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Abstract

Osmolytes, the small organic molecules accumulated in cells under environmental stress, can
modulate the stability of biopolymers such as proteins and DNA. In spite of many years of research,
there is no established molecular mechanism of the influence of osmolytes on DNA structure. Here,
we used two model osmolytes that denature (urea) or stabilize (trimethylglycine, TMG) proteins to
study their effect on DNA in aqueous solutions using a combination of spectroscopic, calorimetric
and simulation methods. We found that both urea and TMG dehydrate DNA and shift the
conformational equilibrium from B- to A-DNA form, despite different solvation properties. The
isolated vibrational spectra of osmolytes and analysis of preferential accumulation indicate a lack
of direct specific interaction with DNA in ternary solutions. Besides the influence of TMG and
urea on DNA hydration, we studied and analyzed the orientational and spatial distribution of
osmolytes around DNA. Analysis of hydrogen bonds and theoretical calculations of interactions
with native and denatured DNA show strong negative interactions with bases of dissociated DNA:
while TMG preferentially interacts with guanine, urea interacts equally strongly with all bases.
This high affinity of both TMG and urea towards DNA bases appears to be the cause of their
denaturing properties.

1 Introduction

The ability to adjust both the osmotic pressure and the stability of biomacromolecules to changing
environmental conditions is crucial to the survival of many living organisms. It can be achieved by
intracellular accumulation of osmolytes – small organic molecules are known to perturb the folding
equilibrium of proteins and nucleic acids. Based on chemical and structural properties, naturally
occurring osmolytes can be divided into three groups: (i) polyols, e.g. glycerol or mannitol; (ii) amino
acids and their derivatives, e.g. taurine or β-alanine; and (iii) urea and methylamines, e.g. TMAO,
TMG(65; 30; 64; 66; 40). Most commonly, though, osmolytes are divided according to their impact on
protein stability, with some shifting the folding equilibrium toward the native form (stabilizing, e.g.
betaine) and some toward the unfolded form (destabilizing, e.g. urea). While a number of theories
exist to explain the stabilizing and destabilizing effects of osmolytes on proteins, these are usually
not directly transferable to the case of nucleic acids, as highlighted by the fact that some protein-
stabilizing osmolytes destabilize the double helix of DNA. It therefore remains unclear whether the
folding equilibrium of DNA is perturbed by direct interactions between solvent and the DNA molecule,
or indirectly, by osmolyte-water interactions that modify the properties of the solvent(11; 9; 42; 48;
7; 25; 47; 31). Yet, knowledge of the mechanisms governing the effect of solvent on DNA stability
is of great practical importance due to applications in genetic engineering and biotechnology such as
enhancement of GC-rich template amplification or prediction of stability of secondary DNA structures
across a range of experimental conditions.

DNA exhibits significant conformational variability, and among the major factors determining the
relative stability of individual secondary structures are the interactions between the solvent and the
DNA molecule. These interactions also contribute to the variability of DNA function, including the
binding of various ligands(56; 62; 49; 14; 32; 38). Of particular interest is the tendency to change
the conformation from A-DNA to B-DNA depending on water activity(50; 19). Studies using infrared
and UV spectroscopy have shown that full hydration of DNA molecule is essential to maintain the
integral structure of the DNA, and that decreasing the relative humidity results in improper alignment
of base pairs in the helix(17). In addition, the tendency to form A- or B-DNA is highly sequence-
dependent, suggesting that the final secondary structure is dictated by an intricate interplay of subtle
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contributions(27; 61; 29; 39).
While water is key to the stabilization of biologically active DNA structures, osmolyte molecules

are known to disturb spatial arrangement and the interaction patterns of water molecules, causing
water to manifest altered physicochemical properties – such as lower activity – than in its pure state.
In consequence, both decreasing the relative humidity during crystallographic experiments(19; 2; 44)
and addition of organic cosolvent or salt(26; 45; 41; 20) were similarly found to preferentially stabilize
A-DNA.

To investigate the molecular mechanism underlying this conformational shift, in this study we chose
representatives of two groups of osmolytes believed to modulate the stability of biomacromolecules in
solution in different ways. TMG was selected from the group of peptide stabilizing osmolytes, which
are mostly excluded from the peptide surface, therefore interacting through water molecules. Urea
was chosen as a model of the peptide denaturant, that mostly acts by forming direct interactions with
the biopolymer. These two modes of action – by affecting of water having changed properties due
to presence of the solute and by direct interactions with the solute, also termed as “indirect” and
“direct” – are an important distinguishing feature in the context of the dominant theory of osmolytic
influence on peptides in solution(11; 9; 42; 48; 7; 25; 47; 31). The mentioned distinction entails also
thermodynamic consequences (primarily of the entropy nature), which are often considered as the main
factor controlling the folding/unfolding equilibrium of peptides(13; 22; 3; 52). However, it is known
that both TMG and urea exert a similar effect on DNA, reducing its stability and accelerating the
denaturation of the double helix, hinting at a more intricate mechanism at play(39; 5; 4; 53; 46; 54).

This work aims to explain this destabilizing effect by establishing a connection between the struc-
tural, thermodynamic and spectroscopic properties of DNA and the molecular interactions of TMG and
urea with DNA in aqueous solutions. Well-known, and easy accessible Calf Thymus DNA (ctDNA)
was chosen for experimental studies. FTIR spectroscopy and calorimetry, as well as molecular dy-
namics simulations, were utilized to obtain a complementary description of osmolyte-induced DNA
denaturation. In particular, FTIR vibrational spectra along with the simulational analysis of geo-
metric determinants of DNA allowed us to establish how osmolytes affected the secondary structure
of DNA. We have shown in the Supplementary Information section S.1 that addition of phosphate
buffer and sodium chloride exerts a strong effect on ctDNA. The presence of the buffer influences the
melting temperature much strongly than osmolytes studied in this work. Furthermore, the shape of
the thermogram of ctDNA denaturation in the buffer is changed significantly relative to the thermo-
grams in the water and in the buffer solution, pointing to a different mechanism of DNA influence. To
avoid complications in this already complex system and avoid darkening the image of interactions and
influence of studied osmolytes on DNA, we did not use a buffer in our investigations.

2 Experimental and Theoretical Methods

2.1 Materials

Calf thymus double-stranded DNA (ctDNA, Sigma), N,N,N-trimethylglycine (TMG, betaine glycine,
99%. Fluka), urea (98%, Sigma), sodium chloride (NaCl ≥ 99%, POCh) and tetrabutylammonium
chloride (TBACl ≥ 99%, Sigma) were used as supplied. The deionized water of κ=0.08 µS·cm−1 was
used for the preparation of all solutions and for all measurements. Studies described in this paper
were conducted in the aqueous environment without a buffer, which is justified in the Supplementary
Information section S.1

2.2 FTIR spectroscopy.

Solutions of urea were prepared in deionized water in the range of 0.0 - 7.0 mol·dm−3 and were later
used to dissolve appropriate weighted amounts of ctDNA to obtain a concentration of 80 mg·mL−1.
Similarly, solutions of TMG were prepared in deionized water in the range of 0.0 - 3.5 mol·dm−3

and were later used to dissolve ctDNA to its final concentration of 80 mg·mL−1. The concentration of
ctDNA was the lowest possible concentration allowing to obtain signal intensity sufficient for its further
evaluation and interpretation. At the same time concentration of both osmolytes covers their solubility
range in water. ctDNA solutions were incubated for 24 hours at 4◦C to allow for full dissolution of
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ctDNA. All solutions have been prepared by weight and their densities were measured using Anton
Paar DMA 5000 densitometer at 25.000 ± 0.001◦C.

FTIR spectra of water solutions of ctDNA, osmolytes, and mixtures were recorded on a Nicolet
8700 spectrometer (Thermo Electron Co.). For each spectrum, 256 or 512 scans were made with a
selected resolution of 2 cm−1 within the range of 550–4500 cm−1. The attenuated total reflection
(ATR) technique was applied for measurements of DNA and DNA-osmolyte solutions. The Golden
Gate ATR accessory (Specac Inc.) was used, equipped with a single-reflection diamond crystal. Dur-
ing measurements, the temperature was kept at 25 ± 0.1◦C using an electronic temperature controller
(Specac Inc.). The spectrometer’s EverGlo source was in ”turbo” mode during measurements. The
spectrometer and ATR accessory were purged with dry nitrogen to minimize water-vapor contami-
nation of the spectra. All ATR spectra were water and vapor-subtracted, ATR-corrected using an
advanced ATR correction algorithm (part of the OMNIC software) and smoothed with a 9–13-point
Savitzky-Golay filter.

Isolation of the spectra of ctDNA affected by osmolytes and spectra of osmolytes affected by
ctDNA was carried out analogously to the procedure described in detail in references(10; 12; 11). All
affected spectra were normalized, which means that analyzed bands were reduced to a surface area
equal to 1. Normalization was necessary due to differences in concentrations of studied individuals
within one measurement series. This allowed to analyze the differences in the shape and position of
bands resulted from the DNA-osmolyte interaction. All calculations were performed in Matlab 2010
environment (MathWorks. Inc.) using custom scripts and a commercially available script for spectra
isolation algorithm (part of Factor Analysis Toolbox, Applied Chemometrics. Inc.), based on the
published Malinowski’s algorithm(34; 35).

2.3 Differential Scanning Calorimetry (DSC)

Solutions of urea were prepared in deionized water in the concentration range of 0.000–0.084 mol·dm−3

and were later used to dissolve appropriate weighted amounts of ctDNA to obtain a concentration of
1 mg·mL−1. Solutions of TMG were prepared in deionized water in the concentration range of 0.000–
0.042 mol·dm−3. They were later used to dissolve ctDNA to its final concentration of 1 mg·mL−1.
The concentration of osmolytes was prepared so as to obtain an appropriate ratio of the number of
test compound molecules to the number of phosphate groups in the ctDNA solution after titration.
These proportions were selected to keep the experimental conditions of FTIR spectroscopy tests. The
concentration of 1 mg·mL−1 of ctDNA was eighty times smaller than the concentration used in the
FTIR spectroscopy experiments, however it was the highest concentration that could be applied using
DSC apparatus. Keeping in mind the difference in concentrations in both types of experiments, for the
DSC measurements osmolytes concentration was lowered accordingly (eighty times). ctDNA solutions
were incubated for 24 hours at 4◦C to dissolve the DNA. All solutions have been prepared by weight.

Calorimetric measurements were carried out with use of the Nano-Differential Scanning Calorimeter
III (TA Instruments). It was equipped with two capillary cells with the capacity of 0.33 mL. The
reference cell contained an aqueous solution of osmolyte, and the reaction cell contained ctDNA in
an aqueous solution of osmolyte. Scanning was carried out in the temperature range of 10–100◦C at
the rate of 1◦C per minute, at a constant pressure of 3 atmospheres. Data was collected using Nano
DSC Run 4.0 (TA Instruments) and analyzed with NanoAnalyze 2.1 (TA Instruments). Calorimetric
measurements yielded melting curves of ctDNA in water-osmolyte mixtures. The average ctDNA
melting temperature was determined as a location of center of gravity of surface area under thermogram
curve.

2.4 Isothermal Titration Calorimetry (ITC)

Solutions of urea and TMG were prepared in deionized water. The concentration of osmolytes was
prepared so as to obtain an appropriate ratio of the number of test compound molecules to the number
of phosphate groups in the ctDNA solution after titration. These proportions were selected to keep the
experimental conditions of FTIR spectroscopy tests. Solutions of ctDNA were prepared in deionized
water to obtain a concentration of 1 mg·mL−1. DNA solutions were incubated for 24 hours at 4◦C
to dissolve the DNA. All solutions have been prepared by weight. Solutions of auxiliary compounds,
NaCl and TBACl, were prepared in deionized water so that the number of substance molecules in a
solution corresponded to the number of phosphate groups of ctDNA in the sample solution.
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The calorimetric measurement was carried out with use of the Nano-Isothermal Titration Calorime-
ter III (Calorimetry Sciences Corp.). It was equipped with two measuring cells with the capacity of
1 mL. The reference cell contained pure water, while the reaction cell contained an aqueous solution
of the tested substance. Osmolyte solution was titrated using a precise burette with a capacity of 250
µL. Measurements were carried out at a constant temperature of 25◦C. Solution aliquots were auto-
matically dosed with a capacity of 10 µL every 300 seconds. The reaction mixture was stirred at 250
rpm. Data was collected using Nano DSC Run 4.0 (TA Instruments) and analyzed with NanoAnalyze
2.1 (TA Instruments). The pH of all solutions was controlled by a pH-meter from Schott, equipped
with a glass microelectrode.

An ITC calorimeter measures the global thermal effect which accompanies the mixing of solutions
of two reagents: titrant and analyte. The global thermal effect consists of a number of different
contributions. In addition to enthalpy changes associated with ’breaking’ of old and ’formation’ of
new bonds, the global effect is also influenced by dilution enthalpy and enthalpy of mixing, the latter
dependent on differences in pH, concentration, and temperature between both solutions. Accordingly,
the heat of examined processes has been estimated on a basis of series of titration experiments described
in SI section S.2.

2.5 Molecular systems and simulations procedure

Initial coordinates of a 16-bp long double-stranded B-DNA helix with 5’-AGTCTAACTTGCATCT-
3’ sequence were generated using the X3DNA program(15). In all systems, DNA was solvated with
TIP3P water molecules(28) and a proper number of osmolyte molecules in a dodecahedral 6.62 nm ×
6.62 nm × 6.62 nm box. 14 different solutions were simulated: the osmolyte-free system, for TMG,
the concentrations ranged from 1.0 to 3.5 M every 0.5 M; for urea, an additional concentration of 5.0
M was also used (see Table S1 in SI for detailed compositions of the individual systems). 30 sodium
ions were added to neutralize the charge of the DNA backbone. The CHARMM27 force field(18) was
used for DNA and ions. The force field parameters for urea were taken from the CHARMM General
Force Field (CGenFF) (60) and for betaine we used the previously validated parameter set obtained
by analogy from the CHARMM parameters for phospholipid headgroups (trimethylammonium group
from phosphatidylcholine; carboxylic group from phosphatidylserine)(1).

All MD simulations were ran using Gromacs 4.6.5(24) in the NPT ensemble with the reference
temperature and pressure of 300 K and 1 bar, respectively. Periodic boundary conditions were applied
in 3D, and electrostatic interactions were calculated using the particle mesh Ewald (PME) method
with a real-space cutoff of 1 nm and a Fourier grid spacing of 0.1 nm. A cut-off of 1 nm was used for
Lennard-Jones interactions. Bond lengths were constrained using P-LINCS(23) for DNA and osmolytes
and SETTLE(37) for water. The equations of motion were integrated using the leap-frog algorithm
with a 2 fs time step. The total simulation time for each systems was 1 µs.

To prepare denatured states of DNA for all systems, the two strands of DNA were forced to dissoci-
ate over 500 ns by applying an external harmonic potential (with the force constant of 2092 kcal/(mol·nm2))
to the collective variable defined as the minimal distance between all phosphate groups from two indi-
vidual strands (see Equ.1 in SI section S.3). A fully dissociated state was achieved when the minimal
distance exceeded value of 2 nm, after which the systems were subject to 1 µs equilibrium MD simu-
lation with the condition MinDist ≥ 2 nm. This procedure was carried out using the PLUMED 2.0
plugin(57) coupled to Gromacs 4.6.5.

The GC content in the model DNA molecule (without taking into account 3’ and 5’ terminal bases)
corresponds to the mean GC content of ctDNA ( 40% GC, 60% AT). The terminal bases have been
omitted from our analyses because of the unrealistic effects of solvation on the fraying ends of the
double helix.

3 Results and Discussion

3.1 ctDNA structure affected by osmolytes

By analyzing the perturbed IR spectra of DNA in different solvent conditions, one can observe changes
in frequencies and intensities of specific vibrational modes in the DNA molecule, obtaining valuable
information on the strength and type of solute-solvent interactions molecules, as well as changes in the
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local geometry of the DNA helix. Within the spectral region between 1270 and 900 cm−1, we analyzed
four bands characteristic for dsDNA centered at 1222, 1086, 1053 and 970 cm−1, corresponding to
antisymmetric PO2− stretching, symmetric PO2− stretching and sugar bond C-O stretching as well
as C-C stretching vibrations in the DNA backbone, respectively. Series of isolated and normalized
spectra of ctDNA are presented in Fig. 1.

The band at 1222 cm−1 is the main marker of the B form of DNA. In the highest concentration
of TMG used in this study (3.5 M), the band is shifted by about 8 cm−1 toward higher wavenumbers.
TMG also affects band intensity, with the nonlinear dependence on osmolyte concentration (inset in
Fig. 1A) indicating that the mechanism of TMG impact on ctDNA is complex and could be divided into
concentration-dependent stages. Similarly, in urea solutions, this band broadens and shifts towards
higher frequencies (about 5 cm−1 for the highest concentration of urea) compared to ctDNA in a pure
aqueous solution. While the presence of urea also changes the intensity of absorption of the 1222 cm−1

band in a non-linear fashion, the shift is monotonous and saturates at high concentration.
Quite different trends are found for the bands at 1086 cm−1 and 1053 cm−1, where increasing the

concentration of TMG results in a linear decrease of band intensity, additionally shifting the band at
1053 cm−1 towards higher wavenumbers. The addition of urea only slightly affects the intensity of
bands in the 1150 - 980 cm−1 region, indicating that this region is almost insensitive to the presence
of urea in solution. Despite the minor observable changes, bands at 1086 and 1053 cm−1 are the least
altered by the presence of osmolytes compared to the other two regions.

Figure 1: Infrared absorption spectra of calf thymus DNA in aqueous solution in the presence of (A)
TMG (12) and (B) urea in three selected regions (without osmolyte - red line, with osmolyte - black
line). The insert shows the band intensity as a function of osmolyte concentration.

Finally, under the influence of TMG in DNA solution both intensity and breadth of the 970 cm−1

band decrease, with the peak shifting towards lower wavenumbers. Urea shifts the maximum in a
similar manner but the absorption intensity first decreases and then increases after reaching a certain
cosolvent concentration.

According to Falk(17), two effects might be observed during the hydration of DNA: narrowing
of selected bands in studied region and change in their frequency. Typically, increasing humidity
of DNA shifts the bands at 1222, 1086 and 1053 cm−1 towards lower wavenumbers, while shifting
the band at 970 cm−1 to higher wavenumbers. Therefore, the broadening of bands and the specific
peak shifting pattern observed in our case can be explained as dehydration of DNA. Consequently, it
can be assumed that increasing the osmolyte concentration causes progressive dehydration of DNA.
Moreover, conformation of DNA is known to depend on the relative humidity of DNA(58). While
A-DNA conformation prevails in solution at a relative humidity above 75%, the formation of B-DNA
requires a relative humidity of 92%. This strongly suggests that the addition of osmolytes to solution
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causes dehydration of DNA, resulting in a transition from the B to A form. In extreme cases, the
macromolecule might undergo full denaturation.

3.2 Osmolyte - ctDNA affected spectra

While discussing the impact of osmolytes on DNA it is necessary to clearly distinguish between variation
of parameters of oscillation band in DNA spectrum and participation of DNA structure perturbation
(expressed in %) in the whole macromolecule, both due to osmolyte presence in the system. The degree
of variations of band parameters is more important in aspect of intermolecular interactions. That
indicates direct, often specific DNA-osmolyte interaction. While values specifying DNA perturbation
(%) may be a valuable source of additional information resulted from indirect interactions (e.g. through
water) or an effect of change of molecular surrounding of affected DNA molecule.

Figure 2: (A) Spectra of ctDNA in water (solid red line), and corresponding affected spectra of ctDNA
by TMG (solid black line). All spectra are divided into three specific spectral regions. (B) Dependence
of percentage of ctDNA perturbation on concentration of TMG calculated for corresponding regions
of spectra.

TMG causes progressive increase of intensity of ctDNA affected spectrum in the region of band at
1222 cm−1 and shifts it to higher wavenumbers (Fig. 2). Significant shift of this band to 1232 cm−1

can be observed while applying the highest concentration of mentioned osmolyte. This shift can be
explained by reduced (by presence of osmolyte) activity of water which leads to both, reduction of
interactions of perturbed water molecules with phosphate groups and partial transition from B to A
form of DNA(6). The percentage of perturbed form of ctDNA reaches a value of 80%. Dependence
of perturbation on osmolyte concentration (Fig. 2B) is complex and indicates that TMG rapidly
alters mentioned region of spectrum associated with specific components of DNA structure. Analyzing
changes in value of perturbation parameter, three distinct stages of influence of TMG on ctDNA
dependent on concentration of osmolyte might be observed. The ctDNA affected spectrum in the region
of band at 1222 cm−1 shifts to higher wavenumbers when influenced by urea (Fig. 3A). Broadening of
this band is also noticeable. Analyzing the changes which occur in percentage of perturbation of ctDNA
structure with increasing urea concentration, three-step dependence can be observed, similarly to TMG.
However, urea induces very small changes in ctDNA structure - the highest analyzed concentration
of this osmolyte creates only a 15.4% of perturbed structure of ctDNA (Fig. 3B). Summing up, urea
exhibits less extensive indirect influence on the phosphate groups than TMG.
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Figure 3: (A) Spectra of ctDNA in water (solid red line) and corresponding affected spectra of ctDNA
by urea (solid black line). All spectra are divided into three specific spectral regions. (B) Dependence
of percentage of perturbation on concentration of urea calculated for corresponding regions of spectra.

The second examined region of ctDNA spectrum includes two bands: 1086 and 1053 cm−1 as-
sociated with two different structures of DNA. Therefore, it is necessary to take into account that
perturbations appeared in resulting spectra may have various origins. The percentage of perturbed
ctDNA structure within this region increases stepwise with increasing concentration of TMG and
reaches value of 12.5%. The slope of this dependence is low and indicates small changes in ctDNA
structure due to increasing osmolyte concentration (Fig. 2B). However, modification of the structure
is very explicit - contour of affected band is altered if compare to pure ctDNA solution (Fig. 2A).
The ctDNA affected spectra obtained within the same region for urea are similar to spectra of ctDNA
without osmolyte in solution (Fig. 3A). The main difference appears in band at 1086 cm−1 and this
is decrease of its intensity. Urea induces slight changes of two analyzed bands parameters and thus
exhibits very small impact on phosphate groups and C-O bonds of deoxyribose residues. Percentage of
perturbed structure of ctDNA reaches a value of 28.6% for the highest analyzed concentration of urea.
Changes in structure occur gradually with increasing osmolyte concentration (Fig 3B). The band at
970 cm−1 in third analyzed region is a marker of B-DNA form as same as band at 1222 cm−1. TMG
shifts 970 cm−1 band of ctDNA to lower wavenumbers and slightly reduces its intensity (Fig. 2A). For
the highest TMG concentration share of perturbed structure of ctDNA was determined to be equal
51.3%. Similarly as in other regions, process of interaction of this osmolyte with ctDNA is stepwise
(Fig. 2B). Urea broadens the band at 970 cm−1 and shifts it to lower wavenumbers (Fig. 3A). This
change of affected band parameters is larger than for TMG, thus impact of urea on ctDNA structure
within this region is stronger than impact of TMG. For the highest analyzed concentration of urea (7
mol·dm−3) 40% of perturbed structure of ctDNA can be observed (Fig. 3B).

3.3 CtDNA - osmolyte affected spectra

Determination of N parameter value allowed to obtain an affected spectrum of osmolyte perturbed by
ctDNA (Fig. 4). For the TMG this value is significantly greater than for urea (Table 1).

In affected spectrum of osmolyte a spectral range between 4000 and 2500 cm−1 corresponding to
stretching vibrations of C-H and N-H bonds was excluded from analysis. In this range very intensive
band corresponding to stretching vibrations of water also occurs and should be subtracted. However,
taking into account participation of water affected by presence of osmolyte and ctDNA in solution,
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Table 1: Values of chemometrically determined N parameter for osmolytes perturbed by ctDNA in
solution.

Osmolyte Na

TMG 6.4
Urea 1.0

a - number of affected molecules of osmolyte equal to
number moles of osmolyte affected by one nucleotide

this procedure cannot be carried out quantitatively.

Figure 4: Comparison of osmolyte in water spectrum (black line) and ’affected spectrum’ of osmolyte
by ctDNA (red line) for (A) TMG and (B) urea(43).

Determined affected spectra of TMG (Fig. 4A) and urea (Fig. 4B) in presented region are almost
identical to spectra of corresponding osmolytes in water. There are no shifts or significant changes
in ’affected spectra’ when compared to ’not-affected spectra’. That suggests a lack of direct, specific
interactions between osmolytes and ctDNA or that interactions of osmolytes with the DNA resemble
interactions with water molecules. The last statement may have a special application for urea, as
the results of MD simulation (presented in the following chapters) do not allow neglecting the direct
interaction of urea with DNA molecule.

3.4 ctDNA thermal stability affected by osmolytes

Thermograms obtained using DSC calorimetry were used to determine a melting temperature (Tm)
of ctDNA in presence of TMG or urea in solution. It is known that glycine and its N-methyl deriva-
tives induce decrease of melting temperature of DNA and thereby reduce its stability(48; 7; 46; 54).
According to Barone(7) the value of Tm of ctDNA is 67.2◦C and upon increasing the TMG concen-
tration, Tm decreases almost linearly. Such behavior was not observed in our experiments, were in the
presence of TMG non-linear dependence of melting temperature on osmolyte concentration might be
observed (Fig.5, Table2). Moreover, presence of minimum of melting temperature is noticeable. That
indicates increase of ctDNA thermal stability in osmolyte concentration higher than 0.032 mol·dm−3.
Such observation might argue for appearance of stabilizing interaction in DNA-water-osmolyte system
above certain TMG concentration. Observed discrepancies between our results and these reported in
the literature(7) arise from lack off buffer and sodium chloride in our experiments. Specific pattern of
dependence of ctDNA melting temperature vs. osmolyte concentration observed by us can be explained
later based on the molecular dynamic results about arrangement of osmolyte molecules relative to the
DNA surface. Similar conclusions can be drawn for urea, with the difference that stabilizing interac-
tion with ctDNA appears at higher concentration of 0.060 mol·dm−3. It should be noted that for both
osmolytes concentration range used in the DSC experiments the possible osmolyte self-association is
completely negligible(16; 55; 21; 63).
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Figure 5: Dependence of melting temperature of ctDNA on concentration of TMG (A) and urea (B).

Table 2: Dependence of ctDNA melting temperature on osmolytes concentration.
ca Tb

m ∆Tc
m

mol·dm−3 ◦C ◦C
DNA 0 50.99

TMG

0.012 49.51 -1.48
0.022 46.50 -4.49
0.032 44.84 -6.15
0.037 47.03 -3.96
0.042 51.69 +0.70

Urea

0.012 48.25 -2.74
0.036 46.63 -4.36
0.060 46.43 -4.56
0.072 46.90 -4.09
0.084 48.68 -2.36

a - osmolyte concentration
b - ctDNA melting temperature
c - change of ctDNA melting temperature in presence
of osmolyte in solution compared to ctDNA solution
without osmolytes

3.5 ctDNA interaction with osmolytes

Series of ITC thermograms (see SI section S.2) indicate a lack of direct specific ctDNA interaction
with osmolytes. Observed heat effects accompanying series of injections of osmolyte solution to ctDNA
solution are almost invariant what excludes formation of complexes and any other specific interactions.
Due to non-typical character of the ITC thermograms they have been utilized only for determining a
value of global heat effects of osmolyte interaction with sodium ions or ctDNA. All values of enthalpy
as a function of molar ratios (osmolyte to ctDNA base pairs or sodium ions) were extrapolated to
zero value i.e. infinite dilution of solute conditions. ctDNA titration by TMG or urea is accompanied
by slight exothermic effect. Determined global effect consists of a number of sub-effects: (a) effect
of partial destruction of hydration shell of osmolyte and sodium salt of ctDNA (endothermic effect),
(b) effect of electrostatic interactions, molecular contacts and possible specific interactions between
osmolyte and NaDNA (exothermic effect), (c) effect of reconstruction of hydration shell of interacting
molecules (exothermic effect) and (d) effect of change of NaDNA internal energy due to change of
ctDNA structure, change of energy of hydrogen bonds between complementary bases, change of energy
of stacking interactions between bases and energetic effect accompanying a possible displacement of
sodium ion in solvation shell of phosphate group of ctDNA.
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Table 3: Enthalpy effects characterizing osmolyte interaction with sodium ions and sodium salt of
ctDNA.

∆Ha
NaDNA Ub

95 ∆Hc
Na+ Ub

95

kJ/mol kJ/mol

TMG -2.90 0.37 0.13 0.30
Urea -2.12 0.22 -2.51 0.39

a - enthalpy of interaction between sodium salt of
ctDNA (NaDNA) and osmolyte, extrapolated to infinite
dilution of osmolyte
b - expanded uncertainty for confidence level of 95%
c - enthalpy of interaction between sodium cations and
osmolyte, extrapolated to infinite dilution of osmolyte

Interactions of Na+ with osmolytes were also analyzed. Determination of enthalpy of these interac-
tions was crucial for better understanding of intermolecular interactions in analyzed ctDNA solutions.
In case of TMG suppression of energetic effect of sodium ions interaction with water by thermal effect of
newly created interactions of this cations with osmolyte might be observed. This happens in contrary
to expected increase of donor ability of glycine derivatives with increasing number of methyl groups.
Therefore, increasing steric hindrance of methyl groups of TMG coordinating to Na+ ions appears to
be a determinant of observed effect. In contrast, when urea was added to water solution containing
sodium ions a small exothermic effect was observed. On the base of this result it can be concluded
that interaction of sodium ions with water molecules is slightly weaker than arising interaction of this
cations and urea.

3.6 Preference of water and osmolytes to ctDNA in the MD simulations

To determined the density changes of osmolyte and water molecules around DNA molecule, first we
calculated solvent density function (SDF). SDF was calculated for the center of mass of osmolyte
molecules and water molecules relative to the surface of DNA. Due to the fact that the DNA molecule
does not have spherical symmetry, we normalized raw pair distribution data by the factor calculated
as the solvent-accessible volume of the shell based on the methodology by Daggett et al.(8; 51) Addi-
tionally, in order to omit the edge effects, the calculations did not take into account the terminal base
pairs.

SDF’s in Fig. 6A and Fig. 6B shows that TMG and urea molecules close to DNA surface have
an increased density relative to the bulk density (red an blue lines). Urea density is definitely higher
than betaine, however for both osmolytes densities are dependent on the concentration of osmolytes
and decrease with increasing concentration. Solvation shell formed by TMG molecules is wider and
shifted to longer distances than for urea and with the magnitude of accumulation similar to the water
accumulation. An additional peak for betaine above 0.4 nm suggests the indirect interaction of betaine
with DNA.

SDF’s in Fig. 6A and Fig. 6B also shows, that TMG does not change the distribution of water
molecule close to the surface of the DNA (green lines). Only solutions of urea have a slight influence
on the distribution of water molecule around DNA surface. Even in low concentrations of urea, the
density of water is reduced relative to the bulk water solution and further increasing the concentration
of urea reduced hydration shell.

Next, we sought to identify the molecular determinants of the experimentally observed effect of
osmolytes on the denaturation of DNA. Since, it is commonly believed that the stabilizing or desta-
bilizing effect of osmolytes on the DNA structure results from their attractive (favorable) or repulsive
(unfavorable) interactions with the DNA, we examined whether urea and betaine are preferentially
excluded from or accumulated at the DNA surface, and how these preferential interactions vary with
solution concentration. For this purpose, we calculated the preferential interaction coefficient Γ, which
definition is in SI section S.4.

Fig. 6C shows, that negative values of Γ in the first solvation sphere (¡0.4 nm) obtained for betaine
indicate that the osmolyte molecules are effectively repulsed by the DNA surface, with the exclusion
being most pronounced in the immediate vicinity of the DNA (Γ = −25 for r = 0.34 nm at 3.5 M). It
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Figure 6: A,B The solvent density function for the center of mass of TMG (red lines in A), urea (blue
lines in B), water molecules in a solution of osmolyte (green lines in) and water molecules in solution
without osmolyte (orange line) to DNA surface. Color tone according to the concentration of osmolyte.
C) D) Preferential interaction coefficient (Γ) between the osmolyte and DNA, calculated for all betaine
and urea solutions, as a function of the separation distance from the DNA surface. Decreasing values
of Γ show that betaine is more strongly excluded from and urea more accumulated at the DNA surface
with increasing concentration.

can be also seen that the number of betaine molecules excluded from the DNA surface increases with
concentration. For distances greater than 0.4 nm there is a small aggregation of betaine associated
with the second solvation sphere.

For all the urea solutions in Fig. 6D, it can be seen that Γ is positive in almost the entire distance
range considered, indicating accumulation of the osmolyte at the DNA surface, which is typical for
denaturants. Importantly, the amount of urea accumulated at the surface of DNA is markedly increased
with increasing concentration, which is consistent with other studies on other nucleic acids(36).

3.7 Osmolytes interaction sites on DNA molecule in the MD simulations

To determine fragments of the DNA structure that are especially preferred by osmolytes we calculated
the number of osmolyte molecules per nitrogenous base in native and dissociated state for whole DNA
molecule, all nitrogenous bases, DNA backbone and individual nitrogenous bases. The total number of
osmolyte molecules around the DNA is not the sum of the number of molecules around the individual
DNA fragments, because the solvation spheres of individual DNA fragments can overlap.

Fig. 7 shows that the first solvation sphere of DNA in native and dissociated state contains more
urea molecules per one nitrogenous base that TMG molecules despite the same solution concentration
and different thicknesses of the first solvation sphere. This is also valid for the first solvation sphere
of nitrogenous bases (RES) and the DNA backbone (BB) separately. Decomposition of preferences
into nitrogenous bases and DNA backbone further shows that accumulation of the TMG and urea at
the surface of DNA results mainly from a much larger number of osmolyte molecules around DNA
backbone (75% of all molecules for TMG and 70% of all molecules for urea). Interestingly, during DNA
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Figure 7: The number of TMG (red bars in A) and urea molecules (blue bars in B) per one nitrogenous
base in the first solvation sphere in native (solid bars) and dissociated state (dashed bars) for whole
DNA structure (DNA), nitrogenous bases (RES), DNA backbone (BB), guanine residue (DG), cytosine
residue (DC), adenine residue (DA) and thymine residue (DT). Data only for 3.5 M TMG and 3.5 M
urea solution. The value of the radius of first solvation sphere was chosen based on solvent density
function in Fig. 6.

denaturation, the number of betaine and urea molecules in the first solvation sphere of nitrogenous
bases increases by 185% and 175%, respectively. On the other hand, the increase in the number of
osmolyte molecules for the DNA backbone is much smaller (6-8%).

Next, we checked the preference of osmolytes to specific nitrogenous bases. Fig. 7 shows the number
of osmolyte molecules per one nitrogenous base (DG, DC, DA, and DT) in the first hydration sphere.
In the native state, urea molecules show stronger accumulation for all type of nitrogenous bases than
TMG molecules. Interestingly, for both osmolytes, we observed more molecules in the first solvation
sphere of guanine-cytosine base pairs than around adenine-thymine base pairs. This is due to the
fact that urea and TMG molecules exhibit less preference to adenine residues than to the guanine
and cytosine residues. However, during denaturation, the largest increase in the number of betaine
molecules is around guanine residues, whereas urea shows a uniform preference for nitrogenous bases.
Summarizing, in the native and dissociated state urea shows preferences in the following order: DG ≈
DC > DT > DA, and TMG in the following order: DG > DT ≈ DC ≈ DA.

3.8 Impact of osmolytes on the distribution of water around DNA

It is suggested that osmolytes can change the hydration spheres of macromolecules by changing the
water structure and hence the local density of water. However, the impact of osmolytes on the density
of the water around DNA surface is not well known. Therefore, we determined the number of water
molecules per one nitrogenous base in the first solvation sphere in native and dissociated state for whole
DNA structure, nucleobase pairs and DNA backbone in native and dissociated state. In addition, we
determined the percentage ratio between the observed and expected number of water molecules in the
first solvation sphere.

Fig. 8A shows that in the aqueous solution without osmolyte (0M) DNA backbone is mostly
responsible for hydration of whole DNA structure. After DNA denaturation, the number of water
molecules per one nitrogenous base in the first solvation sphere for whole DNA structure increases,
however, at the same time hydration of DNA backbone decreases in favor of nitrogen bases.

The number of water molecules around whole DNA molecule after the addition of an osmolyte
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Figure 8: The number of water molecules per one nitrogenous base in the first solvation sphere in native
(solid bars) and dissociated state (dashed bars) for whole native DNA structure (DNA), nucleobase
pairs (RES) and DNA backbone (BB). A) Data for the aqueous solution without osmolyte, B) 3.5 M
TMG solution and C) 3.5 M urea solution. The percentage represents the ratio between the determined
number of water molecules in the first hydration sphere to the expected number of water molecules
in the first hydration sphere (see SI section S.5 for details). The radius of first hydration sphere was
chosen based on solvent density function in the Fig. 6.

in native and dissociated state obviously decreases for both osmolytes, but a stronger reduction is
observed for TMG solution (by 40%) than urea solution (by 30%). In the denatured state, the number
of water molecules in the urea solution decreases, as in the aqueous solution without osmolyte. The
betaine solution has a slightly different effect, in which hydration of the DNA backbone does not
change and the number of water molecules for nitrogen bases normally increases.

We also observed the change in determined and expected number of water molecules in the first
solvation sphere, which translates into a change in density of water that was not displaced by osmolyte
(see SI section S.5 for details). It turns out that despite the decrease in the number of water molecules
around the DNA in the betaine solution, the number of water molecules determined by us is close to
the expected number, and for the denatured state much higher (111%). Urea, apart from the fact that
it moves the water molecules away from the DNA, the number of water molecules determined by us is
less than expected value by at least 10%. This indicates definitely worse solvation properties of water
in a urea solution.

3.9 Arrangement and spatial distribution of osmolyte molecules relative to
the surface of ctDNA

For a description of the orientation of the osmolyte molecules relative to the DNA surface, we deter-
mined the probability distribution of the angle between TMG and urea molecule axes and normal of
DNA surface. The axis of TMG molecule was defined by the position of nitrogen atom and center of
mass of oxygen atoms (see inset in Fig. 9A). For urea, the axis of molecule was defined by the oxygen
atom and the center of mass of nitrogen atoms. Such a choice of molecule axes also almost perfectly
describes vector of the dipole moments of osmolyte molecules.

Fig. 9A shows that TMG molecules are oriented towards the DNA surface by positively charged
fragment (N+ atom with methyl groups), while the arrangement of urea molecules is more complex.
This result suggests that TMG molecules do not have much potential to interact specifically with
DNA. Urea molecules mainly oriented towards DNA surface by amino groups, but significant fraction
of molecules also have a parallel orientation with respect to DNA surface (high probability for angle
values close to 90◦). TMG molecules show a more monotonic angle distribution with respect to
nucleobases than DNA backbone (dashed lines in Fig. 9), while in the case of urea molecules observed
orientation around whole DNA surface results from the great arrangement to DNA backbone.

We also determined solvent density function for oxygen atoms of water molecules, nitrogen and
oxygen atoms of osmolyte molecules shown in the Fig. 9 B and C. Nitrogen atoms of TMG and
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Figure 9: A Probability distribution of the angle between osmolyte molecules axes to the normal of
the surface of DNA molecule (DNA, solid line), DNA backbone (BB, dashed line) and nucleobases
(RES, dotted line). The inset shows atoms selected for the description of molecular axis: nitrogen and
oxygen atoms for TMG molecules (red color) and oxygen and nitrogen atoms for urea molecules (blue
color). Axis of the molecules is presented as a green vector. B,C solvent density function for nitrogen
atoms of TMG (red solid line) and urea molecules (blue solid line), oxygen atoms of TMG (red dotted
line) and urea molecules (blue dotted line) and oxygen atoms of water molecules (green lines).

urea molecules show increased density near the DNA surface, which confirms the interaction of these
fragments of molecules with DNA. Theoretically, both osmolytes have the possibility to interact directly
with DNA surface by oxygen atoms, however as shown by the SDFs in Fig. 9B and C definitely more
urea molecules interact by oxygen atoms with DNA than TMG molecules. Additionally, oxygen atoms
from urea show homogeneous density distribution in the range 0.25 nm to 0.5 nm. Only for a distance
equal to 0.42 nm oxygen atoms from TMG molecules have increased density. This observation suggests
that some fraction of TMG molecules are moved away from DNA surface and partially interacts with
DNA through water molecules. These characteristic arrangements of osmolyte molecules may be
responsible for the non-linear dependence of melting temperature in Fig. 5. Preferential orientation of
both osmolytes by their positive poles of the dipolar moment (amino groups) to the phosphate groups
of DNA (Fig. 10) results of electrostatic stabilization of the DNA helix.

To additionally confirm the described above preference and arrangement of osmolyte molecules
around the DNA, we additionally calculated spatial distribution of osmolytes molecules around DNA
molecule and the results are presented on two types of 2-dimensional density maps. First maps in
Fig. 10 B and C show the density of osmolyte molecules along DR - distance from the axis of DNA
helix and along the axis of DNA helix. Distance along the axis of DNA helix can be easily translated into
position on the DNA sequence or number of the nucleobase. This means that this type of distribution
shows mean for full angular distribution. The second type of map in the Fig. 10 B and C show radial
and angular density (on X-Y plane) of osmolyte molecules relative to the axis of DNA helix and for
this type of maps density values are calculated as a mean for all base pairs (DNA steps). As shown by
the first density maps in Fig. 10B and C urea molecules form two solvating shell, outside and inside
the DNA helix, while TMG forms one, but the well defined external solvating shell. This is due to
the fact that urea molecules easily enter the minor and major groove, which causes that concentration
of urea molecules in grooves is definitely higher that TMG molecules. This fact is confirmed by the
second type of density maps presented in the Fig. 10 E and F. TMG molecules are more likely to
accumulate around DNA backbone (outside of the DNA helix) than around nucleobases, while urea
molecules enter the interior of the DNA helix. In addition, from the first type of density maps in
the Fig. 10 E and F can be seen preference of TMG molecules to 3-rd, 8-th, 12-th and 15-th base
pair, which corresponds to G-C or C-G in DNA sequence. While for urea molecules it is difficult to
distinguish a particular preference.

3.10 Hydrogen bonds between DNA and osmolyte solutions

Information about the accumulations of molecules around DNA surface is not enough to determine
whether osmolytes increase the solvation properties of the solution relative to the aqueous solution
without osmolyte. Therefore, we calculated the number of hydrogen bonds formed by selected frag-
ments of the DNA structure and osmolyte molecules (Fig. 11 A) and all molecules of the solution
(Fig. 11 C) in 3.5M TMG and 3.5M urea solutions. We also determined changes in the number of
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Figure 10: A) Definition of DR (radial distance from the axis of DNA helix) and D (distance along
the helix axis, base pair index) helicoidal coordinates for 2-dimensional density maps. 2-dimensional
density distribution of TMG B) and urea C) molecules around DNA in helicoidal coordinates, projec-
tion along the distance from the DNA helix axis and along the axis of DNA helix. The white line in
B) and C) shows the position of phosphate groups relative to the axis of DNA helix and represents the
radius of DNA helix. D) Alignment and definition of the X-Y plane coordinate system on the example
of the G-C base pair for the second type of 2-dimensional density maps. The red dot represents the
axis of DNA helix, black dots represent positions of phosphorus atoms, the white circle represents the
radius of the DNA helix, green field represents the area of minor groove and blue field represents the
area of major groove. Density distribution of TMG E) and urea F) molecules around DNA in 3.5 M
solutions, density values calculated as mean for all base pairs.

hydrogen bonds during DNA denaturation in the same solutions (Fig. 11 B and D).
Fig. 11 A shows that in the native state of DNA TMG molecules do not form many hydrogen

bonds with all kinds of nitrogen bases. What’s more, we have not observed any hydrogen bonds with
thymine residues and naturally with DNA backbone. In contrast, urea forms a lot of hydrogen bonds
with whole DNA structure and in particular with DNA backbone.

Fig. 11 B shows that the denaturation of DNA significantly increases the number of hydrogen bonds
of osmolyte molecules with DNA. However, in the denatured state of DNA, the biggest increase in the
number of new hydrogen bonds have been observed for TMG molecules with guanine residues. For
the other nitrogen bases, the increase is definitely smaller. Urea molecules in denatured state interact
better with nitrogenous bases and in total forms more new hydrogen bonds with nitrogen bases than
the DNA backbone.

Fig. 11 C shows that the best solvated fragment of the DNA structure is the backbone and this fact
is independent of the type of solution. Presence of TMG molecules in solution causes weakening whole
hydrogen bonding network between whole DNA and solution. The biggest reduction in solvation is
observed for guanine, thymine and DNA backbone. Urea solution keeps the same level of solvation
and for backbone, guanines and adenines even slightly higher.
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Figure 11: A) The number of hydrogen bonds of osmolyte with each nucleobase of DNA (DG, DC,
DA, DT) and DNA backbone (BB) in the native state of DNA. B) The difference in the number of
hydrogen bonds between osmolytes and different fragments of DNA during denaturation (difference
between dissociated state and native state). C) The total number of hydrogen bonds of osmolyte
solutions (water+osmolytes) with different fragments of DNA in the native state of DNA. D) The
difference between the total number of hydrogen bonds in the dissociated state and native state. Data
for the aqueous solution without osmolyte (green boxes), TMG 3.5 M (red bars) and urea 3.5 M (blue
bars) systems.

Fig. 11 D shows that DNA denaturation is associated with significant decrease in solvation of DNA
backbone for all solutions, however, betaine weakens this effect. For urea solution in the denatured
state of DNA, the number of hydrogen bonds of cytosine, thymine and adenine residue is higher than
in aqueous solution without osmolyte. Only for guanine solvation is smaller. TMG solution exhibits
the opposite behavior. Changes of solvation between denatured and native state are positive, but
definitely the most significant for guanines.

3.11 The energy of DNA interaction with solution molecules

Spontaneous denaturation of DNA is due to more favorable interactions between different parts of the
system in a denatured state than in native state. Therefore, we have determined the main enthalpy
driving forces of ctDNA denaturation into into contributions due to the energy of interactions between
individual structural elements of the system. The contributions, shown in Fig. 12, involve both electro-
static and van der Waals energies and were calculated by averaging the enthalpy differences between
native and denatured states.

Fig. 12 shows that in aqueous solutions without osmolytes and urea solutions changes in the in-
tramolecular interaction in DNA molecule (DNA–DNA) are strongly unfavorable during denaturation
of DNA (1700–1850 kJ/mol), however, in betaine solutions this effect is definitely weaker (140–500
kJ/mol). It may be the result of subtle differences in conformational DNA in different solutions, es-
pecially in denatured state. At this same time, denaturation of the DNA molecule causes an increase
in the surface of DNA available for the solution and in consequence increasing the interaction of DNA
with the solution. In fact, the sum of DNA interactions with water, osmolyte and Na ions is more
favorable in the denatured state, however in TMG solutions denaturation due to the loss of DNA and
Na ions interactions is strongly unfavorable. This is mainly due to the significant reduction of the
number of Na ions around DNA by TMG molecules (see Fig. S2). The remaining interaction of Na
ions with other parts of the system (WATER–NA, NA–NA, OSM–NA) also indicate a strong effect of
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Figure 12: Values of energy interactions between different parts of simulated system (DNA, water,
NA+ ions and osmolyte molecules) for TMG (blue bars) and urea solutions (red bars), calculated as
difference of energy values in denatured state and native state. Negative values means increase of
favorable interaction, and promotes denaturation. The color tone indicates the solution in which a
given type of interaction occurs.

TMG molecules on the behavior of Na ions in the solution. In general, denaturation in the solutions
without osmolytes and TMG solutions is a slightly unfavorable process for WATER–WATER interac-
tions. Only in the urea solutions, the WATER–WATER interactions require significant reorganization
(-400–900 kJ/mol), favoring denaturation. In contrast, the OSM–OSM interactions have completely
opposite nature. More unfavorable interactions between urea molecules indicates an increase in con-
tact between them and the release of urea molecules from the DNA surface in a denatured state. On
the other hand, betaine molecules prefer to interact more with each other, which is reflected in the
WATER-OSM interactions.

We have also determined the total enthalpy of denaturation of ctDNA in different solutions as the
sum of all contributions from Fig. 12. Obtained by us value for aqueous solution (22 kJ/mol-bp) is
very close to mean experimental value of enthalpy (28±2 kJ/mol bp) for ctDNA denaturation(59). For
TMG solutions, this value are in the range 12–15 kJ/mol bp and 10–13 kJ/mol bp for TMG and urea
solutions, respectively. Taking into account the mean experimental entropy for ctDNA denaturation
(79.6±4 J/K mol-bp)(59) it results that the ctDNA in the aqueous solution in 300 K is stable (∆G=-2
kJ/mol bp), as it is predicted by the experiment.

In the Fig. 13 we show the differences between osmolytes solution and solution without osmolytes
for energy interactions of individual structural elements of the system. Not all contributions of energy
interactions are shown due to the different number of water and osmolyte molecules in the systems.

Fig. 13 shows that adding osmolytes to the solution slightly enhances intramolecular interactions
in DNA molecule (-10–60 kJ/mol), which is related to small conformational changes of DNA caused by
the presence of osmolytes. In parallel, we observe a high loss in DNA-WATER energy interactions for
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Figure 13: Values of energy interactions between different parts of the simulated system for TMG (blue
bars) and urea solutions (red bars), calculated as the difference of energy values in osmolyte solution
system and aqueous solution without osmolytes in native state. Negative values means an increase of
favorable interaction. The color tone indicates the solution in which a given type of interaction occurs.
In the gray rectangle at the bottom, are placed the values of the energy of interaction calculated per
one mole of osmolyte particles.

both solutions (2500–13000 kJ/mol) and in DNA–NA energy interactions, especially for TMG solutions
(3000-4800 kJ/mol). Moreover, after addition TMG to the solution, the NA–NA interactions become
more unfavorable (850-900 kJ/mol), while after addition urea they become even slightly favorable
(-50–100 kJ/mol).

Energy of NA–WATER interactions again, indicate large energy changes in the solution caused by
osmolyte molecules, especially by TMG molecules. This indicates strong disorders in the interactions
between Na ions and rest of the system, caused by the presence of TMG in solution. It turns out that
strong changes in DNA–NA interaction are justified by the change in the number of Na ions around
the DNA (see Fig. S2). Betaine molecules decrease the mean number of Na ions around the DNA (by
50–75%), causing a reduction in the overall stabilization of the DNA structure. Additionally, our DFT
calculations show that TMG has a larger dipole moment than urea (15.4 D and 6.1 D, respectively).
This additionally highlights the electrostatic nature of TMG–DNA interactions.

For the evaluation of our model, we also determined the enthalpy of direct interactions of osmolyte
molecules with DNA, Na ions and water. The bottom panel in the Fig. 13 shows that interactions
of osmolytes with the rest of the system compensated strongly unfavorable contributions presented
above. Obtained by us enthalpy interactions of TMG molecules (-5.9–5.3 kJ/mol) and urea molecules
with DNA (-2.4–1.9 kJ/mol) agree with experimental results above.

3.12 Changes in DNA conformation in the MD simulations

The structure of native double-stranded DNA is sensitive to solvent conditions, especially osmolytes
activity. Here, we show analyses of conformational transition of DNA structure under the influence
of osmolytes in our molecular dynamics simulations. We use X3DNA package(33) to calculate sev-
eral geometric parameters describing the double helix in different solutions (see a list of geometrical
parameters in SI section S.6). Next, we projected all data for all systems onto the plane formed by
two first principal coordinates (vec1 and vec2 in the Fig.14A) obtained for the native state in the
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aqueous solution without osmolyte using principal component analysis. We also determined geometric
parameters that have the highest impact on the conformational transition of DNA structure.

Figure 14: A) The data projection from different systems on the two first eigenvectors. Solutions with
urea and betaine are well characterized by two first eigenvectors. B) Values of mean projection of the
two phosphorus atoms onto the z-axis of the dimer ’middle frame’ (Zp) and helical radius calculated
from the position of P atoms (HR P) determined for DNA in the different solution of TMG and urea.

Fig.14 A depicting the conformational transition of DNA structure in pure water (green square),
TMG solutions (blue circle) and urea solutions (red circle). As can be seen, in this projection the
conformations adopted by DNA in solutions of both osmolytes are at a considerable distance from
the conformation adopted by DNA in aqueous solution without osmolyte. Moreover, betaine and urea
solutions show completely different conformational transitions in the DNA structure and depending
on the concentration of solutions.

Fig.14 B and C show two parameters having the highest impact on DNA geometry. The big impact
on a description of the DNA geometry has a position of the phosphate group relative to the mean base
pair plane (Zp) and radius of double helix determined based on the positions of phosphors (HR P). The
increasing value of Zp parameter in osmolyte solutions is the results the increasing distance between
phosphorus atoms from DNA backbone. At the same time, helical radius (HR P) generally increases
in osmolytes solutions. This local changes in DNA structure have an effect on the change of the length
and diameter of the DNA, suggest that DNA undergo compression along helix axis. The values of
these two parameters indicate a transition from B-DNA helix to A-DNA helix.

4 Conclusions

In our studies, we used experimental methods and MD simulations to explain the mechanisms respon-
sible for denaturing of DNA by osmolytes. The most important conclusions from these studies are
presented below:

The results of FTIR spectral studies and MD calculations indicate that the addition of TMG and
urea to the aqueous solution cause dehydration of DNA with simultaneously occurring conformational
changes of DNA molecule. Generally, this is a shift from the set of conformation of the type B
towards the set of conformation of the type A. This effect is more pronounced in the case of TMG
solutions. Addition of osmolytes to the aqueous solution are accompanied by nonmonotonic changes
in many of the geometric parameters of the DNA characteristics. In particular, the length of hydrogen
bonds between complementary bases is reduced, which may suggest an increase in the energy of the
interaction. The distribution of hydrogen bonding angles indicates, however, that this may be the case
only in TMG solutions.

The isolated vibrational spectra of osmolytes that have been affected by the presence of DNA
in solution very little differ from the bulk osmolytes spectra. This may indicate that there is no
direct specific interaction with DNA, or that the interaction of osmolytes with DNA is very similar
to interacting with a water molecule. This conclusion seems to be confirmed by the results of the
MD simulation. Both osmolytes are oriented preferentially with their positive poles of the dipole
moment towards the surface of the DNA. In the case of TMG, this orientation indicates the small
potential of this molecule to create specific interactions with nucleobases. However, this does not
exclude completely the possibility of the interaction of both osmolytes with DNA through oxygen
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atoms. This possibility is higher for urea molecules, and in the case of TMG it is more likely to be
carried out by a water molecule.

Spatial distribution of osmolytes around the DNA molecule shows that urea forms two layers of
molecules relative to the helix, one internal (in the large and the small DNA groove and between
nucleobases) and outer (outside of the cylinder specified by the position of the phosphate groups).
TMG shows only a well-defined outer layer, located along the backbone, however it does not accumulate
along the nucleus.

Analysis of accumulation preference of osmolytes indicates that urea is generally more concentrated
than TMG around all nucleotides and base pairs positions. The preference hierarchy is as follows: for
urea occurs following series DG ≈ DC > DT > DA and for TMG DG > DT ≈ DC ≈ DA.

The calorimetric energy effects of DNA - osmolyte interactions are energetically negative, have
small values (about -2.5±0.5 kJ/mol) and differ slightly in the case of TMG and urea. Theoretical
analysis of the energy effects of the simulated systems leads to very similar values and shows strong
compensating of large contribution to energy interactions from different components of the system.

The theoretical analysis of the interactions between the different components of system with DNA
in native and dissociated state gives an insight into the mechanism of influence of both osmolytes on
DNA stability. TMG and urea have a strong affinity to potential interaction sites of the single strand
of DNA. TMG prefers interactions with guanidine, while urea interacts almost equally with all the
bases. It is worth to point out to the system of strongly negative interactions energy of the dissociated
DNA with both osmolytes.

TMG and urea are osmolytes having a different effect on protein stability, but having a similar
destabilizing effect on the DNA. All indicates that the mechanism of their impact is different here.
The strong affinity of both osmolytes to the nucleic bases appears to be the cause of their denaturing
properties.

The result of the impact of various solutes, especially osmolytes, on DNA appears to be primarily a
result of the balance of two main factors - the ability to neutralize of the negative charge of phosphate
group of DNA helix and the affinity of the solute to the nucleic bases centers, blocked in the native
state by hydrogen bonding between complementary bases.
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[36] Miner, J. C., and Garćıa, A. E. Equilibrium denaturation and preferential interactions of an
rna tetraloop with urea. The Journal of Physical Chemistry B 121, 15 (2017), 3734–3746.

[37] Miyamoto, S., and Kollman, P. A. SETTLE: an analytical version of the SHAKE and
RATTLE algorithm for rigid water models. Journal of computational chemistry 13, 8 (1992),
952–962.

[38] Miyoshi, D., and Sugimoto, N. Molecular crowding effects on structure and stability of DNA.
Biochimie 90, 7 (July 2008), 1040–1051.

[39] Mohr, S. C., Sokolov, N. V., He, C. M., and Setlow, P. Binding of small acid-soluble
spore proteins from Bacillus subtilis changes the conformation of DNA from B to A. Proceedings
of the National Academy of Sciences 88, 1 (1991), 77–81.

[40] Nakano, S.-i., Miyoshi, D., and Sugimoto, N. Effects of Molecular Crowding on the Struc-
tures, Interactions, and Functions of Nucleic Acids. Chemical Reviews 114, 5 (Mar. 2014), 2733–
2758.

22

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


[41] Nishimura, Y., Torigoe, C., and Tsuboi, M. Salt induced B—A transition of poly (dG).
poly (dC) and the stabilization of A form by its methylation. Nucleic acids research 14, 6 (1986),
2737–2748.
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