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Effect of pressure on slit channels in guanine
sodium salt hydrate: a link to nucleobase
intermolecular interactions†

Anna A. Gaydamaka, *a Sergey G. Arkhipov, ab Boris A. Zakharov, ab

Yurii V. Seryotkin ac and Elena V. Boldyreva *ab

The crystal structure of a hydrate of the sodium salt of guanine (2Na+·C5H3N5O
2−·7H2O) was studied using

single-crystal X-ray diffraction and Raman spectroscopy up to ∼2.5 GPa, after which the structure distorted

and the diffraction pattern from single crystal fragments disappeared along with the appearance of powder

ring fragments. On increasing the pressure the distances between the double walls of the slit channels

formed by the guanine moieties became more equal, with the longer one shortening and the shorter one

expanding. The topology of the Na+–water intra-channel infinite clusters was preserved, although these

clusters became distorted on compression. Among several types of OH⋯O and OH⋯N hydrogen bonds,

only two practically did not change with increasing pressure, namely the bonds connecting the guanine

walls to the intra-channel water molecules. A possible relationship to the interactions in the ion channels

with the walls formed by the guanine species in biological systems is discussed.

Introduction

Study of biological and biomimetic systems is important not
only for fundamental science but also for the design of drugs
and materials. High-pressure research related to biological ap-
plications is a rapidly developing field.1 Most studies are car-
ried out in solutions, but also crystalline materials can serve
as biomimetic models.2 Pressure is an important thermody-
namic and kinetic variable. There are several basic reasons
why it can be desirable to carry out high-pressure experi-
ments. (i) They allow one to separate thermal and volume ef-
fects. (ii) The use of pressure allows one to change, in a con-
trolled way, the intermolecular interactions. This is
important, since noncovalent interactions play a primary role
in the stabilization of biochemical systems. (iii) Pressure af-
fects chemical equilibria and reaction rates.3 High pressure is
a powerful tool to study experimentally the response of se-
lected hydrogen bonds to mechanical stress in relation to the

anisotropy of strain, conformational transitions and com-
pressibility.4 Theoretical and experimental studies of confor-
mational transitions in biomolecules are of primary impor-
tance: conformational transitions in biological molecules are
necessary for their normal functioning; at the same time,
abnormal conformations may lead to the malfunction of the
biomolecules, and result in fatal diseases. High pressure
makes it possible to access high-energy conformational
states, which play the primary role in the functioning of bio-
molecules in vivo. High pressure can result in conforma-
tional transitions, which account for the adaptation of
piezophiles to their extreme living conditions,5 or even in
denaturation that is used for the inactivation of pathogens
(viruses and bacteria) in medicine and in the food
industry.6–8

Investigation of macromolecules is challenging. Crystals
of smaller fragments of peptides – amino acids – are there-
fore often studied, in order to obtain quantitative informa-
tion on the effect of pressure on selected hydrogen bonds
and motions of the intramolecular fragments.2,9–14 Crystals
made of small RNA or DNA fragments can serve to model the
effect of pressure on nucleic acids and oligonucleotides, simi-
lar to how the crystals of amino acids are used to model the
properties of peptides. However, nucleic acids, nucleobases,
or their derivatives are significantly less studied at high-
pressures than amino acids and peptides.15–20 Nucleic bases
and nucleosides were studied mostly by vibrational spectro-
scopy, whereas only one X-ray diffraction study has been
reported.15 Fourme et al. have investigated the behavior of
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the dĲGGTATACC) oligonucleotide in the range from ambient
pressure to 2 GPa. It was shown that the oligonucleotide un-
dergoes remarkable adaptation to high pressure. Such struc-
tures could withstand not only the pressure in the deepest
sea trenches but also much higher pressures found in the
Earth's interior or in the context of rare events such as the
impact of a meteorite. Above 1.6 GPa, the compressibility of
the oligonucleotide was negative because of super-hydration,
i.e. incorporation of extra water molecules into the crystal
structure, in line with a similar phenomenon found in po-
rous structures, like zeolites compressed in penetrating
pressure-transmitting media.21–23

Pressure-induced phase transitions at 4–4.5 GPa have
been reported for adenosine,16 deoxyadenosine,19 cytidine,17

and deoxycytidine.18 These transitions are believed to in-
volve changes mainly in the sugar ring. Moreover, from a
comparison of the data for adenosine16 and
deoxyadenosine,19 authors have concluded that deoxyribose
is more “flexible” than ribose and, as a result, DNA exhibits
conformational flexibility. A high-pressure infrared and Ra-
man spectroscopy study of DNA nucleobases was reported
recently.20 It was shown that all these nucleobases (adenine,
guanine, cytosine, and thymine) undergo a phase transition
near 2–3 GPa. The reported results are of obvious interest,
but additional studies using single-crystal X-ray diffraction
are necessary.

Among all the nucleobases, guanine and its analogues are
of special importance. Guanine is a purine base present both
in DNA and RNA.24 In addition to this, guanine plays a major
role as a structural constituent of second messenger cGMP.25

It has been suggested in an earlier work26 that studies of the
crystal structures of guanine hydrates can provide significant
information on the interactions of water with guanine and its
role in DNA mutations.27–29

A unique feature of guanine is the ability of the repeat
tracts of guanine bases to form tetraplex structures (G-
quadruplexes) in the presence of a variety of monovalent
cations. In both DNA and RNA, stretches of guanine bases
can form stable four-stranded helices in the presence of so-
dium or potassium ions.30 Evidence suggests that guanine
tetraplexes have important functions within chromosomal
telomeres, immunoglobulin switch regions, and the human
immunodeficiency virus genome.31,32 Guanine tetrads have
been proposed as building blocks for molecular nanowires
for nanoelectronics.33 Lipophilic helical G-quadruplexes
were studied as artificial ion channels.34 The effect of pres-
sure on the guanine tetraplexes in the presence of various
cations and small molecules like urea and trimethylamine
N-oxide has been studied in solutions in relation to the
adaptive mechanisms of deep sea organisms.35,36 Pressure
control of fluorescence emission of thiazole orange (TO) on
human telomeric G-quadruplex DNA (h-telo) has been dem-
onstrated to develop a novel DNA nanotechnology, namely
a new logic gate system using pressure changes.37 The
structure of a parallel-stranded tetraplex was shown to be
stabilized by sodium cations. Sharply resolved sodium cat-

ions were found between planes of hydrogen-bonded
guanine quartets, and an ordered groove hydration was
observed.31

To model the effect of pressure on the guanine species
in the presence of sodium cations and water molecules we
have selected disodium 2-amino-6-oxo-6,7-dihydro-1H-purine-
1,7-diide heptahydrate. This salt forms single crystals suit-
able for X-ray diffraction. The structure of this compound
has been previously studied by single-crystal X-ray diffrac-
tion at ambient pressure (CCDC Refcode YOZPEK).38 It con-
sists of alternating double layers of guanine anions and hy-
drated Na+ cations,38 so that well-ordered sodium cations
and water molecules are located within slit ion channels
with guanine walls.

Experimental
Samples

The crystals of disodium 2-amino-6-oxo-6,7-dihydro-1H-
purine-1,7-diide heptahydrate were synthesized by slow evapo-
ration of aqueous solutions containing guanine (Sigma-Al-
drich) and an excess amount of sodium hydroxide (pH ∼ 14)
at room temperature.38 Unfortunately, crystals were prone to
form twins and druses. The crystals were unstable under am-
bient conditions, losing water easily. Therefore, a crystal re-
moved from solution was coated with oil, to avoid complete
crystal dehydration.

High pressure generation and measurement

Hydrostatic pressure was generated in diamond-anvil cells
(DAC) of ‘Almax–Boehler’ type without beryllium backing
plates39 with either natural diamonds (suitable both for X-ray
diffraction and for Raman experiments) or with synthetic dia-
monds (suitable for X-ray diffraction only). Either paraffin
(ROTH GmbH, hydrostatic limit ∼2 GPa) or a 1 : 1 stoichio-
metric pentane–isopentane mixture (hydrostatic limit 7 GPa)
was used as a pressure-transmitting medium.40 Since penta-
ne and isopentane boil at 309 and 301 K, respectively, a spe-
cial chamber was used to facilitate the DAC loading.41 The
ruby fluorescence method was used for pressure calibra-
tion,42,43 with a precision of 0.05 GPa.

Single-crystal X-ray diffraction

Data were collected using an Oxford Diffraction Gemini R Ul-
tra X-ray diffractometer with a CCD area detector and Mo Kα
radiation.

Diffraction data for a free crystal (with a size of 0.23 × 0.06
× 0.05 mm) used in subsequent DAC loading with the penta-
ne–isopentane mixture were collected without a DAC at a
MiTeGen polymer sample holder.

The initial crystal structure model for refinement was
taken from single-crystal diffraction data under ambient con-
ditions (CCDC 1049453, Refcode YOZPEK).38 The following
software was used: CrysAlis PRO 1.171.38.43d44 for data
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collection, cell refinement, and data reduction; SHELXL-
2018/345 and ShelXle46 for structure refinement.

Preliminary experiments were carried out in the pressure
range of 0.2–1.9 GPa using paraffin as a pressure transmit-
ting medium. The sample was not a single crystal, but a
multi-twin crystal. The data reduction was carried out using
only one orientation matrix. However, the quality of data
was not high enough to refine the atomic coordinates with
high precision. Therefore, we do not present here the full
data for the single crystal X-ray diffraction experiments car-
ried out in paraffin, and report only the changes in unit cell
parameters. A better set of diffraction data could be
obtained from a better crystal in the pressure range of 0–2.5
GPa using pentane–isopentane (1 : 1) as pressure transmit-
ting media. In general, the results obtained in the two se-
ries of experiments with the two pressure-transmitting me-
dia agreed well, with the data obtained with pentane–
isopentane being of higher quality.

Absorption of X-rays with the sample for a free crystal
was taken into account using CrysAlis PRO44 (analytical ab-
sorption correction). Absorption of X-rays with the dia-
monds and the sample in high-pressure experiments was
taken into account using ABSORB7 (Gaussian absorption
correction).47 The reflections from the sample which
overlapped with diamond and gasket reflections were ex-
cluded manually.

For the free crystal all non-H atoms were refined in an
anisotropic approximation. H-Atom parameters in the CH
group were constrained using AFIX 43 with UisoĲH) =
1.2UeqĲC), and those in the NH2 group were constrained
using AFIX 93 with UisoĲH) = 1.2UeqĲN). H-Atoms belonging
to water molecules were refined freely. For high pressure
data, all non-H atoms were refined in isotropic approxima-
tion. H-Atom parameters in the CH group were constrained
using AFIX 43 with UisoĲH) = 1.2UeqĲC), and those in the
NH2 group were constrained using AFIX 93 with UisoĲH) =
1.2UeqĲCN). H-Atoms belonging to water molecules were not
recognized and not refined.

Mercury 3.1048 and Vesta49 were used for structure visuali-
zation and analysis. STRAIN50 was used to calculate the
anisotropy of lattice strain.

Raman spectroscopy

Raman experiments were performed for the sample loaded in
paraffin in parallel with X-ray diffraction, to obtain additional
information. Raman spectra were recorded using a LabRam
HR 300 spectrometer from HORIBA Jobin Yvon with a CCD
detector. For spectral excitation a 488 nm line of an Ar+ laser
was used with a beam size of ∼1 μm at the surface of the
sample and a power of ∼8 mW. All data were collected using
a Raman microscope in a backscattering geometry. The spec-
tral resolution was ∼2 cm−1. At each pressure point (up to 2.5
GPa), after X-ray diffraction data collection, a Raman spec-
trum without polarization of scattered beam was recorded be-
sides pressure point at 1.9 GPa, after which the pressure in

the DAC was increased and Raman spectra measurement was
repeated at the next pressure point. A number of spectra were
recorded on pressure release. A Raman spectrum for the free
crystal was also recorded.

Results and discussion

Details of data collection for the sample in paraffin are
summarized in Table S1.† Details of data collection, struc-
ture solution and refinement for the sample in pentane–
isopentane are summarized in Table S2.† The data on the
crystal structure at ambient pressure agreed well with previ-
ously reported results.38 Structural data are deposited at the
Cambridge Structural Data Center (Refcodes CCDC
1904141–1904147).

The asymmetric unit with the immediate contacts (hy-
drogen bonds) is plotted in Fig. 1. The crystal structure of
the guanine sodium salt hydrate can be described as a se-
ries of parallel slit channels with the walls formed from
double layers of guanine anions and the inner part filled
with sodium cations of two different types and water mol-
ecules (Fig. 2). There are no hydrogen bonds between gua-
nine anions. This contrasts with the guanine species in
many biological structures, as well as anhydrous gua-
nine51,52 or guanine monohydrate,53 but resembles (in this
respect) some other salt hydrates, e.g. guaninium dinitrate
dihydrate.54

The neighbouring guanine anions are located in the
planes parallel to each other, to form dimers shifted with re-
spect to each other along the [011] direction (Fig. 2b and 3a).
The distances between the planes, in which the neighbouring

Fig. 1 The asymmetric unit of disodium 2-amino-6-oxo-6,7-dihydro-
1H-purine-1,7-diide heptahydrate with the immediate contacts
(hydrogen bonds). The numbering of atoms is the same as in CIF for
CCDC 1049453 based on a previous publication.38 Dotted blue lines
show hydrogen bonds. The numbering of hydrogen bonds is the same
throughout the text.
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guanine anions are located, are equal at ambient pressure to
3.474 Å (I) and 2.014 Å (II) (Fig. 3). There are two symmetry
related systems of parallel planes. For comparison, in the
structure of the guanine monohydrate all the guanine mole-
cules are stacked along the c axis with an interplanar spacing
of 3.30 Å.53 The base-pair spacing in the DNA of A and B
types is equal to 2.925 Å and 3.35 Å, respectively.15 Sodium
cations and water molecules are ordered and are involved in
multiple directional interactions with each other (Fig. 4 and
Tables S3 and S4†). The OH⋯O and OH⋯N hydrogen bonds
of different types link water molecules with each other and
also to the guanine anions (Fig. 1 and Table S5†). Trial exper-
iments on hydrostatic compression were carried out with par-
affin as a pressure-transmitting fluid. The changes in unit
cell parameters and volume were continuous until ∼2.4 GPa
(Fig. S1†). In the range between 1.9 and 2.4 GPa stripes
appeared on the crystal surface, although the crystal shape
was preserved (Fig. 5a). The diffraction pattern changed: the
reflections split, suggesting that the single crystal was
destroyed, to form several domains. The Raman spectra also
changed, confirming that a phase transformation took place
(Fig. 6). The lattice parameters at 2.4 GPa were refined; how-

ever, the Rint value was high (37.6%), and reliable intensity
measurement was not possible, therefore atomic coordinates
could not be found. After pressure release the crystal was
non-transparent and its diffraction pattern remained very
poor; the Raman spectra indicated that the phase transition
was structurally reversible, although accompanied with crys-
tal disintegration.

Since the phase transition point practically coincided with
the hydrostatic limit of paraffin, it could be supposed that

Fig. 2 (a) The crystal structure viewed down the c axis, showing the
alternating layers of guanine anions and hydrated sodium cations. (b) A
view down the a axis showing the herringbone crystal packing motif,
including edge-to-face interactions between the guanine anion di-
mers. Numbers 1–3 show the direction of the corresponding axes of
the strain ellipsoid (1 is the direction of minimum compression, 3 is the
direction of maximum compression, 2 is normal to the plot).

Fig. 3 (a) Alternating planes corresponding to the neighbouring
guanine anions. Numbers I and II indicate long and short distances
between the planes, respectively. (b) Distances between guanine rings;
(c) relative changes of these distances.
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the phase transition was facilitated by shear stresses. In order
to test if a phase transition occurs also under hydrostatic
compression, we have carried out the second experiment with
a 1 : 1 stoichiometric pentane–isopentane mixture (hydro-
static limit 7 GPa). The dependence of unit cell parameters
and volume on pressure agreed reasonably well with that ob-
served in the experiments with paraffin (Fig. S1†). A phase
transition did occur also in this medium, though at a pressure
slightly higher than that in the experiments with paraffin (be-
tween 2.5 and 2.8 GPa). The crystal habit did not change
(Fig. 5b), but the crystal became opaque, and the X-ray diffrac-
tion pattern deteriorated drastically; the single-crystal reflec-
tions disappeared and only fragments of powder rings could
be observed. A number of powder ring fragments became visi-
ble on the last runs of the data set collected at 2.5 GPa.

The volume decrease on compression from 1 atm to 2.5
GPa was ∼10.9%. The compression was strongly anisotropic
(Fig. 2 and 7): a minimum linear compression (close to zero)
was observed normal to the slit channels, whereas the com-
pression within the layers of the slit channels was higher,
with a maximum linear compression (−6.5% on the pressure
increase from 1 atm to 2.5 GPa; −2.6% GPa−1) – along the b
axis, i.e. along the axis of a channel (Fig. 2a and 7). For com-
parison, the typical values of relative volume change that
have been reported earlier for crystalline amino acids are
about −5% GPa−1 (−1% GPa−1 for proteins), and crystal struc-
tures often undergo phase transitions, when the volume de-
crease without a phase transition can be ∼3.5–15% and even
larger (20–30%) for such robust structures as α-glycine or
DL-serine.2,9,11–14

The effect of pressure on various types of intermolecular
interactions in the crystal structure is remarkable. The dis-
tances between the planes, in which the guanine anions were

Fig. 4 (a) A fragment of the unit cell showing Na⋯O distances and
selected angles. The numbering of bonds and angles is the same
throughout the text. (b) Selected angles vs. pressure. (c–e) Distances
between Na and O atoms vs. pressure.

Fig. 5 Photos of the crystals in paraffin (a) and pentane–
isopentane (b).
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located, became more equal on compression, with the longer
one shortening and the shorter one expanding (Fig. 3). The
relative changes in these distances were +0.09 Å GPa−1

(+4.34% GPa−1) for the short one and −0.09 Å GPa−1 (−2.65%
GPa−1) for the long one. For comparison, the distances be-
tween the nucleotide heterocycles in the crystalline models of
the DNA A and DNA B changed on compression at −0.11 Å
GPa−1 and −0.15 Å GPa−1 (−3.74% GPa−1 and −4.48% GPa−1),
respectively.15 Interestingly, the crystal structures of the
dĲGGTATACC) oligonucleotide mimicking the DNA A and
DNA B fragments collapsed at pressures ∼2 GPa (similar to
this work), when the base-pair spacing reached 2.75 Å and
3.35 Å.15 The decrease in the differences in the distances be-
tween the neighbouring atoms or molecular fragments is often
observed with increasing pressure; extension of selective indi-
vidual bondsmakes it possible to achieve a closer packing of all
the chemical species in a crystal structure and in this way, to
minimize the free energy of the system as a whole.4,55–62

The topology of the Na+–water clusters in the inner space
of the slit channels (Fig. 4a) did not change with increasing
pressure, though the Na+–OH2 distances and the Na+–O–Na+

angles changed significantly (Fig. 4b–e and Tables S2 and S3
and Movie S1 in the ESI†).

Among several types of OH⋯O and OH⋯N hydrogen
bonds, only two practically did not change with increasing
pressure, namely the hydrogen bonds connecting the guanine
walls with the intra-channel water molecules (Table S5† and
Fig. 1 and 8).

The changes in the interactions with increasing pressure
manifested themselves in the Raman spectra (Fig. 6). The
phase transition is clearly visible in the pressure range be-
tween 1.3 and 2.5 GPa. The most pronounced discontinuous
changes are related to low-wavenumber translation and libra-
tion bands (50–200 cm−1). The strong intensity decrease and
significant broadening of the bands indicate discontinuous
lattice distortion. At the same time the high-frequency region
of the Raman spectra shows a clear jump of ν(OH) frequen-
cies from 3400 to 3380 cm−1 indicating that the distance

Fig. 6 Raman spectra of the title salt at multiple pressures (0.3–2.5
GPa – increase of pressure, 2.5–0.6 GPa – decrease of pressure). The
band from media is indicated by an asterisk (*).

Fig. 7 Linear strain in the directions of the principal axes of the strain
ellipsoid for the title salt. 1 is the direction of minimum compression, 3
is the direction of maximum compression.
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between the donor and acceptor atoms in the hydrogen
bonds formed by water molecules became shorter. This sug-
gests that these hydrogen bonds became stronger, or even
protonation of the guanine dianion at the cost of a hydrogen
atom of one of the water molecules occurred. This could be
confirmed with the appearance of characteristic N–H
modes, but according to ref. 20 they should be active only
in the IR-spectra. This leads to further stabilization and
hardening of the hydrogen-bonding network within the
Na+–water clusters. In this case the irreversible crystal disin-
tegration can be explained by the fact that a large deforma-
tion of Na+–water clusters within the layers does not match
the structural changes in the layered walls formed by the
guanine moieties which are only weakly bound by non-
covalent interactions. In the spectrum of the low-pressure
phase this band does not shift with increasing pressure
from 0.3 to 1.3 GPa, while most of the bands slightly shift
to higher wavenumbers (indicating that the distances be-
tween atoms, which are not involved in hydrogen bonding,
became shorter). The Raman spectra at 1.9 GPa were not
recorded. However, the trend of ν(OH) vibration frequency
changes at pressures up to 1.3 GPa did not suggest that a
dramatic change could occur at 2.5 GPa, if no phase transi-
tion took place. The band splitting of the C–H in-plane
bending (1197 cm−1 at 1.3 GPa, 1195 cm−1 and 1205 cm−1 at
2.5 GPa) and C–NH2 stretching (1235 cm−1 at 1.3 GPa, 1240
cm−1 and 1246 cm−1 at 2.5 GPa) modes accompanying the
phase transition may be a sign of crystal symmetry lower-
ing. The jumpwise changes in the interactions between the
guanine anions manifest themselves additionally by discon-
tinuous changes in the intramolecular vibrations of guanine
anions on phase transition. The most pronounced changes
are detected for ν(C–H) (from 3081 to 3134 cm−1) and
ν(CC) (from 1553 to 1563 cm−1).

The phase transition in this pressure range is also in
agreement with the X-ray diffraction data. The structural
rearrangement appeared to be large enough to cause the

crystal fragmentation. The structural changes were only
partly reversible on decompression; this manifested itself
in the broadening of the Raman bands that were pre-
served on pressure release even at 0.6 GPa, even though
the positions of the bands on decompression were re-
stored as they were in the initial crystal before the pres-
sure increase. This irreversible broadening of all Raman
bands can be attributed to the crystal fragmentation,
partly irreversible phase transition, or rather partial
disordering/amorphization.

The above mentioned changes in the Raman spectra indi-
cate that the phase transition is partially reversible, but is ac-
companied by crystal disintegration, and possible symmetry
lowering.

These observations suggest that the layered crystal struc-
ture of this hydrated sodium salt of guanine is in fact stabi-
lized by the interactions between the guanine host “double
walls” and the well-structured sodium cation–water guests
filling the slit channels. Such a structure withstands pres-
sures up to 2–3 GPa and can be compressed to ∼90% of its
initial volume before a significant structural rearrangement
occurs.

Conclusions

The importance of various systems containing guanine frag-
ments is so enormous that hundreds of publications are ded-
icated to their theoretical and experimental studies in vivo
and in vitro in solutions, as well as in the crystalline state.
Still, the “enigma of guanine”, the “guanigma”51 is far from
being solved. Studies of relatively simple systems, such as the
sodium salt hydrate discussed in this work, can shed addi-
tional light on the interactions in which guanine is involved,
in relation to their optical properties, ionic transport and
structural stability to external stimuli like temperature or
pressure variations. Other multicomponent crystals with dif-
ferent packings of guanine moieties containing (in addition
to guanine) various alkali metal cations, as well as other com-
ponents can be of interest for biological modelling or for
tuning optical properties.
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