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1. Introduction

Higher-ordered structures, based on self-recognitind self assembly of simpler
molecules, are of potential interest in a varietyields ranging from structural biology, to
medicinal chemistry, supramolecular chemistry, meclinology and 20 molecular-scale
devices. The G-quartet, a hydrogen-bonded macredganed by cation-templated assembly
of guanosine, was first identified in 1962 as tlasid for the aggregation of 5’-guanosine
monophosphate. In 1990 Guschlbauer, Chantot, andleTipublished the review article
“Four-Stranded Nucleic Acid Structures 25 YearsekaFrom Guanosine Gels to Telomer
DNA.” In that paper they pointed out the emergimgportance of the G-quartet, a hydrogen-
bonded ionophore first identified in 1962. Renevattention to the G-quartet in the late
1980s was generated by intriguing proposals trantbtif, when formed in DNA, might be
biologically relevant. Today, interest in G-quarsétuctures remains unabated. Thousands of
reports on some aspect of G-quartet structure oction have since appeared, including
some excellent reviews. Since the discovery of @hdetrad, several other quadruplex
structures have been reported, based on experihrestats or theoretical considerations.
These new structures cover a wide range of chaingessmall modification in the guanine
base to the complete substitution of the whole mmarec building block. It was also shown
that in most of the cases cations play a stabgizote in the formation of quadruplex strands
by intercalating into the stacking tetrads. In #hesstuations, quadruplex structures were
always neutral, and according to our knowledgentéercalating anion has been reported only
in one case. Charged quadruplexes can be impartarjtist because of the intercalation of
ions but they also provide new possibilities in tesign of novel higher ordered structures
(e.g. nano-wires).

It was also pointed out that the G quartet is ohéhe most suitable structures for
stacking since guanine quartets are strongly bo(thdre are two H-bonds between
neighbouring molecules) and already posses a plegaitibrium structure. Other purine-
based tetramers (e.g. adenine or inosine) have lad¢sm investigated, however these
structures have been found less stable and thelyttemdopt non-planar geometries. This
non-planarity is understandable since the nuclesbas these tetramers are connected to
each other by only one H-bond which yields a flexitructure.

Three decades after its identification in 5-GMHPsgehe G-quartet really gained
visibility because of the biological implications &-quadruplex DNA. Consequently,

structural characterization of nucleic acid G-qugtExes has accelerated over the past



decade. In 1992 the Protein Data Bank showedsentries for G-quadruplexes. Ten years
later, there are more than 35 deposited G-quadtupteuctures, including 9 crystal
structures. This data provides a wealth of inforamabout the noncovalent interactions that
drive self-assembly of G-rich nucleic acids.

2. Aims

Xanthine derivatives play a decisive role in a ebriof intracellular metabolic
pathways as substrates and/or intermediates of nousieenzymes or enzyme systems. To
date no study has been devoted to investigaterthpepies of 9- and 3-substituted xanthine
derivatives in higher ordered structures. Theocathimolecular modelling and density
functional theory (DFT) calculations showed tham8thylxanthine has the ability to form
higher ordered structures with extra hidrogen bandsdue to the RA-tautomeric properties
(similarly to guanine H-bond forming propertieshdaincreasing the stability of the formed
assembly. To examine the predicted interactionssatfcassembly properties, our aim was to
synthesize 3-methylxanthine for MS and NMR chanatetigon.

Based on the promising theoretical molecular mauglcalculation results of 3-
methyl xanthine, we decided to synthesize new Zt#ulled xanthine containing DNA and
PNA monomers and their oligomers. Furthermore oun avas the MS and NMR
characterization of the prepared 3-substitutedhiaatcontaining DNA and PNA oligomers

to examine the predicted interactions and the ftionaf higher ordered structures.

3. Results and discussion

In the present thesis, we point out that if oneesakanthine instead of hypoxanthine
(which was used previously to model inosine nudt)s two H-bonds can be formed
between neighbouring xanthines by low-barrier hgdrobond (LBHB). Moreover, naturally
occurring uric acid can be also involved in tetrafoemation with or without xanthine.

Consequently, the system will have an additionaitp@ charge and this provides a
very strong interaction. Xanthine and uric acid maéurally occurring purines. In the present
work, methylxanthine and 9-methyluric acid (Scherhg.were considered to simulate a
possible connection point to any backbone chaig. @igar-phosphate 10 chain or PNA).
However, the presence of this backbone chain isnacéssary for self-assembly. Moreover,

the N(7) protonated form of Xa (XdMHwill have an important role in our systems.
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Furthermore, we propose 3-substituted xanthinego#antial tetrad and quadruplex
forming purine derivatives. The dominari Tautomeric form of a 3-substituted xanthine can
bind to each neighboring xanthine moiety with twdbéhds in a tetrad, similarly to guanine.
Therefore, we have anticipated that these assesn$ifieuld yield strong interactions and a
planar geometry in gas phase. As the simplest m@deiethylxanthine (3MX, Scheme. 2)
was chosen for our studies with or without addaioration. We examine herewith the tetrad

and octad forming capacity of a 3-substituted xiaettstarting from theoretical studies prior
to experimental realization and detection.

Scheme ZTetrads composed oH?3-methylxanthine (3MX) and different cations [catnone, N& K*, NH,";

3.1. Computational studies

Herein, based on theoretical considerations we ga®pnew quartet systems
possessing positive or zero charge, which are ceetpof xanthine (9-methylxanthine, 3-

methylxanthine) and uric acid derivatives. Accogdio our expectation, these systems are



capable to bind anions naturally. Moreover, siriee monomers in the tetrad are connected
through two H-bonds, they can form strongly bondadnar structures. To our knowledge,
this is the first example of a quartet in which gusitive charge is supported by the tetramer
structure itself, and not by an additional inteatialg ion. This opens new possibilities in the
design of novel nanostructures.

First, computational investigations have been perénl for 3MX, as the simplest
representative of the family of 3-substituted xamgh, at BLYP-D/TZ2P level of dispersion-
corrected Density Functional Theory with ADF and IQD programs. The calculated

hydrogen bond energy of the four 3MX monomer intdtead amounted to -66.1 kcal/mol.

cation cluster I'H—'ateraction Edeformation Ebinding
NI tetrad + cation  -100.30 3.69 -96.61
octad + cation -135.78 10.56 -125.22
K* tetrad + cation -73.09 2.75 -70.34
octad + cation -106.27 4.56 -101.71
NH,* tetrad + cat_ion -75.58 3.75 -71.83
octad + cation -103.20 4.39 -98.81
four monomers -73.62 7.52 -66.10
none  ftetrad + 51.84 480  -47.04

tetrad

Table 1. Components of ion binding energies (columns, @l/keol) of 3-methylxanthine tetrads and octads
(Na', K*, NH," rows); the components of formation energy of #teatd and the stacking energy of two tetrads
are given in the 'none' rows.

The optimized tetrad structures have been founte bent even in the ion-free
case but cations show similar behavior to guanatetls. Namely, sodium ion tends to
stay in the plane of the tetrad while potassium aminonium ions occupy an out-of-
plane position. Regarding the octads, the mostgslatructure was found with the sodium
ion, and the structure without any intercalating ioas the most bent optimum. In all
cases the (3MX)complex turned to be more planar in the octadctiine. Cations have
been found close to the midpoint between the lagesthe rotation of the two layers in
octads is ca. 17° in each aggregate. The distabetseen the layers have also been
found to be very similar in each complex, thus m@itthe metallic ions nor the NH
affect the optimum stacking distance. Together lign theoretical results for tetrads, this
prompted us to investigate the existence of (3Ma)d (3MX} structures with or without

intercalating cations experimentally.



3.2. The synthesis of 3-methylxanthine
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Scheme 3The synthesis of 3-methylxanthine, reaction caods a. DMSO, benzyl-bromide, 36% HCI, 24 h,
(70-99%),b. AcOH, NaNQ, 55 °C, 12 h, (50-90%y},. anhydrous DMF, COs, CH;l, 50 °C, (16%), [NaOH,
H,0, CHl, rt., (32%)],d. AcOH, H-cub&, 75 bar, 90 °C, (46-90%)

The synthetic efforts towards 3-substituted xarghistarted with 7-benzylxanthine
(8) available in a two steps from guanosine acogrdo the method by Bridsoet al
Methylation of the most acidic NH group in the mese of KCO; resulted in the formation
of 3-methyl Qa) and 1,3-dimethyl9b) derivatives. The debenzylation of the former was
rather challenging. The usual conditions of hydrag®n failed to give the product@. The
application of Pearlman’s catalyst [Pd(QK)] in a far larger than catalytic amount at high
pressure and elevated temperature eventually hedi8-methylxanthinelQ). Alternatively,
this deprotection can be achieved in an H-Culmv reactor as well under milder conditions

and with smaller amount of catalyst.
3.3. Mass spectrometric results

The tetrad formation of 3MX was first examined expentally by mass
spectrometry using a Q-TOF instrument equipped wittano-ESI ion source. Although only
NH," was intentionally added as an adduct forming iorad. methanol, the most intense
peak series in the mass spectrum contain§ Nessibly due to an ion-exchange on the
surface of the borosilicate capillary. This is imod accordance with the calculations, where

the sodium ion is bound most strongly to the tetriaderestingly, the peak intensities



increased along the series of adduct ions of [3BMXFN(3MX)+Na]’, [(BMX)s+Na]", and
[(3MX)4+Na]’, in contrast to the “normal” case for compounds farming tetrads.
Furthermore, beyond the [(3MX)Na]" peak, the next most intense peak series in therupp
mass region belongs to the [(3MpX¥at] peaks suggesting an increased stability of the
tetrad constructed by four 3MX molecules.
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Scheme ANano-ESI-Q-TOF MS spectrum of 3-methylxanthine (IMX

3.4. Multinuclear NMR studies

Full 'H, *C and "N NMR assignment of 3MX has been accomplished using
standard HMBC techniques in DMSQ-sblution (~ 5 mg/50QL) at 300 K (Tables 3 and
4). These data support the tautomeric form as showhkig. 1. Since the MS study
suggests (3MXycaf aggregates (n = 4, 8; ¢at NH,;', Na', K%), several additional
NMR experiments were carried out to disclose thésatures. Diffusion ordered
spectroscopy (DOSY) was used to determine the ampamolecular mass of the
aggregates in solution. As an internal mass reteretetramethylsilane was used because
of its inertness and spherical structure. As apgaviV, 920 Da was obtained in DMSO-
de solution at 300 K. For a (3MX)aggregate MW = 664 Da is expected and the
difference between the experimental and theoretielles may be attributed to solvent

molecules associated to the clusters of 3MX. Tceolss the intermolecular H-bonding in



the self-assemblies we measured the deuteratiaopecshifts on the acceptor carbonyls
but this was not indicative because of the coneurt@o- and three-bond intramolecular
effects. In selective transient 1D NOESY experimenwe observed significant
magnetization transfer between N7H and water duexttange while in the case of N1H
this transfer was negligible. Consequently, we sggpthat the ,internal” H-bonds
(N1---HO®6) in the (3MX) structures must be stronger than the ,externalbdfds

(N7H---O2). This was also the case for the gas phase dheal results according to
which the ,internal” H-bonds have always been shiothan the ,external” ones. In
summary, the DOSY experiments seem to support tiesepce of (3MXpcaf and

possibly of (3MX}ecaf (cat = none or K) clusters in DMSO-gl solution. Clearly, to

achieve stronger interactions in tetrads/quadrigdexcomposed of 3-substituted
xanthines, substituents in position 3 other tharthyleshould be present to allow for

further stabilization.

3.5. The synthesis of 3-substituted xanthine/thyma containing DNA and PNA

monomers and their oligomers

Based on the promising theoretical molecular mauglcalculation results of 3-
methyl xanthine, we decided to synthesize new 3t#uled xanthine containing DNA and
PNA monomers and their oligomers. For the syntheki3-substituted xanthine containing
DNA monomer the phosphoramidite method, and for pineparation of 3-substituted

xanthine containing PNA monomers the Fmoc-aminégetmn strategy were chosen.



3.5.1. The synthesis of 3-substituted xanthine camhing DNA monomer and

oligomers
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Scheme 5The synthesis of 3-substituted xanthine contaifdMA monomer, reaction conditiona: DMSO,
benzyl-bromide, 36% HCI, 24 h, (70-99%), AcOH, HO, NaNQ, 55 °C, 12 h, (50-90%yY. 1. MeOH, 1%
HCI/MeOH, AgCOs, 30 min., 2. pyridinep-toluoyl-chloride, 12 h, AcOH, sat. HCI/AcOH, HChsg, 30 min.,
d. anhydrous dioxane, 55% NaH, Ar atm., 45 °C, 2B%),e. anhydrous dioxane, hydrogen reactor, Pd(OH)
100 bar, 90 °C, 24 h, (989),40% MeNH/H,O, MeOH, 45 °C, 12 h, (94%, 4,4'-DMTr-Cl, TEA, pyridine,

3 h, (34%) h. 2-cyanoethyN,N,N',N-tetraisopropylphosphordiamidite, anhydrous DCM;tétrazole, Ar atm.,
4 h, (93%).

The synthesis of 3-glycosylated xanthit® was accomplished according to the
sodium salt glycosylation method from 7-benzylxamh@) and 2-deoxy-3,5-dd-p-toluoyl-
b-D-ribofuranosyl chloridé.4 in dioxane that was superior to acetonitrile ($ob). High-
pressure debenzylation was conducted as abovefdad ajlycosidel6 and deacylated to
yield nucleosidel7. Excess 4,4’-dimethoxytrityl chloride under basanditions gave the 7-
N,5-O-diprotected derivative 18. Phosphitylation with  2-cyanoethoxy-HN-
diisopropylamino)-phosphine eventually afforded thetected phosphoramidit&€9. The
introduction of 4,4’-dimethoxytrityl group on N7laled the protection of the reactive NH
that would interfere with the oligonucleotide syedrs.

The DNA phosphoramidite monomer was applied inignielary studies to synthesize
oligomers incorporating the above xanthine derxatilo this end the sequenceT, and
TX4T have been prepared using standard protocols o$pghtoramidite chemistry on an

Expedite 8909 synthesizer (X denotes the monomavetefrom phosphoramidite 10). The



analytical (MS, NMR) analysis of 3-substituted »ané containing DNA oligomers are in

progress.

3.5.2. The synthesis of 3-substituted xanthine/thyime containing PNA monomers and

oligomers
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Scheme 6The synthesis of 3-substituted xanthine/thyminet@ining PNA monomers, reaction conditioas:
DMSO, benzyl-bromide, 36% HCI, 24 h, (70-99%), AcOH, H,0O, NaNQ, 55 °C, 12 h, (50-90%)g.
anhydrous DMF, KCQ;, ethyl bromoacetate, 45 °C, 12 h, (34%)5% HCI, THF, 60-80 °C, 24 h, (95%8,f.
anhydrous. DMF, BCGQ;, ethyl bromoacetate, rt., 4 h, 2 M NaOH, 90 °Cn#8, 4 M HCI, rt., 30 perc, (70%),
g. DCM, tert-buthyl bromoacetate, 0 °C, 24 h (66%)DCM, DIPEA, Fmoc-Osu, rt., 12 h (88%),anhydrous
DMF, DCM, DIPEA, HOBT, HBTU, rt., 48 h, (41%), DCM, TFA, H0, rt., 6 h, (51%).
7-Benzylxanthin-3-ylacetic aci®{) was also obtained from compour®) according
to Bridsonet al. Coupling of Fmoc-protected PNA backbo2# with acid21 afforded ester
25 (Scheme 6). The acid hydrolysis 86 resulted the formation of the unprotected 3-
substituted xanthine containing PNA monom&6)( The synthesis strategy of thymine
containing PNA monomer (31) was similar with theowad mentioned. The preparation of
xanthine and thymine containing PNA oligomers froempound<6, 31and their analytical

analysis (MS, NMR) are in progress.
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