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Quadruplexes formed by guanine derivatives or guanine-rich
nucleic acids are involved in metabolism and genetic storage of
many living organisms, they are used in DNA nanotechnologies
or as biosensors. Since many quadruplex geometries are
possible the determination of their structures in aqueous
solutions is difficult. Raman optical activity (ROA) can make it
easier: For guanosine monophosphate (GMP), we observed a
distinct change of the spectra upon its condensation and
quadruplex formation. The vibrational bands become more
numerous, stronger, and narrower. In particular, a huge ROA

signal appears below 200 cm� 1. The aggregation can be
induced by high concentration, low temperature, or by a metal
ion. We focused on well-defined quadruplexes stabilized by
potassium, where using molecular dynamics and density func-
tional theory the spectra and particular features related to GMP
geometric parameters could be understood. The simulations
explain the main experimental trends and confirm that the ROA
spectroscopy is sensitive to fine structural details, including
guanine base twist in the quadruplex helix.

Introduction

Among building blocks of nucleic acids, guanine derivatives are
exceptional in their ability to form self-assembled structures.
The basic tetrameric – quadruplex - guanine arrangement in
these aggregates was first described in 1962 for guanosine
monophosphate (GMP),[1] and confirmed later for derived
compounds.[2] GMP self-assemblies appeared as excellent mod-
els for the quadruplexes formed by guanine-rich nucleic acids
in living cells.[3] These structures primarily attract attention in
studies of metabolism and transfer of genetic information,
although they can be found also in variable places of the living
world. Interestingly, these often involve organs interacting with
light, such as cuticles of spiders,[4] eyes of some deep-see
fishes,[5] or chameleon skin.[6]

Apart from biology, the self-organization of noncovalent
assemblies is of great interest in material science and
nanoscience.[7] In spite of many previous efforts, however, the

structure of GMP aggregates in solutions has not been
unambiguously determined.[8] Therefore, its high Raman optical
activity (ROA) observed for high-concentrated solutions of GMP
potassium and sodium salts discussed in the present study
appears as an extremely useful indicator of the quadruplex
formation.

According to our knowledge, ROA has not been yet used to
study guanine quadruplexes, although other low-resolution
techniques are quite popular. For example, the self-association
of purine nucleosides and guanosine salts was studied by
nuclear magnetic resonance (NMR),[9] UV absorption and circular
dichroism (CD) were used as well.[10] The quadruplex formation
was also followed by vibrational circular dichroism (VCD) and
unpolarized Raman spectroscopy.[11]

As shown below, ROA is not only sensitive to the formation
of GMP aggregates, and also to their variants, such as sodium
or potassium-stabilized structures. Specific changes are already
observable in the parent Raman spectrum, but these are
relatively minor. On the other hand, alterations of the ROA
signal are more apparent: typically, the bands are narrower and
gain in intensity. In particular, low-frequency (< ~200 cm� 1)
ROA signals become very strong. The strength itself in general
broadens the application span of the spectroscopy, allowing
measuring the spectra faster or in lower concentrations. Similar
low-frequency signal was observed, for example, in
polyalanine,[12] globular proteins,[13] or chiral liquids.[14] The GMP
aggregation can be triggered by low temperatures, high
concentrations, or presence of metal ions. Different aggregation
conditions lead to different aggregates, and characterization of
their variability goes far beyond the scope of the present work.
Instead, we focus on the quadruplexes formed from potassium
salts, which are presumably the most stable and cause distinct
ROA changes.
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We apply the most common scattered circular polarization
(SCP) variant of ROA that monitors a small circularly polarized
component in the scattered light.[15] In the past, ROA spectro-
scopy has been found particularly useful in studies of small
chiral molecules,[16] peptides,[17] proteins,[18] and saccharides.[19]

Many systems related to nucleic acids were investigated as well,
including nucleosides, polynucleotides, and whole viruses.[20]

Compared to the other form of vibrational optical activity,
vibrational circular dichroism (VCD), ROA offers the possibility
to easily work with water solution and capture a wider range of
vibrational frequencies.

However, the interpretation of ROA spectra often relies on
multi-scale molecular dynamics (MD) and density functional
theory (DFT) simulations, which are particularly problematic for
nucleosides, such as GMP. These molecules strongly interact
with the aqueous environment, which necessitates a good
modeling of the solvent.[21] Vibrational frequencies of various
chemical entities – phosphate, aromatic, sugar – are calculated
using DFT with different precision, which may distort the fine
spectral pattern.[22] Finally, the steep dependence of the
computational demands on molecular size prevents direct
modeling of large aggregates, such as the quadruplexes.

To overcome these problems, we adopted various ap-
proaches. The dependence of the energy and spectra on the
geometry was investigated on a simplified model lacking the
sugar-phosphate part. Whole GMP quadruplex polymers where
modeled using DFT, applied either on smaller regular fragments
or ensemble of dimers obtained from MD. Vibrational parame-
ters calculated for the smaller structures were transferred on
bigger ones using the Cartesian coordinate-based tensor
transfer.[23]

As shown below, such simulations provided useful informa-
tion on system geometry and the origin of Raman and ROA
spectral bands. Computed energies and spectral patterns reveal
self-assembling principles of the guanine units and a favorable
twist of G-quartets in the presence of potassium. Altogether,
the results demonstrate the power of the combined computa-

tional and experimental spectroscopy to study the behavior of
biomolecular systems.

Results and Discussion

Experimental Spectra

Figure 1a documents the changes under the 190 ! 500 mM
concentration variation of GMPK2. Relatively small changes
appear in Raman spectrum, such as new bands at 106 and
1724 cm� 1. The 106 cm� 1 band seems to be composed of 96
and 112 cm� 1 sub-bands. The 1724 cm� 1 signal was assigned to
formation of guanine-guanine hydrogen bonds.[24] A more
detailed analysis also reveals new signals at 177 and 199 cm� 1,
intensity drop at 1685 cm� 1, etc.

Unlike Raman, ROA bands become significantly more
intense, numerous, and sharper. For example, the couplet (close
positive and negative bands) at 1573/1586 cm� 1 changes sign
and increases intensity about five times, and a new one appears
at 1457/1474 cm� 1. Most stunning is perhaps the region below
200 cm� 1 where strong ROA bands (77, 97, 113, 134 cm� 1) grew
up, from virtually zero GMP signal at the lower concentration.
The Raman intensity here is also big, so the circular intensity
difference (CID, ROA/Raman ratio) at this region is not extreme
(~10� 3), but slightly above the average (~5×10� 4). As discussed
before, the low-frequency ROA is usually associated with
motion of whole molecules or molecular parts and significantly
improves the detection limit and thus the application span of
the ROA spectroscopy.[12,14]

Based on previous work we assign the spectral changes at
higher concentration to a formation of quadruplex
aggregates.[10] GMP salts of other metals (Na, Li, Rb, etc.) give
ROA spectra similar in intensity but different in shape. As an
example, low and high-frequency spectral parts of GMPNa2 and
GMPK2 solutions are shown in Figures 1b,c for selected temper-
atures. For the aggregation of GMPNa2 a higher concentration
is needed (763 mM) and the aggregate is less stable at elevated

Figure 1. (a) Experimental ROA (IR-IL) and Raman (IR+ IL) spectra of potassium salt of GMP at concentrations of 190 mM (monomer) and 500 mM (aggregate),
19 °C, (b) sodium 763 mM and (c) potassium 500 mM GMP salt solutions for several temperatures.
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temperatures than for GMPK2: while for sodium enhanced ROA
disappears at 55 °C, for potassium typical monomer signal is not
reached until around 70 °C.

Analyzing the fine metal effects goes beyond the scope of
this work; nevertheless it is clear that this spectroscopy appears
extremely useful for indication of the quadruplex formation. In
this context, we view focusing on the most stable potassium
structures as the first step in understanding the amazingly
variable quadruplex aggregates.

Potential Energy Surfaces of the M Dimer Model

To understand the quadruplex aggregation, we found it useful
to investigate behavior of symmetric dimers formed by a
simplified quadruplex (M, Figure 2). In the figure, dependencies
of the electronic energies on the distance and twist are plotted,
for “regular” (C4) and “flipped” (D4) dimers.

The D4 dimers were included for completeness, although
they probably do not support longer regular polymers. From
the energy maps we see that the presence of one (in the
middle) or two (in the quadruplex plane) metal ions does not
affect the basic behavior. Focusing on the regular (C4) case we
see that relatively well-defined minima exist for all cases, at d
~3.1–3.3 Å and τ~20/70°. Because of the symmetry, the M dimer
cases of τ=20° and τ=70° represent right and left-handed
enantiomers, respectively. For GMP, the symmetry can be
obviously broken by the sugar-phosphate residue.

For the D4 dimers, the stacking leads to less compact
structures and the equilibrium distance is slightly bigger,
d~3.20–3.40 Å. The addition of one metal ion to the dimers
without ions leads to smaller stacking distances, thus stabilizing
the dimer, while addition of two ions has more complex effects.

For further analysis, full optimization was performed for the
potential energy minima at the B3LYP/6-311+ +G**/GD3BJ/
CPCM(H2O) level, resultant energies, and the geometrical

Figure 2. Model 9-methylguanine quadruplex (“M”, with M+ =Na+ or K+), flipped and regular stacking types in a dimer, characteristic distance and twist, and
dependencies of relative electronic energy on the twist (τ) and distance (d), a B3LYP/6-31G**/GD3BJ/CPCM(H2O) calculation.
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parameters are listed in Table S1, the optimized geometries are
plotted in Figure S1. The initial geometries favorable for a
regular quadruplex polymer remain stable for bare dimers, and
K+ and Na+ ions stay in the middle, except for the Na+/C4 case.
Structures with two metal ions are stable, too, but cause
significant deformations of the plane of the bases. Finally, the
two metals behave differently. The larger potassium moves out
farther from the G-quartet planes, but allows for C4 symmetry,
while sodium stays closer to the plane approximately formed
by the four purines. Sodium also makes the G-quartets to
slightly glide off the symmetry arrangement, which could be
related to the differences between the two metals observed in
the experiment (Figure 1).

Contributions of Molecular Parts to the Spectra

The band assignment was aided by a computer experiment
where some atomic polarizability derivatives were deleted and
approximate contributions of individual molecular parts to
Raman and ROA intensities estimated (Figure 3).

For monomeric GMP, consistently with a previous study,[22]

the Raman signal above 1250 cm� 1 is almost exquisitely formed
by the guanine base, which significantly contributes to other
parts of the spectrum as well. For ROA, the base contribution is
rather minor, and the total signal is far from the sum of the
three components. For the quadruplex (lower part of the
figure), however, the ROA picture is entirely different. Above
1400 cm� 1 and below 250 cm� 1 the spectrum stems primarily

from the guanine bases. The two quartets are virtually planar
and do not produce inherent ROA. Therefore, we can ascribe
the signal to the exciton coupling between them. This coupling
of vibrations of similar frequencies often leads to very strong
vibrational optical activity, typically conserved couplets, ob-
served both in VCD[25] and ROA.[26] Above 1400 cm� 1, such
vibrations include C=O stretching, N� H bending, and aromatic
stretching, while below 250 cm� 1 H-bonding and in- and out-of-
plane deformation modes dominate (cf. Table S2 for detailed
assignment).

Spectra Signatures of the Bases

For frequency regions dominated by the guanine base,
quadruplex spectral patterns could be conveniently investi-
gated with the M model. Indeed, depending on the geometry,
M dimers exhibit a huge ROA signal in the lowest wavenumber
region, within ~50–200 cm� 1, corresponding to the observed
spectra of concentrated solutions (Figure S2). For the D4

structures, however, the calculated CID ratios are too high if
compared with the experiment. As they also do not support
regular quadruplex polymers, we suppose that they are rather
rare in the measured samples.

The still strong, but not extreme low-frequency ROA
calculated for the C4 dimers is more realistic. In Figure 4 the
low-frequency spectra simulated for the twist τ=64° gives ROA
pattern reasonably resembling the potassium experiment. Also
above 1400 cm� 1 this value provides a reasonable similarity to
the experiment (Figure S3). In particular, the bands calculated at
72, 96, 117, and 131 cm� 1 seem to correspond to the
experimental ones respectively at 77, 97, 113, and 134 cm� 1, as
their signs and relative intensities approximately agree. The
assignment of the Raman experimental pattern is less obvious
as it is rather less resolved, although also here the frequency of
the most intense band at 106/108 cm� 1 (exp./calc.) again seem
to indicate that the modeling is realistic.

Figure 3. Contributions to Raman and ROA spectra calculated for individual
GMP molecular parts, for (top) monomer and (bottom) octamer in a
quadruplex dimer.

Figure 4. Low-frequency ROA and Raman spectra: experiment for 500 mM
GMPK2, calculation for the M dimer (no ions, B3LYP/6-31G**/CPCM wave-
numbers shifted by 10 cm� 1 up), and examples of involved vibrational
modes.
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Regular Nonamer Model (Q9)

Based on a direct DFT computation of a regular quadruplex
trimer (B3LYP/6-31G**/CPCM) and subsequent transfer of the
vibrational parameters, the resultant spectra plotted in Figure 5
very well reproduce the GMPK2 experiment. After minor
frequency adjustments (Table S2) most of the observed Raman
bands can be assigned, with reasonable relative intensities.
Inconsistencies appearing mostly within 1000–1400 cm� 1 can
be attributed to the high density of the vibrations in this region
combined with DFT reproducing different vibrational frequen-
cies (such as P=O stretching and CH bending) with different
errors,[22] and lack of the dynamic and explicit solvent aspects in
the modeling.

The computed ROA bands match the experimental ones
namely in the base-vibrating regions (50–250 and 1300–
1800 cm� 1). Above 1600 cm� 1, the calculated intensity for the
CO stretching bands is too high, which can again be attributed
to the lack of proper dynamics/solvent in the model. The very
good agreement within 50–250 cm� 1, including correct ROA/
Raman ratios, indicates that these modes are less affected by
the dynamics and solvent. This is consistent with a rigid
structure of the quadruplex and hydrophobic character of the
bases, in addition shielded from the environment by the sugar-
phosphate residues.

Within 250–1300 cm� 1 the ROA signal is not well repro-
duced. In particular, the bands around 400 cm� 1 are clearly
calculated with wrong signs. The sugar-phosphate residue often
participates in vibrations at this region, which suggests that its
conformation in the rigid model is wrong, or that specific

solvent-solute interactions and the dynamics play a significant
role. Indeed, for monomeric GMP, much better results were
obtained by extensive averaging of solvent-solute clusters;[22]

this is not possible for us for the larger quadruplex.

Averaging of MD Snapshots

The snapshots were created for quadruplex dodecamer; vibra-
tional parameters were calculated using DFT for a central
dimmer and transferred to six central quadruplex residues.
Three structures were tried, named according the sugar
puckering, an “SN” one according to an NMR model,[8] and more
regular “S” and “N” sequences (Table S3). In Figure 6 we can see
that this approach leads to a more realistic Raman band shapes
than for Q9, with high similarities (0.85–0.88) to the experiment.
However, the Raman quadruplex spectra do not much differ
from those simulated for monomeric GMP.[22]

The benefit of MD modeling compared to the regular Q9

nonamer is not so clear for ROA; in particular the N and SN
geometries gives a very poor representation of the experimen-
tal data, with negative similarity indices. Only the S structure
gives a positive one, with mostly the right sign patterns in the
base-dominated regions (below 250 and above 1300 cm� 1). In
the CH stretching region (Figure S6) all MD models approx-
imately reproduce the predominantly positive signal in ROA
experiment. The mediocre performance of MD is not surprising
as there is nor reliable force field usable for the metal
coordination bonds and other complex interactions.

Further tests revealed that sodium in place of potassium
give quite similar spectra for the MD modeling approach
(Figure S4). The low-frequency ROA pattern also appeared to be
quite sensitive to the polymer length. While the higher-
frequency parts of the spectra are almost identical for
quadruplex trimer and nonamer, there are still some changes
below 250 cm� 1 (Figure S5).

Figure 5. A regular nonamer structure, its calculated Raman and ROA
spectra, and the 500 mM GMPK2 experiment. In the calculation, vibrational
frequencies were adjusted according to Table S2 and the intensities scaled
by one factor to reproduce experimental Raman integral intensity within
300–1900 cm� 1.

Figure 6. Spectra simulated for three MD dodecamer models (SN=Wu’s NMR
structure,[8] and two structures with regular (S/N) GMP conformations,
averages of 20 MD snapshots) and the experiment. The similarity indices σ
(overlap integrals within 300.. 1800 cm� 1 of normalized experimental and
calculated spectra) are indicated in magenta.
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The MD results are consistent with the twist analyses for the
M simplified dimer (Figure S3), indicating that the twist
between adjacent GMP quartets should be above 45°. Indeed,
in the SN structure τ=33°, while for N and S τ=63° and 48°,
respectively (Table S3). These values are close to the best one
τ=64° found for the M dimer based on the similarity of its
spectra with the experiment, or τ=60°used in the nonamer
model. They are also in a good agreement with the profile of
the free energy obtained for a dimer formed of two GMP
quartets where, according to the MD WHAM, angles around 64°
are favored (Figure 7). We can thus conclude that ROA spectra
suggest that the GMP aggregates in the presence of potassium
forms S-type aggregates with the most probable twist of ~64°.

Conclusions

We found that high GMP concentrations produce distinct
Raman and ROA spectral changes that could be related to
quadruplex formation. In particular, the ROA spectra appeared
quite informative, which could open applications of this
technique in the field of quadruplexes, but also for general
research of nucleic acids. Very useful appears the low-frequency
(<250 cm� 1) signal, which is relatively easy to detect and stems
primarily from the interactions of neighboring GMP quartets
and their out-of-plane deformation vibrations. Similarly, within
~1450–1800 cm� 1 ROA intensities of in-plane C=C, C=N and
C=O stretching vibrations are almost entirely dependent of the
twist between the quadruplex GMP quartets.

The spectra simulations were extremely helpful for the
spectra interpretation and in principle can provide an unambig-
uous confirmation of the quadruplex structure in solutions.
Unfortunately, they are presently hampered by the size of the
systems, variability of the vibrations involved, and complexity of

the interactions. Current MD force fields do not appear fit to
describe the combined electrostatic-covalent character of the
metals coordinated to GMP. In addition, we cannot exclude that
multiple structures are present in the sample, e.g., GMP dimers,
apart from regular quadruplex polymers. However, the compar-
ison of our experimental Raman spectra with those obtained for
oligomeric quadruplexes indicates that mononucleotide quad-
ruplexes highly prevailed.

In spite of these problems, we could determine the most
probable GMP quadruplex structure, in particular the twist
between neighboring quartets, assign the most prominent
spectra features to the underlying vibrational motions, and
point out the principle differences between sodium and
potassium if interacting with GMP. In the future, greater
variability of experimental conditions may reveal more details
about the molecular interactions, while improvement of the
computational methodology is also desirable for a more precise
description of structure and dynamics of the nucleic acid
components.

Experimental Section

Spectra Measurement

Disodium salt and free acid of guanosine 5’-monophosphate (GMP)
were purchased from Merck. Potassium salt was made by titration
of the acid with KOH to pH ~8.5 and lyophilization. Three samples
were prepared by dissolution in deionized water to the concen-
trations of 763 mM (sodium salt), 500 mM (potassium salt), and
610 mol/L (sodium salt) with KCl to a total concentration of
200 mM. Temperature-dependent Raman and ROA spectra in a
range of 50–4500 cm� 1were recorded on a spectrometer con-
structed at the Palacký University Olomouc operating with 532 nm
excitation wavelength.[27] The experiments were performed at the
scattered circular polarization (SCP) modulation and backscattering
geometry (180°), the samples were held in a fused silica cell of
4 mm optical path length (3 mm width, 70 μl volume), illumination
time was set to 0.5 s and spectral resolution was 8 cm� 1. Laser
power at the sample was 800 mW, 7–10 temperature cycles were
measured, total acquisition times for each temperature were 1–
5 hours. From Raman spectra solvent (H2O) signal was subtracted,
and minor baseline corrections made. The intensity units are
detected electrons per wavenumber interval per irradiation energy
(cm J� 1) normalized to molar concentration of GMP monomers.

Rigid DFT Models

A simpler model dimer M composed of eight 9-methylguanines
was investigated first (Figure 2), i. e., the sugar-phosphate residues
were replaced by methyls. Relaxed scans were performed to obtain
the dependence of the electronic energy on the distance d and
twist τ. The D4 and C4 point group symmetries for the two stacking
modes were kept, and the B3LYP[28]/6-31G**/CPCM[29](H2O)/GD3BJ[30]

level was applied as implemented in the Gaussian program.[31]

Examples Gaussian inputs in internal coordinates for this and similar
rigid models are given at the end of the Supporting Information.
The M dimers were investigated without metals, with Na+ and K+

ions in the quadruplex planes, and with one Na+ and K+ atom in
the middle. For the equilibrium structures the geometry was fully
optimized and Raman and ROA spectra generated with a larger, 6–

Figure 7. Twist probability (p) and free energy (E) computed for a quadruplex
dimer by the WHAM method. Above: random snapshot geometry and detail
of the H-bonding (in green) for τ ~60°, presumably stabilizing this twist
value.
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311+ +G** basis set, otherwise using the same parameters as for
the PES scans.

Similarly, symmetrized (C4) geometry of GMP quadruplex trimer
including the sugar-phosphates was optimized at the same level (6-
31G** basis set, 434 atoms) using fixed twist of 60°, and harmonic
vibrational frequencies. Raman and ROA intensities calculated by
Gaussian. Relaxed structures, different twists (55,65 70°) or func-
tionals (B97D) provided inferior results and are not shown. Two
potassium atoms were kept between the quadruplex planes. The
optimized geometry was propagated to create quadruplex non-
amer (Figure 5), spectra of which were calculated using the
Cartesian coordinate-based tensor transfer (CCT)[23] of vibrational
parameters calculated for the trimer.

From the line intensities, smooth spectra were simulated using
Lorentzian profiles of full width at half height of 10 cm� 1. The
Raman and ROA intensities were scaled by one factor, to provide
the same Raman integral intensity as the experiment.

Molecular Dynamics

MD was performed within the Amber 18 software.[32] The TIP3P[33]

force field was used for water; the GAFF, GAFF2[34] RNA.OL3[35] and
DNA.Bsc1[36] force fields were tried for GMP, partial atomic charges
were calculated[37] at the CPCM� B3LYP/6-31+ +G(d,p) level of
theory. The DNA.Bsc1 force field provided the best results and was
used as default. Previously, DNA.Bsc1 gave reasonable ROA and
Raman spectra of GMP monomer;[22] in addition, we observed that
the other force fields sometimes predicted too short hydrogen
bond lengths.

NVT dynamics was performed at 300 K using 1 fs integration step.
First, the solvated systems were equilibrated for 1 ns, subsequent
production run was carried out for 200 ns, snapshots were selected
in regular intervals. A cutoff of 8 Å was used for the non-covalent
interactions, the temperature was controlled by the Langevin
thermostat (collision frequency 2 ps� 1).[38]

Monomer GMP spectra in solution were simulated using a
combination of molecular dynamics (MD) and density functional
theory (DFT) as described previously.[22] Quadruplex dodecamers
(48 GMP molecules) were investigated trying three starting
conformations, an NMR-derived geometry proposed by Wu,[8] where
the “S” and “N” GMP conformers oscillate in individual GMP
quartets, and uniform S and N ones. For simplicity, we keep the S/N
notation, although ideal S/N parameters had to be modified to
avoid atom overlap in the quadruplex polyme (Table S3). The 12-
mers were placed in a 643 Å3 cubic box, otherwise filled with water
molecules and potassium counterions. After an equilibration phase,
200 ns production run was performed.

Using MD snapshot geometries of the 12-mer, middle quadruplex
dimers without water molecules were partially optimized in the
normal mode coordinates,[39] harmonic force field and polarizability
derivatives were calculated at the B3LYP/6-31G**/CPCM(H2O)/
GD3BJ level by Gaussian. Using the CCT method, vibrational
parameters were transferred from the dimmers to quadruplex
hexamers. These were made from the quadruplexes close to the
middle of the 12-mer, to minimize the effects of the more irregular
termini. The spectra thus obtained were averaged for 20 snapshots
for each structure (S, N, SN) investigated.

Smaller MD models consisted of two G-quartets (8 GMPs); here the
weighted histogram analysis method (WHAM)[40] was performed to
investigate the dependence of the free energy on mutual twist of
the G-quartets.
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