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The self-assembly and lyotropic mesomorphism of riboguanylic
acids (GMP)

by GIOVANNI GOTTARELLI, GLORIA PRONI and GIAN PIERO SPADA*

Dipartimento di Chimica Organica ‘A. Mangini’, Universita di Bologna,
Via S. Donato 15, 40127 Bologna, Italy

(Received 30 November 1996; accepted 6 January 1997)

The three isomeric guanylic acids (5-GMP, 3'-GMP and 2-GMP) and the 3":5-cyclic
derivative ((GMP) form, in water solution, left-handed columnar aggregates which, at higher
concentration, pack to give left-handed cholesteric mesophases. The self-assembly process and
liquid crystal formation are discussed in relation to the behaviour of the 2'-deoxy analogues.

1. Introduction

In recent years there has been a revival of studies on
guanine-rich oligonucleotides, mainly because of their
biological significance [1]. The peculiar ability of gua-
nosine and of some of its derivatives to self-associate to
give stable structures has been known for a long time
[2,3]: crystals [4], fibres [ 5], highly ordered gels [6],
and chiral aggregates [ 7] have been described.

More recently, we reported the formation of columnar
chromonic [ 8 ] mesophases from several deoxyguanosine
derivatives [9-12]. The common basic building blocks
of these lyomesophases are chiral columnar aggregates,
already present in isotropic solutions [13,14]; their
inner part is composed of a stacked array of planar
units, the G-quartets, formed by four guanines, hydro-
gen-bonded according to a Hoogsteen mode (figure 1),
while the external part is composed of hydrophilic sugar
phosphate groups. Because of the dissymmetric nature
of the molecules, the G-quartets do not stack in register,
but are rotated one with respect to the other.

The columns are similar to the four-stranded helix
formed by poly(G) whose structure was studied by X-ray
diffraction [5]. At high concentration they self-correlate
to give cholesteric phases; at higher concentrations, more
ordered phases are obtained. In the centre of the
G-quartets, there is space to accommodate an ion of
appropriate size, which interacts, via coordination, with
the eight oxygen atoms of the eight surrounding guan-
ines; in fact, the self-assembly process and the liquid
crystal formation are deeply influenced by the nature of
the ions present [ 15-17].

We report an investigation of the self-assembly process
of the ammonium salts of four guanylic acids: guano-
sine 3'-phosphate (3-GMP), guanosine 5'-phosphate
(5'-GMP), guanosine 2'-phosphate (2’-GMP) and gua-
nosine 3":5'-cyclic phosphate ((GMP). These compounds
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attracted our attention as, although guanylic acid
aggregates and gels have been extensively studied, up to
now no evidence of the lyotropic mesomorphism of
riboguanosine derivatives has been reported. We were
curious to test whether the presence of the 2"-hydroxyl
group could affect the self-assembly process exhibited
by the analogous 2'-deoxy derivatives 3'-dGMP,
5'-dGMP and d¢cGMP [ 10, 11, 17-19].
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2. Results and discussion
2.1. Optical microscopy observations

All the investigated compounds, when dissolved in
water, exhibit lyotropic mesomorphism. The phase
sequences exhibited at room temperature by the ammo-
nium salts of the compounds investigated, as deduced
from the typical textures shown by the different phases
in polarized light, are the following:

3-GMP:1—2-8%—Ch—10-15%—H

5'-GMP:I—1-8%—Ch—12-18%—H

2'-GMP:1—20%—I+ Ch

¢GMP: 1—13-19%—Ch—>50%—H
where I, Ch and H represent the isotropic, cholesteric
and hexagonal phase, respectively. In no case could the

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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Figure 1. The assembly process of
guanine derivatives and the
formation of the cholesteric
phase.

////

fingerprint or the planar texture of the cholesteric phase
be obtained for thick samples, even after the samples
had been kept in a 0-5T magnetic field for a long time.
The phase sequence of 5'-GMP has been confirmed by
X-ray diffraction [20] and the structural features of its
hexagonal phase fully agree with the model described in
the introduction.

2.2. Circular dichroism experiments

Circular dichroism spectroscopy is very sensitive to
stereochemical variations; it is ideal for following the
aggregation process of GMPs from the isolated molec-
ules to the supramolecular aggregates and finally to the
cholesteric mesophases. Therefore CD spectra of aque-
ous solutions of ammonium salts of GMPs at different
concentrations and temperatures and in the presence or
absence of KCI were recorded; some selected spectra are
reported in figure 2.

The solution behaviour of the compounds investigated
is similar, and three characteristic spectra can be
identified:

(i) The spectra of the free or isolated monomeric
species (short-dashed lines in figure 2) can be observed
in dilute solutions in pure water; the same spectra are
obtained at higher temperature, in more concentrated
solutions or in the presence of salts. For all the com-
pounds, they show weakly dichroic signals at ¢.250 nm
and at ¢.210nm.

(i1) The spectra of the assembled species (solid lines
in figure 2) are drastically different and are characterized
by a relatively intense non-conservative, negative,
exciton-like couplet [21] centred around 240-250 nm.
Although the CD spectra of the assembled species
obtained from the different compounds are not identical
in shape, all are characterized by this typical feature.
The amplitude of the couplet depends on the concentra-
tion of the guanine derivatives and on the salts added.
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In the case of 2-GMP, this spectrum can be obtained
only in the presence of 1M KCI and is superimposed
on a signal due to scattering effects consequent upon
incipient crystallization.

(1ii) At much higher concentration (or lower temper-
ature), an intense negative band (long-dashed lines in
figure 2) may be observed: these spectra, whose shapes
are similar to those of the absorption spectra, are
associated with the formation of the cholesteric phase.
In the case of 2'-GMP, it was not possible to obtain this
spectrum, probably due to the fact that at the highest
concentration accessible to spectroscopic determination,
the system is biphasic, with a small amount of cholesteric
phase (even at low temperature and in the presence
of salt).

2.3. The columnar helicity

Several previous results are useful in interpreting the
CD spectra of the aggregates. First, the CD spectra of
the four-stranded helix of poly(G) and poly(dG) are
known, and also the structure of the helix, similar to
our columnar aggregates, is known in detail from fibre
X-ray work on poly(G) [5]. Second, the spectroscopic
properties of guanine have been extensively studied.
Consequently, it is possible to calculate the CD of
poly(G) and of other similar molecules using a relatively
simple exciton treatment [22]. From this approach, the
chirality of the columnar aggregates can be deduced. In
the low energy part of the spectrum, the guanine chromo-
phore displays two well-characterized electronic trans-
itions corresponding to an absorption maximum at c.
250nm and to a shoulder at c¢. 280nm. In the case
of poly(G), the transition at ¢. 250nm gives rise to a
non-symmetric positive exciton couplet; it follows that,
whenever spectra similar to this are obtained, they can
be related to a right-handed four-stranded structure.
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Figure 2. A few selected Circular Dichroism spectra. (a) 3'-
GMP: 3:2% in water at 20°C (long-dashed line), 0-4% in
0-5M KCI at 20°C (solid line) and 40°C (short-dashed
line); (b) 5'-GMP: 2% in water at 20°C (long-dashed line),
0-4% in 0-1M KCI at 20°C (solid line) and 80°C (short-
dashed line); (c) 2'-GMP: 04% in 1M KCl at 1°C (solid
line) and 20°C (short-dashed line); (d) cGMP: 2% in 0-2M
KClI at 5°C (long-dashed line), 20°C (solid line) and 40°C
(short-dashed line).

This correlation has both empirical and theoretical
validity.

For all derivatives, the aggregates have CD spectra
that are quasi-specular to that of poly(G), and left-
handed columnar helicity can be inferred. The same
helicity has been found for the corresponding deoxy
derivatives [ 11, 17].

24. The cholesteric handedness

An interpretation of the intense signal due to the
cholesteric order can be obtained in the light of
Mauguin’s model extended to the absorption region
[23]; this also allows determination of the cholesteric
handedness. A measurement of CD on a planarly aligned
sample gives a signal (41— A:);, which is correlated to
the cholesteric characteristics by equation (1):

(1= Ary=1 pyian(d | — 4 )/ (v — vi) ()

where v; is the frequency at which the measurement is
carried out, v is the wavenumber of the selective
reflection of the cholesteric. An and (4)— A4 ,); are the
linear birefringence and the linear dichroism, respect-
ively, of the individual columns which compose the
cholesteric phase; p is the helical pitch, positive or
negative for a right-handed or left-handed cholesteric,
respectively. The frequency vo in all cases is much smaller
than v;; the linear birefringence and dichroism are both
negative as guanine has electronic transitions polarized
in the molecular plane (i.e. perpendicularly to the cylin-
der axis). A positive CD signal in the absorption region
therefore indicates a right-handed cholesteric, and a
negative CD indicates a left-handed cholesteric.

For compounds 3'-GMP, 5-GMP and ¢<GMP, the
cholesteric phases are left-handed. The handedness of
2'-GMP was not determined as it was not possible to
obtain a cholesteric phase in the thin cell used for CD
measurements.

3. Conclusions

The ability of 5-GMP to self-assemble has been
known since the early twentieth century [2]. In the 60s
and 70s, many reports appeared on gel formation from
the isomeric guanylic acids [3]. Later, attention was
focused on the self-assembled structures present in iso-
tropic solution [7]. The present paper reports the first
description of the appearance of lyotropic mesophases
from ribonucleotides.

The finding that 3'-, 5'- and 2-GMP, as well as the
3"5'-cyclic derivative cGMP, form, with increasing con-
centration, self-assembled species and finally liquid crys-
tal phases, indicates that the presence of a hydroxyl
group (also phosphorylated) in the 2’ position does not
inhibit the formation of the mesophase already reported
for 3'-dGMP, 5-dGMP and dcGMP. This common
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behaviour is reflected also in the same handedness of
adjacent guanine tetramers and the same cholesteric
sense.

It is worth mentioning that, for compound 5-GMP,
the formation of gels was reported [ 6] for concentrations
(0-03M in 0-1 M KCIl) at which, in the present research,
cholesteric phases have been described. This is not
surprising since in the 70s, the study of columnar liquid
crystalline cholesterics had not yet been initiated.

4. Experimental
4.1. Materials
All GMP compounds were commercial products
from Sigma.

4.2. CD experiments

CD spectra were recorded with a JASCO J710 spectro-
polarimeter equipped with a Neslab circulatory thermo-
stat (thermal stability 1°C) and using 0-:001-0-01 cm cells
with a thermostatting jacket. Solutions were prepared
by dissolving the compounds (0-4-4% w/w) in an aque-
ous solution of KCI (0—1M). The solutions were allowed
to stand at ambient temperature for one day before
recording the spectra; also before recording the spectra
after the first thermal cycle, the solutions were allowed
to stand at ambient temperature for one day (the spectra
did not change after a longer time). Concentrations of
the GMPs were determined spectrophotometrically at
80°C (& 13700 for 5'-GMP, 3-GMP and ¢<GMP, ¢ 13300
for 2'-GMP in relation to Amax around 251-253nm) and
are expressed in % w/w. Noise reduction was obtained
by accumulating several spectra (8—16) and by adopting
a mathematical smoothing routine (JASCO software).

4.3. Optical microscopy
Isotropic—cholesteric »>hexagonal transitions were
detected by the texture exhibited by the relevant solu-
tions when inserted between a microscope slide and
coverslip and observed with a Zeiss polarizing
microscope.
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