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Investigation of Guanosine-Quartet Assemblies by Vibrational and
Electronic Circular Dichroism Spectroscopy, a Novel Approach for Studying

Supramolecular Entities

Vladimir Setni¢ka,*'*) Marie Urbanova,'*! Karel Volka,™!
Sreenivasachary Nampally,” and Jean-Marie Lehn*!"

Abstract: The self-assembly of guano-
sine-5'-hydrazide G-1 in D,O, in the
presence and absence of sodium cat-
ions, has been investigated by chiropti-
cal techniques: electronic (ECD) and
the newly introduced vibrational
(VCD) circular dichroism spectroscopy.
Using a combination of ECD and
VCD with other methods such as IR,
electron microscopy, and electrospray
ionization mass spectrometry (ESI-MS)

quartets, (G-1),, subsequently stacked
into columns, [(G-1),],, induced by
binding of metal cations between the
(G-1), species. This process, accompa-
nied by gelation of the sample, is
highly efficient in the presence of an
excess of sodium cations, leading to ag-
gregates with strong quartet—quartet in-
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teraction. Thermally induced confor-
mational changes and conformational
stability of guanosine-5'-hydrazide as-
semblies were studied by chiroptical
techniques and the melting tempera-
ture of the hydrogels formed was ob-
tained. The temperature-dependent ex-
periments indicate that the long-range
supramolecular aggregates are dissoci-
ated by increasing temperature into
less ordered species, monomers, oOr

it was found that G-1 produces long-
range chiral aggregates consisting of G-

Introduction

Guanine (G) derivatives are important motifs not only in bi-
ology, but also in supramolecular chemistry and nanotech-
nology." Indeed, they undergo self-recognition and self-as-
sembly processes leading to complex supramolecular struc-
tures based on the formation of cyclic tetrameric entities, G-
quartets, stabilized by metal-ion binding. Self-assembled G
species have been characterized in crystals,” ! as well as in
aqueous solutions>™! and organic media.'*'®! They repre-
sent a specially interesting class of systems within the frame-
work of supramolecular self-organization.'”*) A number of
studies have focused on guanine-rich oligonucleotides that
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other intermediates in equilibrium, as
indicated by MS experiments.

give rise to structures containing G-quartets and play an im-
portant biological role." ! G-quartets are formed by G-
rich telomeric DNA located at the end of eukaryotic chro-
mosomes and are targets for inhibitors of telomerase activity
of potential interest to cancer therapy.”®?” In addition, G-
rich repeats also occur in other parts of the human genome
and, therefore, quartet formation may also be important for
other diseases.*

We have recently reported that guanosine-5-hydrazide G-
1 forms remarkably stable hydrogels in presence of metal
ions and have investigated the sol-gel phase transition as a
function of various physical and chemical parameters.””
Guanosine G-1 is in particular able to select side chain
groups, dynamically attached through acylhydrazone forma-
tions, that generate the strongest gels.

We now describe a structural study of the assemblies
formed by G-1 based on circular dichroism (CD) chirospec-
troscopic methods.

The purine base guanine G itself is planar,* and thus is
not optically active. In guanosine, G is attached to the 1'-
carbon atom of the chiral ribose, which can induce a CD in
the base chromophore bands in the UV/Vis region. Each
base can be deformed slightly from its ideal monomer ge-
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ometry upon complex formation with appropriate metal cat-
ions. Therefore, the electronic circular dichroism spectrosco-
py (ECD)BY can be easily and conventionally used to study
the chirality changes of such guanosine-containing sys-
tems.?>*1 ECD spectroscopy is sensitive to the architecture
of the assembled species for which exciton double-signed
bands are often observed, corresponding to a single absorp-
tion band in the UV/Vis spectrum. However, the molecules
need accessible transitions in UV/Vis region, which general-
ly limit the ECD technique to chromophoric molecules, with
a large coupling of the electronic transition dipoles in the
molecule. Since these transitions are usually broad and over-
lapping, their individual frequencies do not provide much
information on the correlation of ECD spectral properties
with structural features. Therefore, the usual interpretations
employ bandshape-based schemes that are either qualitative
or dependent on a statistical fit to a set of spectra that pro-
vide the structural reference set.

While ECD spectroscopy in UV/Vis region has already
been employed in the study of guanosine assemblies,”>!'*
another chiroptical technique is presented here, vibrational
circular dichroism spectroscopy (VCD),**"l as a new and
promising technique to investigate the structure of these
complex chiral self-assembled systems. In contrast to ECD,
the VCD operating in IR region has the usual spectral ad-
vantages found in IR and Raman spectroscopy of a large
number of resolved, relatively localized (corresponding to
specific bond types) transitions, rather than the few, broad,
overlapping vibronic bands found in the UV region. There-
fore, the VCD spectra provide valuable information on the
involvement of specific parts of molecules in the formation
of chiral self-assemblies and sensitively reveal the parts of

Abstract in Czech: Proces samoskladby guanosin-5'-hydrazi-
du G-1 v D,O roztocich, bez a za pFitomnosti sodnych iont,
byl studovan chiroptickymi metodami: spektroskopii elektro-
nového (ECD) a nové také vibracniho (VCD) cirkuldrniho
dichroismu. Kombinaci spektroskopie ECD a VCD s jinymi
metodami jako IC spektroskopii, elektronovou mikroskopii a
hmotnostni spektrometrii s ionizaci elektrosprejem (ESI-MS)
bylo zjistéeno, Ze molekula G-1 vytvdri rozsdhlé chirdlni
titvary sloZené z G-kvartetui, (G-1),, které mohou byt ndsled-
né za pritomnosti kationtit spojeny patrovymi interakcemi za
vzniku usporddanych vldken, [(G-1),],. Tento proces spojeny
s gelovatenim vzorku je vysoce uicinny v pritomnosti sodnych
kationtii, které vedou ke vzniku agregatii fixovanych silnymi
interakcemi mezi jednotlivymi kvartety. Teplotné indukované
konformacni zmény a konformacni stabilita samoskladnych
ttvari tvorfenych guanosin-5'-hydrazidem byly studoviny
chiroptickymi metodami a byly ziskdny teploty tani priprave-
nych hydrogelii. Teplotmé zdvislé experimenty ukdzaly, Ze
rozsdhlé supramolekuldrni titvary jsou se vzrustajici teplotou
rozrusovdny za vzniku titvarii méné uspradanych, monomertu
nebo nekterych intermedidti, které jsou ve vzdjemné rovno-
vdze, jak bylo indikovino MS experimenty.
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molecules the optical activity of which is influenced by su-
pramolecular structure formation. Thus, VCD give structural
information on chiral molecules that is not easily obtainable
by other nonchiroptical techniques. Some of us have been
developing VCD not only to study noncovalent interactions
of biologically interesting molecules,***! but also to extend
its applicability to the field of supramolecular chemis-

try. -4l

Experimental Section

Materials: Guanosine-5'-hydrazide (G-1) was synthesized and character-
ized as described previously.?”!

06
o}
N7
N NH H1
AL
o =
N N SN SNH,
2 O N2
Y
H
-1
OH OH

Deuterium oxide (D,0, 99.9% D, Isosar) and [Dg]dimethylsulfoxide
([Ds]DMSO, 99.8% D, Isosar) were used as solvents. [Ds;]Phosphoric
acid (D;PO,, 99% D) and sodium hydroxide (NaOD, 99.5% D) were
purchased from Aldrich and used for preparation of 0.5 molL ' deuterat-
ed sodium phosphate/D,O buffer solution (pD=6.1).

Methods: The samples for IR absorption and VCD measurements were
prepared by mixing G-1 at concentration range 3.0-12.0 gL' (~10-
38 mmol L") with sodium phosphate/D,O buffer (0.5 molL~'; pD=6.1).
Because of low G-1 solubility at room temperature, the mixture was
heated until dissolution. The heating step was also useful to achieve equi-
libration of the H-D exchange between the sample and solvent. The solu-
tion was then cooled back to room temperature and the sample was
placed in a demountable cell A 145 (Bruker, Germany) composed of two
CaF, windows separated by a 25 um Teflon spacer. For temperature-de-
pendent IR and VCD experiments, a demountable electrically heated
cell P/N20500 (Specac, UK) constructed of CaF, windows separated by a
25 um Teflon spacer and equipped with the heated jacket controller 3000
Series (Specac, UK) was used. The temperature range studied was 20—
90°C in steps of 10°C.

When [D¢]DMSO used as a solvent, the IR and VCD experiments were
performed by using a 100 um Teflon spacer and a G-1 concentration of
17.0 gL' (~55 mmol L")

For both cells used for IR and VCD experiments, the sample was intro-
duced by filling holes in case of solutions (sol phase). For G-1 in a gel
phase, the gel was heated up until melting and the sol obtained was sub-
sequently placed on the CaF, window, then covered by the second
window separated by a 25 um spacer. Finally, the cell was assembled into
the steel cell holder and VCD spectra recorded when the sample had
cooled down and was fully gelated. Spectral homogeneity of the samples
inside the cells was checked by obtaining the same IR and VCD patterns
for various cell positions. In addition, the hydrogels were prepared a few
times giving very good VCD spectra reproducibility.

The IR and VCD spectra were recorded by using a FT-IR spectrometer
IFS-66/S equipped with the VCD/IRRAS module PMA 37 (Bruker, Ger-
many) by a procedure described elsewhere.””? The VCD spectra were ob-
tained as an average of six blocks of 3380 scans (each block accumulated
for 30 minutes) at 4 cm™! spectral resolution and processed with a zero-
filling factor of 4. The vibrational spectra presented were expressed in
molar absorptivity ¢ (Lmol ™' cm™") per one G-1 molecule. The quality of
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the VCD measurements was demonstrated by typical noise spectra that
were calculated as a standard deviation of all the six blocks of VCD
scans.

The ECD spectra were measured on a Jasco J-810 spectropolarimeter
(Japan) equipped with a thermostatted cell holder attached to a Jasco
Peltier temperature control system PTC-423S with an accuracy of the
temperature setting of 0.2°C. The ECD spectra of samples at concentra-
tions from ~20 mmolL™" to 40 pmolL™" were measured in 0.5 molL ™
sodium phosphate/D,O buffer (pD=6.1) as well as in pure D,O for the
temperature range from 10 to 90°C in 10°C steps. ECD spectra were re-
corded using 0.1, 1, and 10 mm quartz cells over the 180-350 nm wave-
length region as an average of four scans measured with 1 nm bandwidth,
1's response and 100 nmmin ' scanning speed. All the IR, VCD, and
ECD spectra of the samples were baseline-subtracted by using a spec-
trum of the solvent obtained in the same experimental conditions.

Molecular modeling: Molecular modeling and energy minimization were
performed using the semiempirical PM3 method and by using molecular
mechanics MM + method provided in the commercially available Hyper-
Chem 5.0 package (Hypercube, Inc., Waterloo, Ontario, Canada). The
geometry of G-1 was first calculated for the monomeric form and then
the geometry of the (G-1), quartet, involving sodium cations, was opti-
mized based on the structure of the G-1 monomer, both using semiempir-
ical PM3 method. Then, the energy minimized structure of two stacked
quartets, [(G-1),],, was obtained using the molecular mechanics MM +
force field. All geometry optimizations and energy minimizations were
performed with the Polak—Ribiere algorithm, using an RMS gradient of
0.1 kcal A" mol ™!, on PC Intel Pentium 4, CPU 2.60 GHz.

Results and Discussion

Solubility: While G-1 was soluble in [Dg]DMSO, forming
transparent colorless solutions and easily achieving a high
(~20 gL™"; ~64 mmol L") concentration convenient for reli-
able IR and VCD analysis, the low solubility in pure D,O
did not allow us to perform reliable VCD experiments.

Much better solubility of G-1 was reached in sodium
phosphate/D,O buffer relative to pure D,0.”’! Guanosine
G-1 was mixed with an appropriate volume of buffer to ach-
ieve the concentration desired for the VCD measurements
and the solution was heated up until the compound dis-
solved. In this way, samples with concentrations up to
~15gL™! (~48 mmolL™") could be obtained, sufficiently
high for VCD measurements. Such samples generated hy-
drogels after cooling back to room temperature,” as G-1
forms organized assemblies in presence of sodium cations.
Finally, the sol phase was observed in sodium phosphate
buffer for concentrations of G-1 lower than ~3gL™
(~10 mmolL™"). Close to this concentration, the sol phase
became a more viscous sol that changed into a compact hy-
drogel phase at concentrations around ~6gL7!
(~20 mmol L) and higher.

IR and VCD spectroscopy: The IR and VCD spectra meas-
ured for solutions of G-1 [Dg]DMSO and sodium phos-
phate/D,O buffer at 55 and 10 mmol L™ concentration, re-
spectively, as well as the spectra of the hydrogel
(38 mmol L") prepared in sodium phosphate/D,O buffer,
are shown in the mid-IR spectral region in Figure 1. All the
spectra presented were collected at room temperature. The
samples give substantially different IR and especially VCD
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Figure 1. IR, VCD (both bold lines) and VCD noise (thin lines) spectra
of G-1 in [D¢]DMSO (dotted line, 55 mmol L") and deuterated sodium
phosphate/D,O buffer at 10 and 38 mmol L' (dashed and solid lines, re-
spectively). The 1400-1500 cm ™' region in the latter spectra is deleted for
clarity. Concentrations were calculated per monomeric G-1.

spectra in the two solvents. While the »(C=0) absorption
maximum of G-1 occurs at 1695 cm™' in [D¢]DMSO, it is
shifted to 1676 and 1661 cm™' in sodium phosphate/D,0
buffer at concentrations of 38 and 10 mmol L™, respectively.
The difference in ¥(C=0) band positions is explained by the
different species of G-1 in the sample: The high v(C=0) fre-
quency in [Dg]DMSO (band at 1695 cm™) suggests that the
C=0 groups of G-1 are present in a monomeric non-hydro-
gen bonded form, owing to the hydrogen-bond accepting
character of [Dg]DMSO, which causes the disruption of in-
termolecular hydrogen bonds and therefore self-organiza-
tion of G-1 is prevented. The presence of the monomeric
species of G-1 in [D¢]DMSO is also supported by the ab-
sence of a VCD signal as there is no coupling of C=O
modes among the isolated monomers. On the other hand,
the shift of the »(C=0) frequency to 1676 and 1661 cm™' in
sodium phosphate/D,O buffer agrees with the participation
of C=0 groups in hydrogen bonding, either with D,O or ad-
jacent G-1 molecule. Thus, the G-1 molecules can be con-
nected to each other creating a supramolecular network.”!

The other absorption bands of G-1 at ~1590 and
~1540 cm™" are assigned to the O(N—H) vibration of the
NH, group (N2 nitrogen atom, see the diagram in the Ex-
perimental Section) mixed with aromatic v(C=C) and v(C=
N) vibrations of the guanine moiety.?**! Both these bands,
markedly seen for hydrogel at 38 mmolL~!, were found to
undergo intensity increase when the G residues were pres-
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ent in highly ordered structures, for example, helices,” and
provided sensitive probes of the existence of such structures.
In the region between 1500-1400 cm™!, the broad IR band
centered at 1461 cm ™' results from H-D exchange of the
sample in D,O. This region is deleted for clarity in Figure 1.
While G-1 has no significant VCD when dissolved in
[D¢]DMSO (Figure 1), due to a monomeric form, a weak
chirality enhancement was observed at 10 mmolL " in phos-
phate buffer owing to the presence of hydrogen bonded spe-
cies. The VCD spectrum of the hydrogel at 38 mmolL™!
shows intense »(C=0) VCD bands at 1679cm™! (-),
1641 cm™ (+), and a shoulder at 1667 cm™' (4), and is
about 15 times larger than that of a 10 mmolL™"! solution.
The positive couplet (bisignate VCD pattern, positive to
lower and negative to higher energy) formed by these bands
is slightly distorted from an ideal shape due to the contribu-
tion from the two types of carbonyl groups, that is, of the
hydrazide and the guanine moieties (see diagram in the Ex-
perimental Section). These carbonyls give also two pro-
nounced partly overlapping IR bands at 1676 and 1657 cm™"
in absorption spectrum. The other intense VCD bands at
1588 cm™! (4) and 1536 cm ™ (4) are assigned, by compari-
son to IR absorption bands observed at these wavenumbers,
to the 6(N-H) overlapping aromatic v(C=C) and v(C=N) vi-
brations. In the region below these bands, there are no sig-
nificant VCD signals corresponding to a broad IR band aris-
ing from H-D exchange. The noise VCD spectrum calculat-
ed from the spectra measured at 38 mmol L' concentration
shows a high S/N ratio and good stability of the gelated
sample during the measurement at room temperature.
Taken together, the strong magnification in VCD intensity
observed for the hydrogel at 38 mmol L™ (Figure 1) is due
to a coupling of C=0O modes between particular molecules
during the gelation process and may be attributed, according
to similarity with published data,**“! to the formation of
highly ordered supramolecular assemblies. Transmission
electron microscopy revealed the presence of long fibers
forming the gel.” The same results were obtained by
atomic force microscopy (N. Sreenivasachary and J.-M.
Lehn, unpublished data). Therefore, in agreement with the
known behavior of guanine derivatives,? the present re-
sults and the previous study® show that G-1 forms quartets
(G-1),, as well as long-range aggregates consisting of G-
quartets stacked into columns, [(G-1),],, induced by binding
of metal cations between the (G-1), species at 38 mmol L™".
Such intense VCD signal of the hydrogel at this concentra-
tion implies that G-quartet units are probably not stacked in
register, but are rotated with respect to one another to give
a helical structure that could induce strong VCD signals as
observed in Figure 1. The helical arrangement was also indi-
cated, in accordance with literature,?* by the bands at
~1590 and ~1540 cm™' in the IR absorption spectrum. Al-
though the shape of the VCD pattern in the v(C=0) region
(i.e., a positive couplet) is similar to that of molecules with
a high guanosine content (poly(dG-dC)*! and B-form
DNA™-3250y and forming a right-handed helical structure,
the handedness of the stack is not clearly seen from the
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spectra. Nevertheless, we assume that [(G-1),], could be
right-handed, because the left-handed structures do not gen-
erally lead to a positive couplet in the »(C=0) region but
rather a negative one.’” We have started ab initio DFT cal-
culations of IR and VCD spectra for particular species to
analyze the structural information provided by the spectro-
scopic data, especially whether the quartet formation can
induce such a VCD pattern, or if it is possible to stack the
quartets and calculate then the spectra.

By considering the single quartet (G-1),, complex forma-
tion with sodium cation has a significant influence on the
electron distribution of G as reported for G-quartets.” An
increase of the negative charges at O6 from —0.50 in isolat-
ed G, to —0.55 in a G-quartet and to —0.61 in a G-quartet
with sodium cations®™ corresponds to complex formation
with metal ions at O6/N7. Also, the positive charge increas-
es at the hydrogen atoms involved in hydrogen bonds (H1
and two hydrogens at N2). The charge at O6 changes signifi-
cantly when a sodium cation is located in the central cavity
of the quartet, while the presence of the ion has less influ-
ence on H1, H at N2, and N7. It was also shownP that the
acceptor atom, N3, is the most negative in the G-quartet. In
addition, the negative electrostatic potential existing at the
centers above and below the planes of a single quartet, to-
gether with the appropriate size of the central cavity, cause
the sodium cation to bind inside the cavity,®1%> c]ose to
the G-quartet plane. Such charge changes in the vicinity of
the guanine carbonyl group may of course influence the
v(C=0) frequency when self-assembly takes place.

To gain more insight into the geometry of the species
formed, structural modeling was performed by using semi-
empirical and molecular mechanics methods. The geometry
of G-1 and of the (G-1), quartet with Nat was optimized.
Subsequently, the initial geometry of two stacked quartets
involving sodium cations, [(G-1),],, was obtained by combi-
nation of our geometries with structural data already pub-
lished on similar molecules.!*®**! We also took into account
the results of several theoretical studies of G-quartets that
have been performed previously.”>* The complex was then
energy minimized by using the MM + method. Energy mini-
mized structures of the quartet (G-1), and of a double quar-
tet stack [(G-1),], are presented in Figure 2. Our molecular
modeling results indicate that the guanine groups are slight-
ly nonplanar as shown in the side view and, therefore, G-
quartets show small deviations from the ideal coplanar Cy,
symmetry and have nonplanar S,-symmetric structures.
These results are in very good agreement with those ob-
tained by DFT ab initio calculations®™ suggesting that, for
the isolated G-quartet, the form with S, symmetry is more
stable than the planar C,, form. The difference between
these forms is, however, very small, about 0.4 kcalmol .
The quartets are spaced at a distance of 3.3 A and are rotat-
ed by ~30° which allows the formation of a helical struc-
ture. Both these values are in agreement with the distan-
ces’®*1 and angles*>-% experimentally found for G-quar-
tet stacks. Therefore, the stacking of G-quartets may lead to

Chem. Eur. J. 2006, 12, 8735-8743
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Figure 2. Energy minimized structure of a) (G-1), quartet and b) its columnar stacking resulting into [(G-1),], structure in top- and side-view arrange-

ment of two stacked quartets [(G-1),],.

chirality propagation and is a reason for enhancement of
VCD signals as observed for a gel phase in Figure 1.

To investigate the thermal stability of the hydrogel over a
range of temperatures, the temperature-dependent IR ab-
sorption and VCD spectra of G-1, at 38 mmolL™" concentra-
tion in sodium phosphate/D,O buffer, were measured
(Figure 3). At 20°C, the sample is in a gel phase and all of
the IR and VCD band shapes and frequencies are the same
as observed in Figure 1. The band assignment was given al-
ready above. When the sample is gradually heated to 90°C
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Figure 3. Gel melting experiments: IR and VCD spectra of G-1 at
38 mmolL™" concentration in 0.5 molL™" deuterated sodium phosphate/
D,O buffer. Spectra were measured from 20°C to 90°C in 10°C incre-
ments. Spectra at 80°C and 90°C are plotted in long and short dashed
lines, respectively. Molar absorptivity is expressed per monomeric G-1.
Arrows indicate the trend of intensity decrease during the heating.
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in steps of 10°C, the v(C=0) peak intensity changes and a
gradual shift of the IR absorption maxima from 1676 to
1661 cm™ is observed. Similar shifts to lower frequencies
and a decrease in intensity were observed for 6(N—H) and
aromatic ¥(C=C) and v(C=N) vibrations (the bands at
~1590 and ~1540 cm ™) suggesting a dissociation of supra-
molecular structure.

Substantial changes also occur in the VCD spectra upon
heating. The strong signal at 20°C diminished rapidly and
almost disappeared at 90°C. Such intensity decrease (espe-
cially of the C=0O modes) indicates a gradual loss of optical
activity and is accompanied by weakening of the guanine
carbonyl hydrogen bonds caused by elongation of the dis-
tances between the molecules and disruption of the supra-
molecular network. The products of the transition must be
somehow less ordered showing weaker VCD signals than
the aggregate in a gel state. From a macroscopic point of
view, the hydrogel melts into the sol and the temperature of
the gel-sol transition was found to be ~80°C. Moreover, the
lack of an isosbestic point in the temperature-dependent IR
spectra suggests a multistate transition during the hydrogel
melting and, therefore, indicates the formation of at least
two different species in equilibrium (such as monomers,
dimers, and other intermediates as detected by MS, see
below).

ECD spectroscopy: To support our VCD data and better
understand what happens with the optical activity of G-1
during the self-association, we measured the temperature-
dependent ECD spectra over a broad range of concentra-
tions, from 0.04 to 20 mmolL~'. The ECD spectra of the hy-
drogel obtained at the concentration of 20 mmol L™ are pre-
sented in Figure 4. The strong positive band at 200 nm origi-
nates mainly from exciton coupling between guanine chro-
mophores.**' - The sugars alone, D-ribose in our case, have
the bands in the region below 190 nm, that partly overlap
with the band at 200 nm from the aromatic chromophore,
but their contribution is low at 200 nm. The ECD signals in
the 250-320 nm region are generally determined by interac-
tion between the guanine moieties. Therefore, the ECD
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Figure 4. Gel melting experiment: ECD spectra of G-1 at 20 mmol L'
concentration in 0.5 molL™" deuterated sodium phosphate/D,0O buffer.
Spectra were measured from 10°C to 90°C in 10°C steps. Molar absorp-
tivity is expressed per monomeric G-1. Arrows indicate the trend of in-
tensity decrease during the heating. Inset: temperature dependence of
the ECD signals at 200 nm (solid line) and 256 nm (dashed line) with in-
dication of the gel melting temperature T,,.

bands presented in Figure 4 are primarily sensitive to the
effect of self-assembly on the guanine part of the G-1 mole-
cule.

The spectrum at 10°C shows a strong band at 200 nm (+)
(Ae about 170 Lmol' cm™!!) and other bands at 225 (—),
256 (+), and 306 nm (—). Some of them, especially the nega-
tive and positive bands (positive couplet) between 220-
270 nm, were found®?>%® to be diagnostic of the G-quartet
and the stack formation; their signs are often correlated to
the handedness of the columns, the positive couplet to a
right-handed structure and the negative one to a left-handed
structure.”? While the ECD spectra of G-containing oligo-
nucleotides may show a negative couplet, indicating a left-
handed structure, the present spectra at low temperature are
in a very good agreement with the spectra obtained on
oligomers with a right-handed structure.”” Therefore, this
ECD finding supports our VCD data suggesting right-
handed columnar stacks in the gel phase, rather than left-
handed ones. When the sample is heated, the strong ECD
signals are dramatically decreased and only new weak bands
at 211 (4+) and 245 nm (—) are observed at 90°C. This indi-
cates a transition of the columnar stacks [(G-1),], to less or-
dered structures, primarily monomers of G-1 that could be
in equilibrium with dimers and other intermediates. This
transition is accompanied by the melting of the gel at about
50°C, as the plot describing the guanine ECD signal versus
temperature shows. The value of melting temperature ob-
tained is in very good agreement with the data obtained by
test-tube-tilting method.””

Additional temperature-dependent ECD experiments
were performed at lower concentration of G-1 (4 mmolL™)
in deuterated sodium phosphate/D,O buffer and in pure
D,O (i.e., in presence and in absence of sodium cations, as
templating cations may influence the structure of G-contain-
ing molecules®) to check for variation in spectral response
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under the different concentration conditions. The ECD
spectrum of G-1 at 4mmolL™" and at 10°C in buffer
(Figure 5) possesses the bands at 211 (+), 245 (—), 259 (+),
and 306 nm (—), due all to the guanine chromophore cou-
pling as shown in Figure 4. The ECD intensities are about
30 times lower in this case than observed at 20 mmolL™!
(Figure 4) and the positive band at 200 nm is missing. Never-
theless, the bands sensitive to columnar arrangement (cou-
plet centered at about 250 nm consisting of negative and
positive bands at ~240 and ~260 nm, respectively) of the G-
1 are apparent in the spectra at 10 and 20°C.5264%] There-
fore, there is a coupling between the guanine bases at low
temperatures, but not as strong as observed at 20 mmol L ™!
because the ECD signal is about 28 times weaker. The gel-
sol transition temperature decreases to about 30°C in this
case. Thus, the columnar structure is less stable and much
sensitive to disruption by heating at this concentration. Ac-
tually, the ECD spectra measured at temperatures above
20°C show the same pattern, the bands at 211 (+) and
245 nm (—). These indicate, in agreement with published
ECD of GMP and G,*? the presence of G-1 in monomeric
form after the self-assembly dissociation.

o
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Temperature / °C
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Figure 5. ECD spectra of G-1 at 4 mmol L' concentration in 0.5 mol L'
deuterated sodium phosphate/D,O buffer (top) and in D,O (bottom).
Spectra were measured from 10°C to 90°C in 10°C increments. Molar
absorptivity is expressed per monomeric G-1. Arrows indicate the trend
of intensity decrease during the heating. Inset: temperature dependence
of the ECD signal at 256 nm.
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In case of 4 mmolL ™ concentration in pure D,0, that is,
in absence of sodium cations, the G-stack “markers” at 245
(—), 259 (+), and 306 nm (—) are not observed anymore, in-
dicating that there is weaker coupling between the guanine
bases, as would be caused by formation and stacking of
quartets, pointing to the presence of unordered species of
G-1 (i.e., monomers) at this concentration over the whole
temperature range. The same is valid for even less concen-
trated samples, as the ECD spectra at 0.04 mmolL " indi-
cate (Figure 6). The spectra are about the same in terms of
spectral band shape (showing the bands at 211 (+) and
245 nm (—)) and intensities independently of the medium,
buffer or pure D,O. Thus, this concentration of G-1 is too
low to induce supramolecular assemblies and there is no
sodium cation effect on the structure of G-1 at such low
concentration. In both solvents, our data show, in agreement
with published results®? the presence of G-1 monomers
over the whole temperature range studied. A similar situa-
tion was observed in the IR spectra of G-1 measured at low
concentration in deuterated sodium phosphate/D,O buffer
and in pure D,O (Figure 7). The positions and shapes of the
»(C=0) band at 1661 cm™" and of the band at 1579 cm™,
originating from 6(N—H) and aromatic »(C=C) and v(C=N),

Ae/L mol'em™

-2 T T T T T T T .
180 200 220 240 260 280 300 320 340

Wavelength / nm

3 D=

o N O~ OO

Ael L mol'em™

1
N

-4 4
6 1

180 200 220 240 260 280 300 320 340
Wavelength / nm

Figure 6. ECD spectra of G-1 at 0.04 mmolL™' concentration in
0.5 molL™" deuterated sodium phosphate/D,O buffer (top) and in D,O
(bottom). Spectra were measured at 10, 40, 70, and 90°C. Molar absorp-
tivity is expressed per monomeric G-1. Arrows indicate the trend of in-
tensity decrease during the heating.
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Figure 7. IR spectra of G-1 in deuterated sodium phosphate/D,0O buffer
(solid line) and in D,O (dashed line); ¢ ~1 mmol L™\,

are about the same in the two media, indicating negligible
effect of sodium cations on self-assembling of G-1. While
the ECD spectroscopy data unambiguously show the pres-
ence of wunordered forms of G-1, monomers, at
0.04 mmol ™!, we used electrospray ionization mass spec-
trometry (ESI-MS) to more precisely specify the species
that could be present in the sample at such level of G-1 con-
centration. Firstly, it should be noted that MS does not give
reliable information about the relative amounts of the dif-
ferent oligomers in solutions because it operates in a vapor
phase. Furthermore, MS data do not give structural informa-
tion, so that, for example, a tetramer observed in pure water
may well not be of G-quartet type, although such structures
may form in nonaqueous conditions.®%!

Mass spectrometry: The ESI-MS spectrum of G-1 in pure
water is shown in Figure 8. A peak at m/z=312.1 indicates
the presence of monomers (relative peak intensity ~22 %
[G-1+H]*). This species was also indicated by the ECD
spectra as discussed above. Surprisingly, the most prevalent
seems to be dimers (G-1), (100%, m/z=623.2, [(G-1),+H]*),
in equilibrium with small amounts of trimers (~12%, m/z=
935.4, [(G-1);+H]*), and even more organized structures,
tetramers (~6%, m/z=1246.4, [(G-1),+H]"). Pentamers
and higher associates were not observed. However, the ESI-
MS experiments do not characterize the species in solution

6000-
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5000- [(G-1),+H*
1246.4
> 4000+ 300
@ 200
S 3000- 12684
: A,
2000- 0 i
312.1 1240 1250 1260 1270
1000
9354 1246 4
ollu 1 T
400 600 800 1000 1200 1400

mlz

Figure 8. ESI-MS spectrum of G-1 in pure water; ¢ ~0.2 mmolL™".
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but in the vapor phase. Therefore, the composition of the
solutions may not correspond to that indicated by vapor
phase measurement. Using buffer instead of water® (data
not shown here), the ESI-MS spectrum shows a similar pat-
tern. There is also a dominant peak of dimers (intensity
100%, m/z=645.2, [(G-1),+Na]*), but trimers are de-
creased in intensity to ~3% and tetramers are markedly
higher (~28%, m/z=1267.4, [(G-1),+Na]*) than observed
in pure water. Thus, as expected, sodium cations are re-
quired to stabilize the quartets (G-1), and their ordered
[(G-1),], assemblies at higher concentrations. Then, the
stacking of G-quartets can take place and is accompanied by
gelation of the sample.

Finally, the MS results support our temperature-depen-
dent IR spectra (Figure 3) for which the lack of an isosbestic
point suggests a multistate transition when the hydrogel
melts.

Conclusion

Investigation of the guanosine hydrazide G-1 self-assembly
by VCD and ECD provides new information on the nature
of the supramolecular assemblies formed as well as on the
effect of medium and temperature on these species. Taking
into account all the results, G-1 is present in the monomeric
form in [Dg]DMSO, while the monomers are in equilibrium
with other species such as dimers, trimers, and some other
intermediates at 10 mmol L™ concentration in sodium phos-
phate/D,0O buffer. If the G-1 concentration is increased to
38 mmolL ™" in buffer, the sample becomes more viscous
and eventually gives a stable hydrogel; the VCD and ECD
intensities are then strongly enhanced. This might be attrib-
uted to the formation of highly organized supramolecular
aggregate consisting of G-quartets, (G-1), and their colum-
nar stacks, [(G-1),],. The helical tubular polymers are struc-
tured as a stack of macrocyclic supramolecular quartets,
[(G-1),],, containing sodium cations that probably occupy
the central channel of the column and play an important
role in the formation and stability of quadruplex structures.
Disruption of the hydrogel takes place upon heating, as the
[(G-1),], assemblies dissociate into less ordered species,
monomers in equilibrium with more or less important
amounts of the G-1 dimeric, trimeric, and other entities.

To obtain more information about the structures of partic-
ular species mentioned in this work, we have started ab
initio DFT calculations of their IR and VCD spectra. Such
calculations may serve to check our empirical observations
presented here and help to understand the structure of the
supramolecular species formed by G-1. It would also sub-
stantially extend the applicability of VCD, as a promising
technique, to the field of supramolecular chemistry.
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