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The IRMPD spectrum of G-quartet/Na* complex, in Wwater solution the self-assembly of metal freg i€ substantially
combination with an ab initio molecular dynamic simulation, ~€ntropy driven, meanwhile the presence of a teragation M (M =
revealed the presence of two metastable populations of Li, Na, K) enthalpically stabilizes thesGtructure in the order K>

i ed by af barri f sssibl Na* > Li*, by partially neutralizing the high negative elestadic
conformersseparated by afreeenergy barrier easily accessible  ,1ential localized in the center of the cavity the gas-phase the

at room temperature. stabilization due to alkaline metal ions follows tfeverse order ti>
Na" > K*, and this inversion is usually ascribed to therelese of the

The capability of guanine to self-assemble in sofuby forming the metal dehydration free energy moving down along gheup of

so-called G-quartet tetrads 4Chas been observed for the first timeykaline ion®

by Gellert et al., which characterized its tetramearrangement  The crystallographic studies point to a stackedarayement

(Figure 1) through crystallographic methods anddisi of gel stabilizing a G dimer with a Na cation localized almost in the mean

formation? plane between the tetraisneanwhile a multinuclear NMR study

Ny carried out on 5’-monophosphate quartets highlights selective

A N H binding of metal ion exclusively to the channelitgvand indicated

NN h | N/> contribution of peripheral backbone binding nediigf Despite the

o N o—nN N large body of evidences collected in both solid swidtion phase, the

N >\—N\ o | gas phase structure of *MBs aggregates has never been

HNT ’5 7\> AN ‘ | H experimentally explored. The formation of*Nb4 species (M = Li,
s J4 ; H ’ H  N-H Na, K) has been observed in electrosprayedGi{H.O solutions
HN N N | 2 5 N_\<N containing guanine in presence of the relativessafitalkali ions’-8
/NfJ\N’H :S=< The theoretical investigations in the gas phasefopeed at

<N N/)\N/H—NVNH B3LYP/6-31+G(d) level of theory, revealed that the Sgmmetry

H i structure (which corresponds to an umbrella-shapetsre with the

alkali ion in the apical position) is a true minimufor K*-Gs
Figure 1. Neutral guanine structure and its tetrad aggregéte grey meanwhile smaller iong.€, Li*) induce a tetrahedral coordination
sphere represents a sodium ion. around the metal cation by forcing the structuradopt a twisted 5

symmetric structuré?® Concerning the NaGs system, some papers

G-quadruplexes are more complicated supramoleatikiag from point to a fully pla_nar @ symmetry strucfruré,other publications

stacking of G moieties, which play a crucial role in severaindicate thlg coexistence of isoenergetian @nd S symmetry
biochemical processes. The presence of guanosihenmotifs in Stuctures,'® meanwhile a very recent monograph ona@gregates
telomeres, which are compact portions of DNA lodatethe terminal and their derivatives indicates a quasi-planarcttre as the preferred
positions of chromosomes, has been widely studietbath their by Na-Ga.1* ) i o
physico-chemical and biological propertiesThe lack of phosphate . ©On the ground of the multi-faceted computationascriptions,
backbone in the guanine-tetrads allows to investige interactions Nerein the first spectroscopic investigation of gaase N&Gn (n=2,
stabilizing the single @monolayer in different aggregation states. 1) conformational landscape has been performed égns of ESI-

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1



ChemComm

IRMPD technique, in the high frequency region (28700 cm') and
in the low spectral region (900-2000 ¢nThe computational support
arises from a combination of ab initio static and DFT molecular
dynamic simulations, the latter performed with #im to investigate
both the effects of finite temperature and the ambaicity on the
vibrational properties of the mentioned adddets.

In Figure 2a the IRMPD spectrum of N&: species is reportedi(z
=325 u). The Multi-Photon Induced Dissociationgseas the unique
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fragment the NaG ion Wz = 174 u) with the loss of a neutral '*

1680

3172

guanine, by exhibiting bands very similar to thadserved in the
spectrum of N&A2 complex (A = Adenine)® In Table S1 the
description of the calculated frequencies of 2lpédctes is reported
(the relative structures are reported in Figure $hg profile of the
optimized structures 2c-d does not match the empmerial spectrum,
meanwhile the structure 2b presents a good supesitign with the
experiment, except for the position of the caledgbeak at 3468 cm
1 (Av = 28 cm?), which corresponds to the N9-H stretching. Thaesa
disagreement has been observed in the IRMPD speadfuiya’-A2
complex, and discussed on the ground of the lacknbBrmonicity
term in the employed calculatida.

R(au)

ki

3500
-1

3200 3300 3400 3700

Figure 2. Experimental IRMPD spectrum (a) of N&: adduct
compared with B3LYP/6-31G(d,p) calculation (b-d).

Structure 2b, which satisfactorily reproduces tkgegiment, involves
a tetrahedral arrangement around the metal cemteeaboth guanine
molecules exist in the same tautomeric form, wihie11.56 kJ mot
above the global minimurk?

Figure 3a shows the IRMPD spectrum of N& aggregateniyz =
627 u) measured in the 1000-2000camd 2900-3600 criregions.
The multi-photon dissociation yields the fragme¥i#s-Gs (m/z= 476
u), and the most abundant one*M& (m/z = 325 u). The high
frequency domain exhibits four strong bands (38235, 3322, 3495
cntl), and two weakest absorptions (3050, 3516)¢meanwhile the
low frequency region presents eight intense maxima.
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Figure 3. a) Experimental IRMPD spectrum of N&4 adduct.; b)
calculated spectrum ofiStructure (B3LYP/6-311G(d,p)).

A DFT investigation on the arrangement of four gnamolecules
around Naion has been performed. In particular differentaaneric
combinations stabilized by Watson-Crick interactidmsve been
optimized at the B3LYP/6-31G(d,p) level of theorgtrgctures,
energies, and spectra in Figure S2). Furthermbeestructures held
by the Hoogsteeen-type interactions, already oleseiv condensed
phase, have been explored. In particular the@, and S symmetric
structures of NaGs tetrad have been optimized in the harmonic
approximation at the B3LYP/6-311G(d,p) levels(®as been
optimized even at level B3LYP/6-31G(d,p)). Tha @put structure
does not change during the optimization, meanwtiie G one
converge to the £, and finally the most stables Structure slightly
minimizes its twisted feature (structures, energasd spectra in
Figure S3). The significant energy difference betmwthe most stable
Hoogsteen and Watson-Crick-type *Nas adducts £G = 28.0 kcal
mol?! in favour of G species), and the spectral features of the
calculated structures reported in Figure S2, attosafely exclude the
Watson-Crick type family from the discussion. Furthere the
spectra of Gh and the % species are almost superimposable, and
similarly their structural differences are not sfgant, even though
they belongs to different symmetry families. Thenparison between
vibrational modes of the optimized: &nd measured spectrum is
reported in Figure 3. The calculated low frequerspectrum
satisfactorily reproduces the measured fingerpragion. On the
contrary, although the comparison between the meds2000-3600
cntt domain and the calculated spectra reveals a gatching of the
bands at 3172\2-H- - - N7 andN1-H- - - O6 stretching), 3495 and 3510
(synchronous and asynchronous fik&H andN9-H stretching), the
absorptions observed at 3235 and 3322 ane completely absent in
the calculated spectra. Those bands could be addtibovertones of
the bands at 1608 and 1680 -tnrespectively. Alternately the
unsatisfactory reproduction of IRMPD spectrum in themonic
calculations could point to a substantial inadeguaef the static
computational approach to non-covalent aggregdtasacterized by
a particularly flexible supramolecular arrangemaevttjch could be
affected by temperature effects. In order to inelude mentioned
effects, theab initio molecular dynamic (AIMD) simulation has been
employed in the optimization of the guanine tetrade trajectory of
AIMD simulation, starting from Ssymmetric structure, suggests that
at 300 K the NaGs aggregate reversibly fluctuates between different
conformations. Indeed Figure 4 reports the peri@liclution of@
dihedral angle= O'-O"-O"' -0V, where O are the carbonyl oxygen
atoms of the four guanine molecules) which during simulation
assumes values included in the + 40° range. Thiasdeur indicates
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that the potential energy surface at room temperasiflat enough to vibrational modes which is critically modulated thye temperaturé.

allow the structure to fluctuate substantially fyee Furthermore at 300 K the internal energy of-{& adduct is high
enough to let them completely free to fluctuatewleen transient
quasi-isoenergetic structures, and those fluctoatioontinuously

0 ' ' ' ' twist and deviate from the planarity the quartet, donsequently
r 1 modifying the strength of hydrogen bond network aAmatter of fact
20k i the first hypothesis which attributes the 3235 ag@2 cm' bands to
overtones cannot be completely excluded, but thisfaetory
| matching between the IR spectrum obtained from tH&IDA
fi 1‘ - simulation and the experiment is a safe evidenciehwpoints to a
2 temperature effect on the broadening of specifiogttions.
20 -
40 0000 20000 30000
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Figure 4. Values ofg dihedral angle during the AIMD simulation.
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This result has been summarized in Figure 5, wheha probability -
of occurrence of thep angle is plotted versus thg values. The |,
histogram is characterized by three maxima whictlicate the : ..
presence of three rapidly interconverting supramdég conformers: os
the structures centered at about + 30° are equitvaled similar toa  °*
S1 geometry, meanwhile the structures havingdose to 0° remind :2 |
the Gn arrangement. The corresponding free energy plot R T S I
represented in Figure S4.

R(:

Figure 6. a) Experimental IRMPD spectrum of N&4 adduct.; b)
spectrum extracted from the AIMD simulation.
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’ The features of the free energy surface of gashlatiszs self-
aggregates indicate the coexistence of two metastab
populations, divided by an activation barrier whi@s below

1.0 kcal mott (Figure S4), indicating that at room temperature

». -2
0,015F Ml _ .
L they have enough energy to continuously and rapidly
0.01L interconvert. The most abundant population corredpato a
Tl slightly twisted structure, meanwhile the other ibitb a

0.02F

P (¢)

completely planar core. The librating nature of" i adduct

0.0031- suggests that it is not correct to force the maemtibtransient
I populations into a pre-defined symmetry, becausg tHre too
%0 220 0 20 40 flexible to be described by a static modelling.
O (degrees)

Figure 5. Probability of occurrence of a certapvaluevs gvalues. NOtesand references
9 Pharmaceutical chemistry and technologies, Sapigmiersity of Rome,

The adequacy of the dynamic description providedth®y AIMD Piazzale Aldo Moro, 5, 00185, Rome, Italy.
approach is supported by the good matching betéeetR spectrum ° Chemistry, Chemical and Materials Engineering, dquia University,
arising from the simulation and the experimentatute(Figure 6). Localita Campo di Pile, 67100 L'Aquila.
First of all, the calculated static and dynamic foegquency region are
substantially identical (see the direct comparisonFigure S5). T The N&-G, (n = 1,2) ions have been generated by followirgdbscribed
Nevertheless the missing bands in the 3200-3400 damain are procedure, mass-selected in a modified Bruker Esquire 60G@gupole ion
represented, and their deconvolution indicatesttret lie on the tail trap, and then irradiated using the MS2 mode. #8pscopy in the 900-2000
of a broader band, attributable to both MgeH- - - N7 andN1-H.--06 S wavenumber range was performed using the CLIO Riae.2800-3800
stretching modes (Figure S6). In other words, ia thbrational cm _1wavenumt_)¢r range was explored using an IR opticaampetric

. . g . oscillator/amplifier (OPO/OPA) system of LaserVisiopumped by 10 Hz
spectrum obtained from AIMD simulation the missibgnds are Ng§-yAG laser.
observable and belong to a broader absorption (3800 cm' range,
Figure S6). The broadening of the hydrogen bondéti(X = N, O)  Harmonic vibrational frequencies have been deteethiny using B3LYP/6-
stretching is due to a temperature effect, andartiqular to the 31G(d,p) (scaling factor: 0.95) and B3LYP/6-311@}dscaling factor: 0.96)
dynamic coupling between the shared hydrogen am@risemble of exchange-correlation functional for G-dimer and @@udet sodium
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respectively, as implemented in the Gaussi#hpackage. Exclusively G-
quartet/Na complexes have been optimized with a SCF convergeriteria
set as TightSCF. The AIMD simulation was carried asing the terachem
packagé/ and the trajectory was evolved according to theBdppenheimer
scheme. The electronic structure of the systemtrgased at the DFT level of
theory with the BLYP/6-31G(d) exchange-correlationctional® The system
was first equilibrated at 300 K for 4 ps using Mesé-Hoover thermost&t?°
and successively the production run was carriedrotite NVE ensemble for
17 ps. Coordinates, velocities and dipole momeetgstored each simulation
step. The IR spectrum has been computed by perigrntiie Fourier
Transform of the autocorrelation function of tadglole moment?

Work supported by the Ministero dell'lstruzione Itéhiversita e della
Ricerca of Italy (PRIN 2010-2011: CUP B81J120028300prot.
2010ERFKXL_006). CLIO’s staff in Orsay and Dr. ArmDi Marzio in
Rome are gratefully acknowledged for their technggpport. Electronic
Supplementary Information (ESI) available: [detailsany supplementary
information available should be included here]. B&x: 10.1039/c000000x/
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