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Abstract

Concentration and temperature dependent studies of the circular dichroism of dianionic guanosine
5’-monophosphate (5’-GMP), where the cation was Na*, K*, or Rb* ion, were done to obtain
information regarding the nature of the self-assembled 5’-GMP species in agueous solution,
including G-quartets and other structures. Concentrations in the 0.05 M — 0.85 M range and
temperatures in the 5-50 °C range were used. At the highest concentrations and 5 °C, Nay(5’-
GMP) and K5(5’-GMP) formed a cholesteric phase, but Rb,(5’-GMP) did not. Evidence for
antiparallel base stacking (stacked with opposite polarity; head to head) was observed for Rby(5’-
GMP), but not for the Na* or K* salts. This structure, believed to be G-quartets, had a melting
temperature of 15 °C and dissociated into a second associated species as the temperature
increased. The latter was present to the greatest extent at ~40 °C and it is characterized by a
prominent negative CD band at 306 nm, which may be indicative of an X-DNA type of structure
(an expanded G-quartet) or base-stacked monomers or dimers. The same negative band appeared
at 310 nm in the CD spectra of K,(5’-GMP) and Nay(5’-GMP), but was much less intense in the
latter case. Ko(5’-GMP) also formed a non-cholesteric phase containing at least two different
species, one more stable at low temperatures and the other more stable at higher temperatures,
similar to Rb,(5’-GMP). 'H NMR spectroscopy was used to assist in the interpretation of the CD
spectra.
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1. Introduction

The self-assembly of the mononucleotide guanosine 5’-monophosphate (5’-GMP) has been
under investigation for nearly 40 years!—>, but questions about the structure of the species
formed in aqueous solution in the presence of Na*, K*, or Rb* and about the solid state
structure, remain unanswered. In the 1970’s, fiber diffraction8-8 and NMR spectroscopic®-13
investigations of the gels and solutions indicated the formation of stacked cyclic tetramers
(G-quartets) held together by Hoogsteen hydrogen bonds between the guanine bases (Chart
1).
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Among the methods used to study this and related systems, NMR spectroscopy has been
used the most often. The 1H NMR spectra of the self-assemblies of 5’-GMP in aqueous
solution at low temperatures revealed that the spectra varied, depending on the particular
cation present.11:12 This was ascribed to the difference in the sizes of the Na*, K*, and Rb*
ions12:13 and their possible location within the center of the stacks of G-quartets. Na* is
small enough to fit in the central cavity, but K* and Rb* are too large and must be located
between the planes of the G-quartets. This has been confirmed by X-ray structure
determinations of some guanosine-rich fragments of telomeric sequences which are found at
the ends of chromosomes, and which form G-quadruplexes.14-1° Not only do each of these
cations have a different 1H NMR spectrum, but each shows that multiple species are present
in 5°-GMP solutions.20-23

Dynamic light scattering has been used to estimate the number of G-quartets in a stack in
aqueous solution. This number varies depending on the cation, nucleotide concentration,
temperature, and pH.24-26 For 5’-GMP, the estimates range from 9 26 to 87 24, and as high
as 133 for 2-deoxy-5’-GMP.27 An SEM investigation of 5’-GMP deposited from aqueous
solution on colloidal carbon disks revealed that when a large excess of Na* was present,
very long rods with an average diameter of 2000 nm could be grown, indicative of a large
number of parallel stacks of G-quartets.23 In the case of large amounts of K* ion, two
different morphologies were observed, one of which appeared to be the G-quartet and the
other was postulated to be that of a continuously hydrogen-bonded helix.18:28 With Rb* as
the cation, yet another morphology was apparent.

Circular dichroism is a technique that is quite sensitive to the conformation of anisotropic
molecules and chiral super assemblies, and has been used extensively in the study of nucleic
acids?2%:30 and G-quadruplex structures.30-36 Information about the way in which the bases,
base pairs, or G-quartets are stacked, either with the same polarity (parallel) or opposite
polarity (antiparallel), can be obtained (Chart 2).31-37 Generally, the CD spectrum of
parallel stranded structures, such as d[TG4T]4, contain a negative band at about 240 nm and
a positive band at 260-265 nm, while antiparallel quadruplex structures, such as d[G4T 4G4l
have a negative band at 260 nm and a positive band at 295 nm.2%31 Cation effects are
important in determining the conformations of G-quadruplexes, and frequently high
concentrations of Na* lead to antiparallel structures and K* to parallel structures. In some
cases, it is possible to detect a mixture of structures or conformers existing simultaneously in
a solution by comparison of the CD spectrum with those of known conformations.32:38-42
For example, Lee et al. showed that d[G4T 4]y, in the presence of 200 mM Na* had an
antiparallel conformation, but in the presence of 200 mM K* it was a mixture of a parallel
and antiparallel conformations.*!

A large number of structural motifs and folding patterns are known for G-rich sequences
that form G-quadruplexes and G-quartets*° and in some of these, a mixture of polarities
occurred within a single structure.31:37.38 That is, some of the bases were stacked with the
same polarity, also known as head-tail stacking, and others were stacked with opposite
polarities (head-head stacking). Masiero et al. have shown that the observed CD spectra are
dependent on the polarities of the base stacking rather than whether the associated strands
are aligned parallel or antiparallel.31 For example, both d[G3T4G3]» and [d(TGB'GGT)],
have bases stacked with mixed polarities and very similar CD spectra, however, the former
has a folded antiparallel strand structure and the latter contains parallel strands. CD spectra
of this type of quadruplex bear some of the characteristics of both the parallel and
antiparallel structures with some red shifting of the features. For example, d[G3T4G3]» has a
negative band at about 240, a positive band at 255, dip at 270, and a positive band at 290
nm.
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CD spectroscopy has also been employed in the study of the self-assembly of monomeric
guanosine and guanosine monophosphates.36:43:44 Depending on the concentration,
temperature, and cation, the mononucleotides can exist in an unassembled, isotropic self-
assembled or a cholesteric liquid crystalline state.3® The latter of these is most commonly
found at high nucleotide concentrations and low temperature. The liquid crystalline phases
formed by 3’-GMP, 5’-GMP, and 3’-5’cGMP are reported to be left-handed cholesterics as
indicated by their negative CD spectra.3

In this paper we report an extensive investigation of the CD spectra of the Na*, K*, and Rb*
salts of 5’-GMP at various concentrations and temperatures. Consistent with NMR and other
data on these systems, different CD spectra were observed for each of the different cations,
although the Na* and K* salts both exhibited spectra characteristic of cholesteric phases at
high concentration and low temperature.

2. Experimental

Materials and Methods

3. Results

Nay(5'-GMP)

Nay(5’-GMP), Hy(5’-GMP)+H,0, D,0, DCI, and NaOD were purchased from Sigma-
Aldrich and used as received. Ky(5’-GMP) and Rb,(5’-GMP) were prepared by titrating 1.0
g of Hy(5’-GMP)*H,0 in 15 mL of deionized H,0 with 0.20 M KOH or RbOH to a pH of
7.8-8.0. The solutions were lyophilized to obtain the solids. Solutions for CD measurements
(pH™ 7.9-8.6) were prepared by dissolving the solid compounds in D,O and the
concentrations were determined by UV spectroscopy at 252 nm (e=1.37 x 104 M~1cm™1).
D,0 was used to prepare the solutions so that the state of self-association could be checked
by 1H NMR spectroscopy. Solutions were stored at 5 °C for at least 24 hr prior to
measurement and maintained at this temperature until use. CD measurements were obtained
on a JASCO J-810 spectrometer with a JASCO PTC-348w1 temperature controller (0.2 °C
at low temperature; +1.0 °C at high temperature) using 0.1 mm quartz cells. The scan rate
was 50 nm/min, band width = 2 nm and N, purge of 15 cfm/min. Samples were equilibrated
in the spectrometer for 20 min at the measurement temperature. An additional 10 min
equilibration revealed no changes in the spectra. The temperature dependent measurements
on the most concentrated solutions were done twice with two different sample

preparations. 1H NMR spectra were obtained on a 500 MHz Varian INOVA spectrometer
with variable temperature capability. The same solutions that were used for the CD
measurements were used for NMR measurements. The spectra were referenced to internal
tetramethylammonium ion at 3.185 ppm. Suppression of residual H,O was not employed
because it affected the relative intensities of resonances of 5’-GMP aggregates.

In order to investigate the self-assembly behavior of 5’-GMP it is necessary to perform
experiments at various concentrations and temperatures. This is in contrast to guanosine
oligomers and telomeric sequences which form associated structures in solution at low
concentrations and room temperature. All three of the M(5’-GMP) salts in solution at 0.05
M and either 5 or 20 °C had the same CD spectrum (Fig. 1; 5 °C data not shown) and were
completely dissociated, which was confirmed by the 1H NMR in D,O where a single
resonance at 8.22 ppm is observed for the H8 proton irrespective of the cation.

At 0.85 M, Nay(5’-GMP) exists as a cholesteric phase at all temperatures between 5 and 30
°C with very intense negative CD bands at 208 nm and 270 nm which gradually decrease in
intensity as the temperature increases (Fig.2). Above 30 °C, the two negative bands begin to
develop additional features as well as continuing to decrease in intensity. Another

J Phys Chem B. Author manuscript; available in PMC 2012 May 19.
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experiment with 0.50 M Nay(5’-GMP) at three temperatures (5, 20, 50 °C) showed that this
solution was cholesteric at the two lower temperatures, but completely dissociated at 50 °C.

In order to gain more information about the associated (non-cholesteric) species, the CD
spectra at 5 °C of three different concentrations (0.25, 0,12, 0.05 M) were obtained (Fig. 3).
At 0.25 M the CD spectrum was that of an associated species of Nay(5’-GMP) with a
positive band at 221 nm and a negative band at 260 nm and an additional dip at 288 nm. The
H8 region of the TH NMR spectrum at this concentration and temperature showed incipient
formation of G-quartets by the presence of extremely weak and broad resonances at 8.52 and
7.20 ppm. The other two bands that appear in the spectrum of G-quartets at high
concentration, 8.27 and 7.25 ppm, have been tentatively assigned as a dimer22 and
monomers (stacked), respectively. Characteristic of the occurrence of base stacking, both the
H8 and H1’ resonances of the monomer were shifted upfield by 0.05 ppm from their
positions in 0.05 M solution (8.22 and 5.92 ppm, respectively). The 1H NMR spectra of
0.69, 0.50, and 0.25 M Nay(5’-GMP) at 5 °C are shown in Figure 4. The spectra of the
associated species were the same at all concentrations, simply decreasing in intensity as the
concentration decreased, although the monomer (or stacked monomer) resonance shifted
with respect to concentration.

At 0.12 M a negative band of moderate intensity was present at 299 nm with a reduction in
the intensity of the 260 nm band. This spectrum was similar to that of the monomer at 0.05
M, but had a greater negative intensity in the 290-300 nm region. The 1H NMR spectrum at
5 °C did not show the presence of any G-quartets, but a slight upfield shift of 0.02 ppm of
the H8 and H1’ resonances compared to 0.05 M solution supports the presence of a small
amount of stacked monomer, although less than present in the 0.25 M solution.

From temperature-dependent studies of two concentrated K,(5’-GMP) solutions (0.73 M
and 0.77 M) it was observed that two different phases can be formed, an assembled structure
with a complex CD spectrum (Fig. 5) and a cholesteric liquid crystalline phase with the
same CD spectrum as the cholesteric phases of d(5’-GMP) in 1 M KCI 44 and our
concentrated Nay(5’-GMP) solutions (See Fig 2). It is clear from the comparison of 0.77 M
spectrum at 50 °C with that of the monomer (Fig. 1) that the former still contained
assembled 5’-GMP species. By noting that the intensity changes for the (—)270 and (—)288
nm bands were opposite that of the (—)309 nm band in the non-cholesteric solution (Fig. 6),
it was determined that there were at least two different types of assembled species present.
The intensity changes were essentially linear with temperature, so a melting temperature
could not be determined. A concentration dependent experiment revealed that at 0.50 M the
cholesteric phase still was formed, but at <0.25 M isotropic associated species were present
(Fig. 7). These data agree with the observations from NMR spectroscopy and scanning
electron microscopy2? in which evidence for two different morphologies were identified.
The H NMR spectrum of 0.73 M K(5’-GMP) at 2 °C showed several broad, discrete
resonances in the H8 region, similar to those observed in the stacked G-quartet structure of
Nay(5’-GMP) but at different chemical shifts. In addition, very broad and overlapped
resonances from a less ordered structure were present in this region, but not observed for
Nay(5’-GMP). It has been previously postulated that the latter arose from a continuously
hydrogen-bonded structure formed by breaking two H-bonds in the G-quartet and
connecting the fragments.28 Changes in the H8 region of the NMR spectra at 0.73, 0.50,
0.25, and 0.10 M at 5 °C showed that at least two different associated species were present
in the system (Supp. Mat. Fig S1).

J Phys Chem B. Author manuscript; available in PMC 2012 May 19.
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No CD investigation of the effect of Rb* on the self-association of 5’-GMP has been
previously reported. The temperature dependent CD spectra (Fig. 8) of 0.63 M Rby(5’-
GMP) clearly showed the presence of two different associated structures, but no cholesteric
phase. Between 5 and ~20 °C, the spectra contained bands at (+)240, (—)277, (+)311 nm that
were representative of a structure in which G-quartets were stacked in an antiparallel
fashion, 30:34 similar to that found for Na[d(GpG)] with RbCI.35 From ~20-40 °C a second
type of associated species was present in solution with the same negative band at 308 nm as
observed in associated K,(5’-GMP) in this temperature range. This band reached a
maximum intensity at 40 °C and then decreased in intensity as this second associated species
gradually dissociated into monomers. By plotting the intensities vs. temperature for the
positive and negative bands in the 305-315 nm region (Fig. 9), it was possible to determine
an approximate melting temperature of 15 °C for the lower temperature species (antiparallel
stacked G-quartets) and to observe the formation and subsequent dissociation of the higher
temperature species. The CD spectra at the higher temperatures bear some resemblance to
that of 0.12 M Nay(5’-GMP) at 5 °C, but the negative band was shifted in the 0.63 M
Rb,(5’-GMP) and it was much more intense.

4. Discussion

The type of CD spectra that we have observed for the cholesteric phases in Nay(5’-GMP)
and Ky(5’-GMP) was interpreted by Gottarelli et al. to be typical of a left-handed helix of
stacked G-quartets which are arranged into a left-handed superhelix.#* This was based on
comparison of the spectra with that of the cholesteric phase of the of right-handed poly
d(G),,, where n >3,%5 and by the use of Manguin’s model extended to the absorption
region.*3 However, more recently Wu and Kwan?2 have determined from a thorough *H
NMR study that self-assembled Nay(5’-GMP) forms a right-handed helical structure in
which one G-quartet has a syn conformation about the glycosidic bond and the adjacent G-
quartet has the anti conformation with stacking of G-quartets in a head to tail fashion
(parallel, same polarity). Since their NMR measurements were made at the same
temperature and slightly higher concentration than our CD experiments, this raises a
question about the actual structure of the cholesteric phase in the Na* and K* salts. Both of
these salts had the same CD spectrum in the cholesteric phase (Fig 2), which is consistent
with the extensive observations of parallel stacking in K*-containing d(G) ,, oligonucleotides
and telomeric sequences.?? As a result of the weaker self-assembly of 5’-GMP in the
presence of Rb™, a cholesteric phase was not observed in the Rby(5’-GMP) solutions.

Telomeric sequences and other G-rich species which are known to have antiparallel stacking
(opposite polarity) of G-quartets, such as the hairpin d(G4T4G4), exhibit CD spectra with a
negative band at 260 nm and a positive band at ~290 nm.36-38 Of the three 5’-GMP salts
studied, only in concentrated Rb,(5’-GMP) in the 5-20 °C range did we observe the typical
CD spectrum for antiparallel stacking (opposite polarity) of G-quartets, although it was
somewhat red-shifted ((—) 277, (+)311 nm) (Fig. 8). This associated Rb,(5’-GMP) species
had a Ty, =15 °C and dissociated into a new type of associated structure. Although both the
Na* and K* salts had negative bands in the 260 nm region as well, a positive band ~290 nm
was not observed for either of them. Although antiparallel stacking might have been
anticipated for Nay(5’-GMP) from the presence of some syn and anti 5’-GMP residues, both
CD and NMR?2 measurements agree with a parallel stacking motif.

A negative band at 300-310 nm was observed in all three salts of 5’~-GMP in the more dilute
solutions and in the concentrated solutions at the higher temperatures, but with much lesser
intensity in the Nay(5’-GMP) system. For Nay(5’-GMP) and Rb,(5’-GMP) the intensity
increased and subsequently decreased as the temperature was increased, while the other CD

J Phys Chem B. Author manuscript; available in PMC 2012 May 19.
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bands all decreased in absolute intensity. This was interpreted to indicate the presence of a
second associated species (the monomer intensity was very weak in this region of the
spectrum). Although only an increase in intensity was observed for concentrated K,(5’-
GMP) (Figure 5), an examination of the concentration-dependent data in Figure 7 showed
that the intensity at ~300 nm did follow the same pattern of increase followed by decrease.
The intensities were: 0.50 M, —10.0; 0.25 M, —14.5; 0.125 M, —11.4; 0.05 M, —2.0.

The species responsible for 300-310 nm band was in equilibrium with that producing the
negative 260-270 nm band in all of the salts. A negative CD band at this wavelength is an
unusual feature for G-quadruplex structures, and could be attributed to several different
types of associated structures. A negative band at or near this wavelength has also been
observed in Z-DNA.3048 However, CD spectra of Z-DNA species usually also have strong
negative band around 200-210 nm, while in our spectra this band was positive in all non-
cholesteric assemblies. Therefore it seems unlikely that a Z-DNA structure was present in
the solutions. Another possibility is the presence of an X-DNA structure for one of the
assembled species. The CD spectra of 0.12 and 0.25 M Ky(5’-GMP) solutions are similar in
appearance, but red-shifted compared to the CD spectrum of poly[d(AT)] with 1.3 mM CsCl
in 82% ethanol, 3 for which an X-DNA structure has been suggested. Yet another possibility
is that of a symmetric dimer structure which has been postulated as the origin of the 8.27
ppm resonance in 1.0 M Nay(5’-GMP) solution at 5 °C.22 However, we cannot observe this
resonance in our less concentrated solutions (Fig. 4) because it is overlapped by the intense
monomer resonance under the same conditions where the negative 310 nm CD band was
observed. Furthermore, an H-bonded G-dimer would be expected to be in rapid exchange
with monomer, resulting an averaged NMR signal, unless the dimer was present in a highly
ordered, cation-stablized stack, as suggested previously.4” At present our best hypothesis is
that the negative CD band in the 310 nm region indicates the formation of stacked
monomers or stacked dimers. This is consistent with the upfield shift of the H8 and H1’
“monomer” resonances, characteristic of base stacking.

The CD spectra of non-cholesteric, associated K,(5’-GMP) is the most complex of the three
salts. One associated species, represented by CD bands (+ 228), (—)270 and (—)288 nm,
predominated at the lower temperatures and a second species, with an additional band at
(-)310 nm, formed at higher temperatures and existed in equilibrium with the low
temperature species. The second species is postulated to be stacked monomers or stacked
dimers (see supra). However, it is known from NMR experiments?® and SEM studies?? that
Ko(5’-GMP) can exist in at least two different structural motifs, a G-quartet and possibly a
doubly H-bonded helix. The negative CD bands at 270 and 288 nm might be attributed to
separate structures or conformations, although the temperature dependence of their
intensities appeared to link them together (Fig. 6).

5. Conclusions

Although the known presence of syn and anti conformations about the glycosidic bond in
the self-assembled Nay(5’-GMP) would suggest that the stacking of the G-quartets would be
of opposite polarity, both the CD spectra and recent NMR?2 studies show that they stacked
with the same polarity. The only clear evidence for stacking with opposite polarity was
observed in concentrated Rb,(5’-GMP) at below 15-20°C. Cholesteric phases were
observed in both Nay(5’-GMP) and K,(5’-GMP) at high concentrations and low
temperatures, but not in Rby(5’-GMP). At least two different associated structures were
present in the Ko(5’-GMP) and in the Rby(5’-GMP) systems as witnessed by opposite CD
spectral intensity changes of two or more bands as the temperature was varied. This is
consistent with the complexity of the 1H NMR spectra which could also mean that the
associated conformations in these latter systems were less symmetrically arranged than in

J Phys Chem B. Author manuscript; available in PMC 2012 May 19.
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Nay(5’-GMP). The rather unusual negative CD band in the 310 nm region has been
attributed to highly stacked monomers or dimers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CD spectra of 0.05 M My(5’-GMP) at 20 °C.
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Figure 2.
CD spectra of 0.85 M Nay(5’-GMP) from 5 to 50 °C.
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Figure 3.
CD spectra of Nay(5’-GMP) at various concentrations and 5 °C.
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Figure 4.
1H NMR spectra of Nay(5’-GMP) in D,0 at 5 °C: (A) 0.69 M; (B) 0.50 M; (C) 0.25 M, *
indicates impurity/artifact.
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Figure 5.
CD spectra of 0.77 M Ky(5’-GMP) from 5 to 50 °C.
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Figure 6.
Change in ellipticity with temperature at selected wavelengths in 0.77 M Ky(5’-GMP).
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Figure 7.
CD spectra of K,(5’-GMP)at various concentrations and 5 °C.
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Figure 8.
CD spectra of 0.63 M Rb2(5’-GMP) from 5 to 50 °C.
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Figure 9.
Change in ellipticity with temperature at selected wavelengths in 0.0.63 M Rb,(5’GMP).
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