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Abstract: Single crystals of a lipophilic G-quadruplex formed bytért-butyl-dimethylsilyl-2,3',-di-O-

isopropylidene & were obtained from a C4#€N solution containing potassium picrate and cesium picrate.
The X-ray structure showed that 16 units oR@nd 4 equiv of alkali picrate form the lipophilic G-quadruplex.

The quadruplex has a filled cation channel, with threeighs and one Csion located along its central axis.

The quadruplex is formed by a pair of head-to-tail 2§g-K* octamers. Both octamers use eight carbonyl
oxygens to coordinate K The two (G2)s-K* octamers are of opposite polarity, being coaxially stacked in a
head-to-head orientation. A Cgation, with an unusual coordination geometry, caps the cation channel. The
Cs' is coordinated to four acetonitrile solvent molecules imafashion. Within an octamer the two tetramers

are stacked so that they are 3.3 A apart and twisted By 8@econd stacking interaction is defined by the
head-to-head arrangement between the tw@)g3X* octamers. This stacking, with a 9@wist, positions the
exocyclic amines of the central two quartets so that both exocyclicgN#i@ons can hydrogen bond to the
picrate anions that rim the quadruplex equator. The four picrates form an anionic belt that wraps around the
cation channel. The sugars are well ordered in the structure. Circular dichroism spectra indicate that the
G-quadruplex retains its helical structure in chlorinated solvents.

Some diverse compounds have been proposed to form ion Nucleobases self-associate via hydrogen bonding and base
channels. These include magainin, cecropin, and gramicidin stacking. Thus, artificial ion channels are conceivable from
and synthetic peptides that form bundles and nanottébes. lipophilic nucleobase¥® Guanosine (G) is notorious for its
Various organic compounds also conduct ions across mem-propensity to aggregate. In a cation-templated process, G
branes! Lipophilic ion pairs, modified phospholipids, bouquet derivatives self-associate in water to give the G-quartet (Figure
molecules, unusual macrocycles, sterols, bolaamphiles, rigid1).1415 The planar G-quartet is stabilized by hydrogen bonds
rods, and crown-peptides all may form ion chanield.For between the NH1 amide and NH2 amino donors on one purine
many of these compounds, self-assembly in the membraneand the O6 and N7 acceptor atoms on a neighboring base. The
presumably gives channels with hydrophobic exteriors and G-quartet, with four oxygens surrounding a cavity, binds alkali
hydrophilic interiors. cations with a selectivity of K > Na*, Rb" > Cs", Li*.16 For
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Figure 1. (A) The G-quartet, (B) an octamerg®*, (C) a G-quadruplex formed by stacking of G-quartets around a column of cations.

Gg-K™ octamers can then stack to give columnar aggregates10—1000 nm in length, have been proposed as potential
known as G-quadruplexes. Fiber diffraction has shown that both electronic devices.
mono- and dinucleotides form G-quadruplexes in the presence We have been studying lipophilic nucleosides that form
of alkali cations!819 hydrogen-bonded aggregates in organic solvénfd. These
Polyguanylic acic® and G-rich oligonucleotides also form — agdgregates may function as self-assembled ionophores or ion
these higher-ordered structufd®ue to the potential relevance ~ channels in low dielectric med&. The derivative, 35-
of DNA G-quadruplexes, there has been much activity in didecanoyl-Zeoxyguanosine, dG, extracts alkali salts from
determining the three-dimensional structures of oligonucleotide Water into chlorinated solvent8 We recently showed by NMR
G-quadruplexes through the use of NMR spectroscopy and SPectroscopy that this phase transfer of salt involves formation
X-ray crystallography2-24 An X-ray structure of a G-quadru-  Of the “octamer”, (dGl)e-K™, in CDCL.* The octamer has two
plex formed from d(GT.Gy) identified a dimer containing four ~ Unique G-quartets sandwiching 4 iéation. Inter-tetramer NOEs
contiguous G-quartets connectedyloops2 Poorly resolved ~ Were consistent with a stereospecific “head-to-tail” stacking of
. 3 i . 1
electron density between two of the stacked G-quartets wasthe quartet$? This K*-bound octamer represents the first
tentatively assigned to be a‘Kon. Later, the X-ray structure observable stage in the cation-templated aggregation of dG

of [d(TG4T)]4 revealed a four-stranded helix with discrete'Na N Organic solvents.

cations located within or between G-quartet platfeRecently, 0 )
IH—15N NMR techniques were used to locate Ntbetween N " [N
G-quartets in [d(GT 4G4)]2.2° The mobility of NH;* in and out 9 ¢ ] Py 5 3</N | A
of the complex led Feigon to note that the G-quadruplex CSHHJ\O/\CYN NT N BuMeysio \ / AN,
resembles an ion channel. G-wires, obtained from cation- \ M
templated polymerization of G-rich oligonucleoticéshave oyd °><°
been imaged using atomic force microscdpy¥hese G-wires, CeHis

dG 1 G2
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Figure 2. A region of the 500 MHZH NMR spectra of (A) G2 in CDsC

N at 25°C and (B) after extraction of @ by K* picrate in CRCN.

Coordination of K picrate by G2 gave two new sets dH NMR resonances, labeled as group A and group B. Assignments were made from 2D

NMR experiments.

structures. Below, we describe the crystal structure for a
G-quadruplex formed from @ and a 1:1 mixture of K and

Cs" picrate. The lipophilic G-quadruplex is composed of four
stacked G-quartets. Three coaxiat Kations and a Cscation

are located inside the G-quadruplex, while hydrophobic picrate

20 mM in the nucleoside. The 4:1 ratio of &5to K™ picrate
was consistent with an oligomer of stacked G-quartets.

After extraction of G2 by K™ picrate,!H NMR spectroscopy
indicated a discrete aggregate. We observed three séts of
NMR resonances, all in slow exchange on the chemical shift

counteranions bind to the exterior of the lipophilic G-quadruplex. time-scale (Figure 2B). One set of signals was due to monomeric
For many artificial ion channels the function is clearly evident, G 2, while the other two sets of NMR resonances, present in a
but the channel’s structure is not as well defiftetf. Here, we 1:1 ratio, arose from K picrate coordination. The NMR
describe the converse. While we do not yet know about function, spectrum contained sharp resonances for the NH1 amide protons

self-assembly of the lipophilic nucleoside Zxcertainly gives
the suggestive appearance of an ion channel.

In addition, the present study provides the first structure where
bound K" ions have been definitively located within a G-
quadruplex® As such, this structure should be valuable to
reseachers carrying out ab initio calculations on the structure,
energetics and dynamics of DNA G-quadrupleXes’

Results and Discussion

The K* Cation Templates Specific Aggregation 6G 2 in
Solution. Proton NMR experiments indicated little defined self-
association of the poorly soluble & (1.8 mM) in CD;CN
(Figure 2A). First, the NMR signal for the exchangeable NH1

amide proton was broadened into the baseline, probably due to

exchange with solvent. Second, the two exchangeable NH2
amino protons gave a single, broad resonanai &0 ppm.
Third, the chemical shifts of the non-exchangeable protons were
similar in CD;CN and in the competitive solvends-DMSO.
These data were consistent with2®eing “monomeric” in the
absence of K.

Nucleoside @ was much more soluble in GON containing
K*. Thus, 5 mM K' picrate max= 354 nm,e =17 000 cm'?
M~1)38 in CD3CN extracted solid @ (Amax = 251 nm,e =
12500 cnt! M~1) to give a solution that was approximately

(34) Ross, W. S.; Hardin, C. d. Am. Chem. S0d.994 116, 6070~
6080.

(35) Strahan, G. D.; Keniry, M. A.; Shafer, R. Biophys. J1998 75,
968-981.

(36) Gu, J.; Leczczynski, J.; Banul, NChem. Phys. Lett1999 311,
209-214. B

(37) atkova N.; Berger, I.; $oner, JJ. Am. Chem. Sod.999 121,
5519-5534.

(38) Coplan, M. A.; Fuoss, R. Ml. Phys. Chem1964 68, 1177.

ato 11.64 and 11.47 ppm, indicating hydrogen bond formation
upon K" binding. On the basis of 2D NMR correlations we
assigned the aggregated species to be a head-to-tail octamer,
(G 1)g-K™.2

Crystal Formation and General Description. An X-ray
structure unambiguously showed that2dorms a lipophilic
G-quadruplex. Although single crystals could be obtained from
solutions containing G2 and K" picrate, diffraction was
enhanced by the Csion. A solution of K' picrate (2.5 mM)
and Cg picrate (2.5 mM) in CHCN was stirred with a
suspension of G2. After filtration of insoluble material,
evaporation gave single crystdfsTable 1 lists key data from
the X-ray structure determination.

The crystals of the @ complex were tetragonal, of space
group 14, with unit cell dimensions af = 30.572(1) A anct
= 25.713(1) A. The asymmetric unit contained four independent
molecules of G2. The structure, solved and refined to give a
final Rvalue of 7.6%, revealed that 16 units ofZ&nd 4 equiv
of alkali picrate form the G-quadruplex. Figure 3A shows a
side view of this complex, including the numbering of the four
stacked G-quartets (@—G, 4).

Four cations occupy the central channel, while the modified
sugars provide the G-quadruplex with a lipophilic exterior. The
nucleobases of an individual G-quartety G are shown in
Figure 3B. Each quartet is symmetric, as demonstrated by the
identical O6-06 diagonal distances. These diagonaHQ®
distances, which range between 4.50 and 4.69 A, are similar to

(39) Details about the NMR analysis of the G-quadruplex formed by G
2 will be presented separately. See ref 31 for NMR studies that show that
the lipophilic nucleoside, d@, forms a head-to-tail (d@)s-K* octamer.

(40) The picrate anion was important for obtaining crystals. Other
lipophilic counterions, T, PB~, SCN-, and Pk, have so far failed to
give quality crystals.



Artificial lon Channels J. Am. Chem. Soc., Vol. 122, No. 17, 200063

A)

Figure 3. (A) A side view of the crystal structure of the G-quadruplex formed fror2 @&1d K/Cs' picrate. The picrate counterions have been

deleted. The four individual G-quartets, &—G. 4, that make up the G-quadruplex are labeled. In this view, two G-quadruplex unit cells stack on

top of each other along the axis. (B) An ORTEP diagram showing the four bases in thel@uartet. The drawing shows 40% probability

ellipsoids for non-hydrogen atoms. Hydrogen atoms are depicted as spheres of arbitrary diameter. The hydrogen bond distances between heteroatoms
are indicated.

Table 1. Crystal Data and Structure Refinement for G-quadruplex Table 2. Hydrogen Bond Lengths (A) and Angles (deg) for the
Formed from G2 and C$/K™ Picrate Four G-quartets from the X-ray Structure of the Lipophilic
G-quadruplex

empirical formula Gs7.5H545 Cs1.0 K3.0 N106 O108 Siis

formula weight 8755.0 G-quartet D-H---A d(D---A) O(DH---A)

lemperature tzsif(z) r’f | Gil N(1)—H---O(6) 2.868(4) 161.0

crystal syste etragona N(2)—HA---N(7) 2.897(4) 170.2

space group 14

unit cell dimensions Gs2 N(1)—H---O(6) 2.916(4) 160.3
a=30.572(10) Ao = 90.C° N(2)—HA---N(7) 2.909(4) 169.8
b=30.572(10) éﬂ =900 Gi3 N(1)—H-+-O(6) 2.864(4) 159.7
¢=25.713(10) Ay = 90.0° N(2)—HA-+-N(7) 2.884(4) 170.0

volume 24 033(15) A

7 2 Gs4 N(1)—H-++O(6) 2.860(4) 165.0

density (calculated) 1.210 mgim N(2)—HA---N(7) 2.905(4) 166.2

absorption coefficient 0.226 mrh

data/restraints/parameters 21296/276/1438 . o

goodness-of-fit orfF» 0.978 Cation Coordination in the Channel. The G-quadruplex has

final Rindices | > 20(1)] R1=0.0495, wR2=0.1241 a fully occupied cation channel, with three collineat ins

Rindices (all data) R% 0.0763, wR2=0.1381 and one C5§ ion along the central axis (Figure 3A). Eacht K

ion is located between G-quartet planes. The lipophilic quad-
06—06 distances calculated for #iKcontaining G-quadru-  ruplex can be viewed as a pair of head-to-tail {s-K*
plexes’®37 The planar G-quartet has eight hydrogen bonds. octamers’® Both octamers, the one formed from quartetsiG
Table 2 lists the hydrogen bond distances for the separateand G 2, and the octamer made fromy G and G 4, use eight
G-quartets, G1—G,4 4. Hydrogen bond distances (me#&i-os carbonyl oxygens to coordinate atkcation. This octahedral

= 2.88 A and meamniy,-n7 = 2.90 A for the four G-quartets)  geometry confirms earlier models fortkbinding by G-rich
are within 0.1 A of the mean hydrogen bond distances found DNA.#42The two (G1)s-K™ octamers within the G-quadruplex
in [d(TG4T)]4.2* Each quartet also has four amino protons are of opposite polarity, being coaxially stacked in a head-to-
(NHZ_B) that are not involved in intra—quartet hydro_gen bonds. (41) Sundquist, W. I.. Klug, ANature 1989 342, 825829,

As discussed below, these Ngiamino protons are important (42) Williamson, J. R.: Raghuraman, M. K.; Cech, T.Gll 1989 59,

for organization of the G-quadruplex. 871-880.
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Figure 4. This representation of the G-quadruplex formed by G
shows the cationoxygen distances, the catiopation distances, and
the G quartetG quartet distances within the crystal structure.

Figure 5. The four acetonitrile solvent molecules coordinated t6 Cs
via theirsr-bonds. The four oxygens (in red) from the upperlGuartet
are also shown.

head orientation. A third octacoordinate" Kbound between
quartets G 2 and G 3, stabilizes the interface between the
individual (G 1)s-K™ octamers. The K—O bond lengths vary
between 2.72 and 2.89 A, well within the range expected for
octacoordinate K (Figure 4)*3

A Cs' cation caps the ion channel. The'G=ation, too large
for the cavity between stacked G-quart&tsan fit above the
G4 1 quartet. This capping Cshas a unique coordination
geometry (Figure 5). First, the €& bound to the four oxygens
of G4 1. The Cs-O distance of 3.21 A is within the 3:68.3 A
range for a CsO bond in cesium-crown ether complexég>
Second, the Csis bound “side-on” to the triple bond (mean
des—n = 3.32 A anddes-c = 3.68 A) of four CHCN molecules.
Dihapto coordination of an alkali cation by GEN is unusual,
having been reported only recently for a crew®s™ complex?®
Usually, CHCN coordinates alkali metal ions via the nitrogen’s
lone-pair. As discussed by Brydhy2-nitrile coordination to
Cs' is due to electronic and steric factors. First;®ss a small
charge density, and it can coordinate seftlonors. Second,
linear 2-coordination of CHCN to Cs' fills space within the
hydrophobic pocket atop the G-quadruplex, while simulta-
neously completing the ion’s coordination sphere.

Figure 4 depicts key dimensions within the complex. The
individual K* cations are close togethedkk 3.43-3.53 A),
although the separation is longer than the sum of their ionic

(43) Shannon, R. DActa Crystallogr. A1976 32, 751-767.

(44) Fenton, D. E. IrComprehensie Coordination ChemistryMcClev-
erty, J. A., Gillard, R. D., Wilkinson, G., Eds.; Pergamon Press: Oxford,
1987; Vol. 3, p 1.

(45) Bryan, J. C.; Kavallieratos, K.; Sachelben, Rlforg. Chem200Q
in press.
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radii*® As noted by Phillips et aP% the C6-06 carbonyl
groups of the G ligand must dissipate charge density to
overcome the electrostatic repulsion between proximate cations.
Recent ab initio calculations conclude that the G-quartet’s center
has a large negative electrostatic potential that helps neutralize
the cation’s chargé The present crystal structure supports the
idea that the G-quartets can provide the ionic stabilization
necessary to allow a filled ion channel.

Base Stacking.The structure of the lipophilic G-quadruplex
shows extensive quartet stacking. Within an individuallgs
K* octamer the two tetramers are 3.3 A apart and twisted by
30°. The 3.3 A spacing is characteristic of optimal nucleobase
stacking?®® The vertical association of G-tetramers is different
within and between the two (&)-K* octamers. Therefore, a
second stacking interaction is defined by the head-to-head
arrangement between the two (G)-K* octamers. This
geometry, with a 3.4 A spacing between layers and a @@t
between G 2 and G 3, positions the five-membered rings of
the two interfacial tetramers so that they are maximally
overlapped. In this arrangement four of the five stacking atoms
are of opposite polarity. This type of inter-tetramer stacking,
also present in oligonucleotide crystal structifgsositions the
carbonyl oxygens of the interfacial tetramers directly over each
other. These oxygens then coordinate to the ¢andwiched
between the G2 and G 3 layers.

Calculations conclude that base-stacking provides a large
driving force for G-quadruplex self-assembly in DNAAp-
parently, the attractive van der Waals and catiarinteractions
between G-quartets overcome any electrostatic repulsion as-
sociated with stacking. The present crystal structure shows that
extensive base-stacking is also possible for lipophilic G mono-
nucleosides, even in an organic solvent. This crystal structure
bodes well for the formation of stacked structures in a nonpolar
lipid membrane.

The Anion Belt. The head-to-head stacking of the two
octamers, with a 90rotation between the interfacial quartets,
also places the exocyclic amines of quartets2Gand G 3
directly over each other. These accessible hlptons on G
2 and G 3 form bifurcated hydrogen bonds with the hydro-
phobic picrate counteranions. The picrates pack into grooves
on the exterior of the lipophilic G-quadruplex (Figure 6).
Consequently, four picrates rim the quadruplex equator, helping
to clamp together quartets4,& and G 3. The picrate’s
phenoxide hydrogen bonds with the amino groups from the G
2 (dn—0 3.00 A) and G 3 (dn-o 2.99 A) tetrads. The picrate’s
two o-nitro groups also interact with these N2plrotons, further
strengthening the hydrogen bond network. In essence, the picrate
anions serve as molecular clips, helping to hold together the
stacked G-octamef8. The resulting G-quadruplex structure
resembles an anionic belt wrapped around the central cation
channel (Figure 6B).

Sugar Conformation. The sugars in this lipophilic G-
quadruplex are well ordereéd.The glycosyl torsion anglgcn
(04 —C1 —N9—C4) defines the relative orientation of the sugar
and basé?® In anti nucleosidesy = —180° 4 90), the base is
oriented away from the sugar, whgnnucleosidesy = 0° +
90) have the base located over the sugar. i conformer

(46) Hobza, P.; poner, JChem. Re. 1999 99, 3247-3276.

(47) The ribose rings are nearly planar, with some minor twisting out of
the plane by either C4r C1. The C(4)—C(5) side-chain conformation
for all four G-quartets is gauche, trans widkpc [O5'—C5—-C4—-C3] =
178. The peripheral 50-silyl groups in the G 1 and G 4 quartets are
disordered. The dioxalane ring in the G4 2 quartet was modeled as a 50:50
mixture of two major conformations.

(48) Davies, D. BProg. Nucl. Magn. Res. Spectros®78 12, 135-
225.
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® 0 Figure 7. Circular dichroism spectra for the G-quadruplex crystals
Head ”m G4t dissolved in CHGICHCI, and CHOH at 25°C. The strong CD bands
o ® Tail ® K centered at 258 nm correspond to the G chromophore, while the induced
._i o (VPO NOI@ G2 bands at 365 and 413 nm correspond to the picrate’s chromophore.
e '. OZ:‘ ® K'
S 0 °® 000w cis Molecular Packing. The G-quadruplex formed by stacking
Head ® K two (G 1)s-K* octamers gives a cylinder that is 26 A along the
VP S00-00PP® G4 4 c axis. Because of the head-to-head orientation of the two

octamers, a cluster of four hydropholéet-butyl-dimethylsilyl
ethers project from both ends {GL and G 4) of the
G-quadruplex. End-to-end packing of these hydrophobic side
chains helps orient the G-quadruplexes in the solid state (Figure
3A). Thus, interdigitation of théert-butyl-dimethylsilyl groups
from neighboring G-quadruplexes align these units so that they
form infinite columns along thec-axis. This stacking of
G-quadruplexes, while perhaps due to crystal packing, enhances
the impression of a lipophilic ion channel.

CD Solution Data. Circular dichroism (CD) spectroscopy
provides insight into the chirality of this supramolecular
assembly in solution. As shown below, the G-aggregate was
ordered in non-competitive organic solvents, but not in hydrogen-
Figure 6. (A) Picrate hydrogen bond interactions with the amino NH6  bonding solvents. Thus, CD spectra of the}a ™ quadruplex
proton on the G2 and G 3 quartets. (B) This side view shows the  crystals dissolved in methanol showed a weak guanine absorp-
aromatic rings of the G-quadruplex and the alkali metal cations tjon near 250 nm (Figure 7), indicating that the hydrogen bonded
cogrdingted al.ong thg ce.ntral axis of the quadruplex. One of the pic,rateaggregate decomposes in this competitive solvent. The CD
anions is depicted with its hydrogen bond net_work to t_he N2 amino spectra of the @K+ aggregate, obtained by dissolving crystals
T e e o s e S intetachiooethane (TCE), were much diferent (Fgure 7). The
quartets. The ribose units have been removed for clarity. dom'nam fea}ture of the CD spectra in TCE was _the dege“erate

negative exciton couplet centered at 258 nm. This CD signature
corresponds to the long-axis polarized transition of the G
chromophoré? This couplet is diagnostic of an aggregate
composed of at least two G-quartets chirally rotated with respect

syrf region with y = 96.0 and 92.7. One interaction that may to each other. The spectrum in TCE is compatible with either
stabilize the “allsyri quartets is a hydrogen bond between the 2" octamer or a stack of three or more G-quartets. The negative-
NH2z proton of the “head” tetramer (GL and G 4) and the to-positive sequence of the CD bands in TCE indicates that there
5'-silyl ether oxygen of the “tail” tetramer (& and G 3)5° is a counterclockwise rotation around thesymmetry axis from

This base-sugar hydrogen bond (mehno 2.99 A) is only one G-quartet to the ne%t,in agreement with the X-ray result,

possible if the G2 and G 3 nucleosides adoptsynorientation where 30 twist angles were observed within a-&* octamer.
about the glycosyl bond. An “aliyr? G-quartet is unusual, The two CD bands at~365 and 413 nm correspond to

different from all of the structures described for G-rich @psorption maxima for the pi(_:rate aniqn. Th_ese pi_crate _signals
oligonucleotideg! 24 Recently, we showed by NMR that (dG '€ not of the degenerate exciton t)?ﬁémce_- picrate is a}chlral, _
1)s-K* had one tetramer with all of the dGcomponents in a the CD bands at 365 and 413 nm must be induced by interaction
syn conformation, while the other tetramer had an ‘it of the cqunteranion with the chiral_ G-aggreggte. The intensity
conformation®! Apparently, the electrostatic and base-stacking ©f the picrate’s CD bands was high for an induced efféct,
interactions that drive G-quadruplex assembly force some of indicating that this hydrophobic anion remains closely associated

the subunits to adopt theynglycosidic bond conformation. with the chiral aggregate in solution.

)

usually predominates for nucleosides in the solid stafievo
of the four tetramers (§2 and G 3) have nucleosides ingyn
conformationy = 68.3, while G, 1 and G 4 are in the “high

(49) Saenger, W.Principles of Nucleic Acid StructureSpringer- (51) For a review on using CD to characterize G self-assembly:
Verlag: New York, 1984. Gottarelli, G.; Masiero, S.; Spada, G. Pnantiomer1998 3, 429-438.

(50) For crystallographic and computational investigation of silyl ether (52) Mason, S. FMolecular Optical Actiity and the Chiral Discrimina-
basicity: (a) Shambayati, S.; Schreiber, S., L.; Blake, J. F.; Wierschke, S. tion; Cambridge University Press: Cambridge, 1982; Chapter 6.
G.; Jorgensen, W. L1. Am. Chem. S0d.99Q 112, 697-703. (b) Blake, J. (53) Hatano, MInduced Circular Dichroism in Biopolymer-Dye Systems
F.; Jorgensen, W. LJ. Org. Chem1991 56, 6052-6059. Springer: Berlin, 1986; p 21.
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This CD data is significant in that this lipophilic G- Analyses were performed by Schwarzkopf Microanalytical Laboratory,
quadruplex, as opposed to DNA helices, is much more stable Woodside, New York.
in nonpolar solvents than in polar solvents. This stability is 5'-tert-Butyl-dimethylsilyl-2',3-O-isopropylidene Guanosine 2To
undoubtly due to cooperativity between ion coordination, a suspension of'B-isopropylidene guanosine (Sigma, 4.54 g, 14.1
hydrogen bonding, and base stacking. The CD study demon-mmol) and imidazole (2.0_1 g, 29 mmol) in'methylene chloride (140
strates that the lipophilic G-quadruplex can exist in a nonpolar ML) was addedert-butyl dimethylsilyl chloride (4.45 g, 29 mmol).
solvent, suggesting that such a structure is reasonable in a lipid "€ éaction mixture was stirred for 20 h, after which time TLC analysis
membrane environment. It is possible, of course, tha\all indicated the reaction was complete. The reaction mixture was washed

. . . with 0.01 N HCI, saturated NaHGQ and saturated NaCl and
prefer to form an ion carrier rat_her than a true ion channel. ., centrated in vacuo. Flash chromatography (10:5LQT#MeOH)
Future transport experiments using2@nd related analogues  gave G2 as a white solid (4.99 g, 81.2%). The chromatographetl G

should allow us to distinguish between ion carriers and ion was crystallized from 2-propanol prior to use in the G-quadruplex

channels. experiments!H NMR (500 MHz, DMSOsg) 6 10.72 (s, 1 H, NH1),
7.79 (s, 1 H, H8), 6.51 (bs, 2 H, NH2), 5.95 (d, 1Hz= 2.4 Hz, H1),
Conclusions 5.19 (dd, 1 HJ = 2.4, 6.0 Hz, H2, 4.95 (dd, 1 HJ = 2.4, 6.0 Hz,

. ... H3),4.07 (m, 1HJ=24,10.0 Hz, HY, 3.67 (m, 2 H, H5 H5"),
Guanosine analogues are well-known to self-associate inq 47 (s 3 H, CH), 1.28 (s, 3 H, CH), 0.90 (s, 9 H, t-Bu), 0.01 (s, 3
water. In a 1990 review, Guschlbauer commented ttwa}dter H, Si(CH)), 0.00 (s, 3 H, Si(CH). *C NMR (125.77 MHz, DMSO-
appears to be an indispensable saht for the auto-association  d,) ¢ 161.0, 157.7, 156.4, 154.4, 139.3, 113.1, 86.3, 84.3, 73.2, 69.9,
of guanosine... organic sents gie rise to poorly organized  34.3, 25.8, 19.3, 5.5; UMx = 254 nm € = 12 500 cni! M~Y);

aggregates > Recently, we presented NMR evidence that  Anal. Calcd for GeH,NsOsSi: C, 52.15; H, 7.14; N, 16.01. Found:
lipophilic G analogues do self-associate in organic solvents to C, 52.37; H, 7.42; N, 16.08.

give discrete and stable aggregates, namely octamers such as G-Quadruplex Crystals. A suspension of @ (37.0 mg, 87.5 umol)

(G 1)g-K™.31 These octamers can further assemble into higher- was stirred overnight in 5 mL of C}&N containing K picraté® (3.3
ordered structures. In this paper, we have described a detailedng, 12.5 umol) and Cspicraté® (4.5 mg, 12.5 umol). The suspension
structure of a lipophilic G-quadruplex formed by self-assembly was filtered, and the mother liquor was allowed to evaporate slowly at
of 16 units of G2 and 4 equiv of alkali picrate. The room temperature in a Nilled desiccator. Yellow, cubelike crystals

G-quadruplex consists of four stacked G-quartets that stabilize formed after 3-4 days.

a column of K cations in a central channel. This lipophilic ~  Crystallography on the G-Quadruplex. A canary-yellow block
G-quadruplex structure is the first atomic resolution structure With dimensions 0.175 0.165x 0.15 mnt was optically centered on
that clearly locates the bound'ications?? The exterior surface a Bruker SMART1000 single-crystal CCD-diffractometer. The crystal's
of the G-quadruplex, with its modified.sugars is hydrophobic initial unit cell parameters and crystal orientation matrix were deter-

d a belt of i hilic bi . ircl he filled mined from a least-squares analysis of a random set of reflections
and a pelt of four lipophilic picrate anions encircles the filled  qjiected via three sets (30 frames/set) of°’0n8de-scans that were

ion channel. well-distributed in reciprocal space. The intensity data were collected
It is striking that this G-quadruplex, formed from 16 with 0.3°-wide scans (60 s/frame) and a crystal-to-detector distance of

equivalents of mononucleosidg is so similar in structure to  4.97 cm, thus providing a complete sphere of data tbi6®6. The

that of the oligonucleotide G-quadruplex [d(1T3]4,>* particu- unit cell was optimized using all 606 frames from the initial series.

larly with regard to hydrogen bond and base stacking geometries.Data were corrected for Lorentzian and polarization effects using the

Of course, the G-quadruplexes from2a&nd d(TGT), have a SAINT+ data reduction prografif.An empirical absorption correction

major difference: there is no backbone holding the 2G was applied to the data, based upon equivalent reflection measurements

nucleobases together. Without the entropic constraints of a'Sing Blessing's method in the program SADABSThe program
- . XPREP was used to check the cell symmé&trgonfirming the possible
covalent backbone, there are far more stereoisomers possibl

. FSpace groups dd (no. 79)4 (no. 82), ol4/m(no. 87). Initial SHELX
for a G-quadruplex formed from a mononucleoside. YeR G fjies were created for all three possibilities. The structure was

self-associates to give a highly ordered supramolecular complex.qdetermined by direct methods using the program®Xahd resulted in
That a backbone is not necessary emphasizes the potential fothe successful location of the central heavy atom core and several
using self-assembly to build functional structures from seem- additional atoms comprising the four independera @olecules within
ingly simple subunit§ In addition to its aesthetic appeal, this the complex. The remaining non-hydrogen atoms were located via
G-quadruplex structure suggests that lipophilic nucleosides maycountless fuII-ma_trix Ieas_t-squares difference Fogrigr map cycles. The
be able to form artificial ion channels. Our next step is to Structure was refined using the program XLA majority of the non-

determine if lipophilic nucleosides function as ion channels, or Nydrogen atoms were refined anisotropically and only those partially
as ion carriers, in lipid membranes. occupleq were refined |sot_rc_)p|cally. All of the hydrogen atom_s were
placed in calculated positions and the structure was refined to

convergence WithR(F) = 7.63%,wR(F?) = 13.81% and GOF 0.978

for all 21 296 unique reflections[F) = 4.95%, wR(F?) = 12.41%
Materials, Methods, and Instrumentation. Reagents and solvents ~ for those 15512 data witk, > 40(Fo)]. A final difference Fourier

were obtained from commercial sources and used after purification. map was featureless witihp| < 0.88 eA. The absolute structure

NMR data were collected on a Bruker DRX-500 spectrometer. The parameter was also refined, giving a Flack parametex)of(—0.023-

1-D H NMR spectra were obtained with a 10 s relaxation delay to (12)°

ensure accurate integration. The probe temperature was controlled ta

+ 0.1°C. NMR solvents were from Cambridge Isotope Laboratories, " (5{5) Sa\ilr\lltfr data fedlléggon program. Bruker Analytical X-ray Systems,

Inc. and were 99:099.9% deuterium-enriched. Circular dichroism Madison, Wisconsin, '

Shaorswie ol ' JASG0 316 pecucpmte: squpec 591) DESEI . Hace Cosaleg 108 nst .38 0

with a NesLab RTE 111 temperature control unit. The UVNs yniversita Gettingen: Germany, 1996.

absorption spectroscopy was performed on a Gilford Response spec- (57) Sheldrick, G. MSHELXT!, version 5.03; Siemens Analytical X-ray
trophotometer at 25C, using 1-cm path length quartz cuvettes. Instruments Inc.: Madison, Wisconsin, 1994.
(58) Sheldrick, G. MActa Crystallogr.1990 A46, 467—473.

(54) (a) Lawrence, D. S.; Jiang, T., Levitt, NChem. Re. 1995 95, (59) Sheldrick, G. MSHELXL-93 Program for the Refinement of Crystal
2229-2260; (b) Philip, D.; Stoddart, J. Angew. Chem., Int. Ed. Engl. Structures; University of Gingen: Germany, 1993.
1996 35, 1154-1196. (60) Flack, H. D.Acta Crystallogr.1983 A39, 876—881.
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