strand,
with an average w—mr stacking distance of 3.5 A, corresponding to
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Figure 2 400-MHz "H spectra of CDCl; solutions of 1 at various concentrations at 25 °C.
Some of the signals assigned to the monomer (unfilled circles), and to the dimer (filled
circles) are labelled. a, 0.91 mM. The formation of intramolecular hydrogen bonds results
in a strong deshielding of three of the four different amide protons (10.86, 10.43 and
10.27 p.p.m.), the terminal amide hydrogen being unable to undergo similar interactions;
b, 2.7mM; ¢, 8.2mM; d, 24.5mM. Nuclear Overhauser enhancement spectroscopy
(NOESY) experiments confirm that the triplets observed at 7.06 and 6.94 p.p.m.
correspond to the signals of the protons in position 4 of the o/’ and -/’ rings in the
dimer.
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van der Waals contact. The coulombic and van der Waals forces
associated with aromatic stacking thus seem to promote interstrand
attractive interactions. Most hydrogen bonds occur within the same
strand and stabilize the helical shape of each monomer. Four direct
interstrand NH-N hydrogen bonds occur at the ends of the duplex
(3.19-3.32 A and 3.21 A), along with two bridging NH-O hydrogen
bonds (3.01 and 3.09 10\) to a water molecule bound to the polar
inner rim of the duplex. This structure contrasts with the structure
of DNA, in which hydrogen bonding determines interstrand asso-
ciation, and stacking takes place mainly within each of the two
strands.

The presence of bound water in the crystal lattice is consistent
with previous crystallographic data®'!, and with "H NMR solution
studies of 1, which feature a broad singlet between 3 and 5 p.p.m.
This water molecule solvates the polar functions of 1, and may
contribute to the helical pre-organization. However, molecular
modelling studies suggest that the water molecule is not necessary
for helicity induction. Furthermore, the ratio of dimer versus
monomer of 1 was found to increase significantly upon partial
removal of water from the solvent (CDCl; or C¢Dg), whereas
increasing the amounts of water led to the dissociation of the
duplexes. This is possibly owing to the destabilization of the helical
strand conformation as a result of water competing with intramo-
lecular hydrogen bonding within 1.

It should be emphasized that these solid-state characterizations
of single and double molecular helices are from the same

Figure 3 Crystal structures of the single helix and the double-helix dimer of 3. The
structures were determined by X-ray diffraction of two independent crystals. Solvent
molecules included in the crystals and CH hydrogens in the stick representations are
omitted for clarity. Carbon, grey; hydrogen, white; nitrogen, blue; oxygen, red. a, Single
helix. Winding of the strand reaches one and a half turns, where one turn is generated by
approximately five pyridine-amide units. Intramolecular «r—ar stacking is possible over
half a helical turn, which is consistent with the upfield shift of some NMR signals observed
in solution. b, Double-helix dimer. The stick representation with colour-coded strands
shows interstrand hydrogen bonds (black dotted lines). Winding of the two strands results
in a nearly two-turn duplex, with 16.7 Ain length, in which only four pyridine-amide units
are needed per turn. Single/double helix interconversion corresponds to a spring-like
compression/extension motion of each strand.
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compound 3, crystallized from different media. The single helix
crystallized from a rather polar solvent mixture, whereas the
double helix crystallized from a less polar solvent mixture. This is
consistent with a polarity-dependent equilibrium and supports the
idea that these helices are indeed the two equilibrating species
observed by NMR and that their formation involves polar inter-
actions.

Compound 2, bearing four additional decyloxy chains, was
expected to be more soluble in non-polar solvents. Its "H NMR
spectra in CDCl; suggests that it also undergoes dynamic equili-
brium between a single-helix monomer and a double-helix dimer
(see Supplementary Information). In this case however, the dimer
remains the major species at concentrations as low as 300 uM.
Quantitative analysis of the NMR data led to a dimerization
constant Ky, = 6.5 % 10*1mol™, which is three orders of mag-
nitude larger than that of 1 in the same solvent. In toluene-Ds,
CD,Cl, and C,D,Cl,, this value was found to be 5.5 x 10*1mol”’,
1.0 x 10°Imol™", and 1.6 % 10°Imol™" respectively. This marked
effect may result from a larger number of interactions between the
side chains as well as an increase in the interactions between

=

Figure 4 Formation and interconversion of double helices of 2. Top, 400-MHz
"Hspectra of 2 (8.2mM in C,D,Cl,) at various temperatures. Some of the signals are
assigned to the dimer (filled circles), to the monomer (unfilled circles), and to a minor
impurity (asterisk). Bottom, schematic representations of the interconversion between
two identical forms of dissymmetrical double helices by a sliding motion, and their
dissociation into two single helices. In the dissymmetrical double-helical structures
depicted, rings « and «’, B and B’, and y and v’ of an individual strand are situated
in different local environments, and thus differ in their "HNMR signals. Their
interconversion becomes rapid on the NMR timescale at 55 °C, and the signals
associated with analogous protons in rings « and «’, 8 and B’, and y and v’
coalesce. The dissociation of the double helix into single helices is slow on the NMR
timescale up to 105°C.

slow up slow up
to 55°C to 105°C
——
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aromatic rings due to the electron donor character of the decyloxy
substituents in 2.

We note two important differences between the proton signals of
(2),and (1), in CDCl;. The first refers to the broadness of the signals
of (2),. This cannot be the result of exchange with monomer 2
whose signals would then broaden as well. More probably, it reflects
slow conformational changes within (2), or equilibration with other
larger aggregates. The second difference is the non-equivalence of
o/a’, B/B’, and y/y' rings in dimer (2),, which is apparent in CDCl;
and clearly confirmed in C,D,Cl,. In this latter solvent, the dimer
signals are sharp at 25°C and clearly indicate a dissymmetrical
structure. In the hydrogen-bonded amide region (9.5-10.5 p.p.m.),
six distinct signals of equal intensity can be counted instead of three
for a symmetrical structure (see Supplementary Information).
Between 6.5 and 8.5 p.p.m., the spectrum shows 16 partly over-
lapping singlets, corresponding to 14 different aromatic protons,
and two different terminal amides NH. When we varied the
concentration, the proportions between these signals remain
unchanged. NOESY experiments show cross-peaks indicating slow
exchange of half of the signals with the other half.

The evolution of the spectrum of 2 with temperature is shown in
Fig. 4. At 25-35 °C the spectrum consists essentially of sharp signals
of a dissymmetrical dimer. Above 45 °C, as the monomer propor-
tion increases, its signals start to be clearly visible. Simultaneously,
the dimer signals broaden substantially to coalesce at 55°C. This
spectrum is reminiscent of that observed in CDCl; at room
temperature. Above 55°C, the dimer signals sharpen again but
their number is decreased. Although several signals overlap, the
spectrum seems consistent with an averaged symmetrical structure
such as the one observed for compound 1 (Fig. 2). At 95°C, the
monomer is by far the major species, and is still in slow exchange
with the dimer. At 105 °C, the dimer peaks have disappeared, owing
to their very low intensity, or because coalescence with the mono-
mer has finally been reached.

In view of these data, the dimerization of compounds 1 and 2
appears to give rise to dissymmetrical double helices, so that the two
ends of an individual strand are no longer equivalent (Fig. 4).
Sliding of the monomers along one another in a spiralling motion
and without dissociation allows each of the two ends of an
individual strand to switch between states or local environments.
Above a certain temperature, these equilibria become rapid on the
NMR timescale. A related sliding process has been identified in the
double-helix gramicidin A dimer'®'®. We also note that such an
interconversion would amount to the rotational translation of one
strand with respect to the other, and thus it constitutes a molecular
mechanical motion. U]

Methods

Crystallographic data

Single crystals of 3 (single helix), [Cs;H4;H;50,02(C,H¢SO)2(H,0).5(C,H;3N)], were
grown from acetonitrile/dimethylsulphoxide. Crystals were placed in oil and a single
colourless crystal of dimensions 0.25 x 0.16 x 0.15 mm was selected, mounted on a glass
fibre, and placed in a low-temperature N, stream. The unit cell was monoclinic with a
space group of C2/c. Cell dimensions: a = 33.952(7) A, b = 13.510(3) A, ¢ = 27.970(6) A,
=7 =90%B=97.75(3)° V = 12713(4) A’ and Z = 8 (FW is 1307.91, p = 1.367 gcm™).
Reflections were collected from 1.0° < 6 =< 27.6° for a total of 14,359 of which 7,699 were
unique (R = 0.089) having I > 40(I); number of parameters is 802. Final R factors were
R; = 0.117 (based on observed data, wR, = 0.254 (based on all data), GOF = 1.067,
maximal residual electron density is 0.933 e A™. Single crystals of 3 (double helix),
[Cs1H47H1501083(C¢HsNO,) [H,0)], were grown from heptane/nitrobenzene. The crys-
tals were placed in oil and a single colourless crystal of dimensions 0.18 X 0.15 X 0.15 mm
was selected, mounted on a glass fibre, and placed in a low-temperature N, stream. The
unit cell was triclinic with a space group of P1. Cell dimensions: a = 18.980(4) A,
b=19.230(4) A, c=19.980(4) A, «=81.52(3)°, ="75.11(3)°, v =81.59(3)°, V=6926(2) A’
and Z =4 (FW is 1417.38, p = 1.350 gcmﬂ). Reflections were collected from 1.0° = 6 =
27.01° for a total of 30,136 of which 14,924 were unique (R, = 0.035) having I > 40(I);
number of parameters = 1865. Final R factors were R, = 0.099 (based on observed data,
WR, = 0.214 (based on all data), GOF is 1.005, maximal residual electron density is
0.600 e A,

X-ray diffraction data for 3 (single and double helix) was collected on a Nonius Kappa
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charge-coupled device (CCD) diffractometer with a graphite monochromatized MoKa
radiation (A = 0.71071 A). ¢ scans, at 173 K. The structure solution of 3 (single and double
helix) was determined using direct methods and refined (based on F* using all indepen-
dent data) by full matrix least square methods (SHELXTL 97). Hydrogen atoms were
included at calculated positions by using a riding model.

The crystal lattice of the single helix contains eight helical strands of 3 (four
enantiomeric pairs) along with 16 molecules of DMSO, 12 molecules of acetonitrile and 16
molecules of water, out of which eight are located in the polar inner rim of the helices. The
helical pitch of the helix is 3.5 A and the pyridine—pyridine torsional angles are between
1.3° and 16.5° (average 10.1°).

The crystal lattice of the double-helix dimer contains four helical strands of 3 (two
enantiomeric double-helix pairs), 12 molecules of nitrobenzene and two molecules of
water bound to the polar inner rim of the double helix. Although the two strands of a
duplex are crystallographically not equivalent, they are almost superimposable upon 180°
rotation about the helical axis. The double-helix pitch is 7.2 A and the pyridine torsional
angles are opened up to between 17.9 and 34° (average 25.4°).
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