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Abstract. Urea-assisted denaturation of protein and RNA has been shown to be a valuable tool to study their
stabilities and folding phenomena. It has been shown that stacking interactions between nucleobases and urea
are one of the driving forces of denaturation. In this study, the ability of urea to form unconventional stacking
interactions with RNA bases is investigated by performing high-level quantum calculations (RI-MP2/aug-ccpVDZ level) on a few thousands of model systems. Four systems were considered based on the RNA nucleobases
(GUA, ADE, CYT, and URA) for the investigation. For each system, a set of models were designed to study
the role of hetero-atoms/groups of the nucleobases on stacking interactions with urea moiety with respect to
every possible pair. Several plane-parallel complexes were generated with urea on top of aromatic systems
to exhaustively study all possible factors for urea-nucleobases stacking interactions. Energy decomposition
analysis (EDA), atoms in molecules (AIM) and natural bond orbital (NBO) analysis were performed to gain
better insights on non-covalent stacking interactions. Dispersion component was found to be heavily stabilizing,
while the EHF was found to be repulsive for all the four systems indicating lack of hydrogen bonding (HB) type
interactions and presence of dispersion type interactions. Amide and carbonyl groups of urea molecule were
found to play a major role in favourable stacking interactions. We demonstrate that along with functional groups
present on the nucleobases, the orientation of urea molecules plays a vital role in stabilizing the urea-nucleobase
non-covalent interactions. The proposed study quantifies and provides a comprehensive theoretical description
of urea nucleobase unconventional stacking interactions which helps to unravel urea driven RNA unfolding
mechanism.
Keywords. RNA unfolding; chemical denaturation; stacking interactions; substituent effect; dispersion
interactions.

1. Introduction
During the last two decades, several experimental
studies have unravelled crucial roles of RNA molecules
in functional aspects in diverse cellular processes. 1–3
Hence, a comprehensive understanding of structure–
stability–function relationships of RNA molecules is
crucial. Osmolytes such as urea are known as osmoprotective partner due to its major role in protein
denaturation and enzyme activity regulation and hence
holds immense importance in living systems. 4–7 Urea
has attracted wide attention due to its denaturant

properties which make urea an excellent chemical agent
and the most common denaturant for protein unfolding and nucleic acid denaturation. 8–16 Urea has been
found to interact with polar as well as non-polar components of biopolymers and it can destabilize the native
conformations of proteins and nucleic acids. 12,17–20 A
number of studies on urea-assisted protein unfolding greatly enhanced the understanding of urea driven
protein denaturation mechanism. 13,17,18,21–25 Extensive
research during the last few decades on urea driven
protein unfolding proposed two mechanisms by which
urea assists in protein unfolding viz., the direct and indirect mechanism. 22,26,27 The ‘direct interaction’ model
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suggests that urea binds to the protein directly and
makes the unfolded state more stable. 13,28,29 The ‘indirect’ model proposes that urea induces changes in the
solvent environment, which leads to the unfolding of
the protein. 26,27 Most of the studies on protein unfolding
provide valuable insights on the type and nature of interactions and explains the above-mentioned mechanisms
in detail. 9,30–33 However, such a detailed understanding
of the mechanism of urea-induced RNA unfolding is not
available.
The kinetic mechanisms of the folding phenomena
of protein and RNA can be explored by studying their
urea dependent folding and unfolding rates owing to
urea’s ability to denature folded states, which in turn
can help us understand the thermodynamic stability of
RNA and proteins. 16,34–37 Although, extensive studies
have given us an insight into the denaturation of proteins by urea, the mechanism and type of interactions
due to which destabilization of RNA by urea takes place
is still under investigation. RNA has been shown to regulate a number of cellular processes like gene regulation,
RNA processing, catalysis reactions, transcription and
protein synthesis. 1,2,38,39 The function of RNA is the outcome of its structural features and hence it is important
to understand the folding of RNA as well as its structural impacts on its function. 40–42 The mechanism by
which RNA changes its conformations in the presence
of osmolytes like urea has become quite an intriguing
field of research. 43,44 Few studies have tried to understand the unfolding of RNA structure in presence of
urea and propose a model for denaturation of RNA using
urea. 43,45 Computational studies revealed that urea interacts with nucleic acid bases via stacking and hydrogen
bonding and stabilizes the denatured state of the RNA. 15
Several studies have shown that urea forms stronger
interactions with an exposed surface area of nucleobases
during RNA denaturation process and hence, urea being
a common denaturant of protein has also been used as
a reagent to probe RNA folding. 19,45 RNA nucleobases
are strongly solvated by urea but the mechanism behind
this is still not clear. Recently we showed using quantum mechanical (QM) calculations that urea nucleobase
stacking interactions are dominated by dispersion. 46
Even though urea does not have a significant electron
cloud like a typical aromatic system, the possibility of
strong π-stacking interactions between urea and nucleic
acid bases is rather intriguing. Noncovalent interactions
are central to many areas of chemistry, materials science, and molecular biology. 47–50 Though noncovalent
interactions are weaker compared to covalent interactions, they can influence a lot of processes when acting
together and hence minuscule changes in these interactions can have huge impacts. 51–53 Due to the difference
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in structures of protein and RNA, the mechanism by
which urea denatures RNA can be quite different than
the process of protein denaturation by urea and thus a
deeper understanding of how urea interacts with RNA,
especially via stacking, is essential for reliable interpretation of the experimental studies. Furthermore, it
is important to unravel the denaturation mechanism
of RNA in presence of urea to understand the RNA
structure–function relationship. To study the nature of
the interactions between urea and RNA nucleobases and
rationalize the importance of functional groups present
on nucleobases and urea, quantum chemical calculations
were performed on a number of model systems. In the
current work, we aim to investigate the importance of
different heteroatoms/groups of the nucleobase on the
stability of urea–nucleobase stacking interactions, and
the nature of such interactions.
2. Computational methods
To study stacking interactions of urea with biologically
important π-systems, four systems were considered based on
the RNA nucleobases (GUA, ADE, CYT, URA) each having
a set of models resembling the nucleobases in terms of the
number of π-electrons. Models were generated in such a way
that the functional groups and heteroatoms of the target nucleobase were considered as variables, hence GUA, ADE, CYT
and URA has 4, 4, 3 and 2 variables (substituents) respectively
(Figure S1, Supplementary Information). For example, GUA
can be considered as an indole molecule where a skeletal CH
in the five-membered ring is replaced by a N atom, CH–CH
group is replaced by a CO–NH group, a H atom is replaced by
NH2 group and another CH in the six-membered replaced by a
N atom to get the original guanine base. Starting from the simplest model having no variables/substituents, the heteroatoms
and substituents were systematically introduced leading to the
target nucleobase. This resulted in a total of 16 models for
GUA, 16 for ADE, 8 for CYT and 3 for URA (Figure 1). This
approach helped us to study the effect of heteroatoms and different substituents on stacking interactions with urea. Planar
structures of urea and all the models were optimized at the
RI-MP2 54 level, using the aug-cc-pVDZ basis sets using the
GAMESS program. 55 For each model in each system, several
complexes were made from the optimized planar structures
of the model and the urea molecule such that the only difference between them was the position and orientation of urea
with respect to the chosen molecule (Figure 2). For example,
each of the 16 models of GUA base has nine atoms on the
ring and two on the ring centers (six and five-membered). For
each of the 11 positions, urea was positioned in six different
orientations leading to a total of 1056 complexes. The common structural features of all the initial geometries were such
that urea and the base molecule (model) were planar to each
other and the interplanar distance was 3.0 Å. The interplanar distances between urea and nucleobases in the stationary
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Figure 1. Model system details considered in this study generated by using functional groups and heteroatoms as variables.
(a) 16 Models of Guanine, (b) 16 Models of Adenine, (c) 8 Models of Cytosine, and (d) 3 Models of Uracil.

Figure 2. Numbering scheme used for each of the models of purines and pyrimidines with respect to the
orientation of urea molecule and positions of the rings. Urea moiety placed in six different orientations with
black arrows indicating the orientation of its carbonyl group on each of the 11 and 7 positions of purines
and pyrimidines, respectively, which led to the formation of a total of 66 (two-membered ring models) and
42 (single membered ring models) complexes for each of the models generated in Figure 1 (in some cases,
complexes are less than 66 and 42 due to symmetry).
points obtained using the optimization of nucleobase–urea
binary complexes in the stacking arrangement was found
to be close to 3 Å. 46 Hence, a total of 1056 complexes
for GUA, 1056 for ADE, 276 for CYT and 90 for URA

were generated. Single point energy calculations on all these
complexes were performed at the RI-MP2 level of theory
using aug-cc-pVDZ basis set. Since urea molecules are labile
in terms of their position and orientation with respect to the
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nucleobases in solution, single point calculations are deemed
to be appropriate for sampling these relevant dimer structures. In addition, since we wanted to understand the role of
heteroatoms/groups on the stacking interactions, fixing the
position/orientation of urea is necessary. Our previous study
showed excellent agreement between the results obtained
using RI-MP2 and CCSD(T) levels. 46 The interaction energies were calculated as the difference between the complex
energy, and the sum of monomer energies and the basis set
superposition errors (BSSE) were corrected using the counterpoise method. Different contributions to the interaction
energies were obtained by using the energy decomposition
analysis (EDA) method developed by Su and Li as implemented in GAMESS. 56 The RI-MP2 interaction energies
were decomposed into electrostatic energy (EES ), exchange
energy (EEX ), repulsion energy (EREP ), polarization energy
(EPOL ) and dispersion (EDIS ) energy components.
ERI−MP2 = EDIS + EES + EEX + EREP + EPOL

(1)

Natural bond orbital (NBO) 57 method was used to analyze
the interaction of the occupied and unoccupied orbitals with
the help of GAMESS. Atoms in molecules (AIM) analysis
was performed using the PROAIM program in the AIMALL
program package. 58

3. Results and Discussion
3.1 Interaction energies are highly favorable with
respect to the presence of heteroatoms/groups
Probability distributions of the BSSE corrected
interaction energies of all the complexes for each of the
four bases are given in Figure 3. All the probability distributions of the energies presented in this manuscript
followed the standard histogram analysis with a bin
width of 0.5 kcal/mol and the normalization was done
such that the area under the curve is equal to 1. Interaction energies range from highly favorable to moderately
repulsive from about −8 to 4 kcal/mol for all the nucleobase model systems. This strongly indicates the role
of different heteroatoms/groups and orientation of urea
molecules with respect to the base model systems on
the π-stacking interactions. It is interesting that with
respect to the same number of conjugated π-electrons
on both the nucleobase models and urea, the interaction energies exhibit such a wide range. With respect to
the actual base molecule (fully substituted), the interaction energies are highly favorable which indicates
the positive contribution of the heteroatoms/groups to
the favorable interaction energies (red vertical line in
Figure 3). Models which resemble nucleobase structures have favorable energies compared to those which
are closer to benzene (with fewer functional groups).
A similar analysis was done for each of the models

separately and the data corresponding to the guanine
base and its model systems are given in Figure 4
and Figures S2–S4 in Supplementary Information.
The probability distributions reveal that with respect
to the increase in the number of substituents starting from indole (model # G0), the interaction energies, in general, become more favorable. The order
of stability of nucleobase interactions with urea was
obtained as GUA > ADE > URA > CYT. Similar to the observation in case of guanine base, the
interaction energies in general become more favorable
with respect to the inclusion of the heteroatoms/groups
in indole/benzene for all systems. For all the systems, complexes containing combinations of amide,
carbonyl and amine groups are found to be more stable compared to those that are having only one of
these groups. There exist exceptions to this trend indicating that each substituent has different contributions
to the overall interaction energy which are analyzed
later.

3.2 π-stacking interactions between urea and
nucleobase models are dominated by dispersion-type
interactions
EDA analysis helps to decompose the total interaction
energies into different components and gives indications
on the nature of these interactions. 59,60 Even in cases
where the total interaction energies are highly stabilizing, the HF component of the energy is observed to be
repulsive with positive interaction energies indicating
the strong dispersion type interactions in these systems.
This is consistent with our previous observation on the
complete nucleobase systems. 46 Interestingly, decomposition of the HF energies indicates that the trends of
the interaction energies are dictated by the electrostatic
energies. This result is in agreement with previous studies and with the model proposed by Sander et al. 50,61,62
Electrostatic component was attractive for all the cases
except for very few cases where the functional group
(amide/amine) or the heteroatom of the aromatic system
was directly on top of O/N of urea causing repulsions.
Repulsion component was observed to be always positive with a magnitude in the range of 25–45 kcal/mol
whereas exchange, polarization and dispersion were
always attractive in nature. Correlations between different components of the interaction energies (each of
them individually, combinations of two and three out of
the total of five components) and the total interaction
energies of all the 2478 number of model systems were
obtained using linear regression analysis. The best linear correlations within each of the three categories are
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Figure 3. Probability distributions of total interaction energy for GUA, ADE, CYT and URA. Energies
for the complexes involving fully substituted models (actual nucleobases) are marked with a red dotted line
over the probability plots.

given in Figure 5. Interestingly, though the dispersion
energy is responsible for stabilizing the urea-nucleobase
π-stacking interactions, the best correlation between the
total interaction energies was observed with the electrostatic energy. Even with the combination of two and
three components, best correlations were obtained with
combinations of electrostatics, exchange and repulsion
components and none of them involved the dispersion
energy component of the interaction energy. This further
reiterates the above observation that though the stacking
interactions are stabilized due to dispersion interactions,
the electrostatic effects seem to determine the overall
trend of the total interaction energies.
3.3 Substituent and urea position effects on stabilities
of the complexes
EDA gave the overview of driving forces behind the
interactions of aromatic model systems with urea with
respect to changing chemical groups. For a better understanding of which of these functional groups has a major

impact on stabilizing these complexes with respect to the
orientation of urea molecule, further analyses were performed. As mentioned in the methods section, models
for nucleobases were generated by changing the following variables to analyze their effects on the strength of
interactions: (a) substituents on the π-system, (b) heteroatoms in the ring and (c) position and orientation of
urea with respect to the nucleobase models. Figure 6
gives the interaction energies of guanine model systems
with urea with respect to different positions – only the
most stable energy among the six possible positions are
presented. Plots corresponding to the adenine, cytosine
and uracil models are given in Figures S5–S7 in Supplementary Information. Model systems without the amide
group (3rd variable in case of guanine – Figure 1) seem to
have less stability compared to those where this group
is present. For example, comparison models G0, G1,
G3 and G4, which have no or one substitution, the one
with the amide group (G2) exhibits favorable interaction
energies in general compared to others. This is consistent with adenine, cytosine and uracil as well. Two major

158 Page 6 of 13

Figure 4.

J. Chem. Sci. (2018) 130:158

Probability distributions of total interaction energy for each model of guanine system.

Figure 5. Correlation between total interaction energy and (a) Electrostatics energy (one component), (b) Electrostatic
energy and Exchange energy (two components), and (c) Electrostatics energy, Exchange energy and repulsion energy (three
components) obtained considering all 2478 models of GUA (1056), ADE (1056), CYT(276), and URA(90), respectively.

components affect the interaction energy trends i.e.,
heteroatoms depending on the nearby functional group
and availability of lone pairs. For example, for GUA
models position 9 and 1 were found to be very

stabilizing with the majority of the most stable
complexes lying on these positions. For models, G0,
G1, G3, G4, G13, G14, G34, and G134, i.e., the models lacking amide, the most stable structures were found
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Figure 6. Interaction energy trends for each model of the most stable complexes of the GUA models with
respect to 11 positions. All the energies are in kcal/mol.

to lie on top of position 9-N, whereas, for models, G2,
G12, G23, G24, G124, G234 and G1234 (i.e., when
amide was introduced), the most stable complex lies
on top of position N1. Complexes on the center of the
ring were found to be unstable for all the systems that
are because of the repulsion factor on those particular
positions as can been seen from Figure 7. With respect
to the orientation of urea molecules over model systems, complexes with bond overlap are seen unstable,
while complexes on the same position but with different
urea orientation becomes stable due to loss of repulsion
factor. For all these model systems substituent effects
arise due to direct interactions of a carbonyl group on
the rings and this supports a hypothesis proposed earlier that substituent effects arise from direct interactions
of the substituents with the closest vertex of the other
aromatic ring and not from substituent-induced changes
in the aryl π- system. 63–65 This quantitative information
obtained with this study is helpful to understand the role
of functional groups in urea assisted RNA unfolding
mechanism. Figure 7 depicts the most stable interaction energy with respect to the model systems of GUA
(G0 to G1234) for each of the 11 positions considered
here. The corresponding data for the other three bases

are presented in Figures S8–S10 of the Supplementary
Information. Position 9 where the urea carbon was position directly above the N9 of the nucleobase model
system in general was observed to be more stable than
the others. However, a zig-zag pattern in general seen in
most of these reveals that the stability of stacked complexes depends more on the substituents and less on the
position at which the urea is placed with respect to the
nucleobase models.

3.4 NBO and AIM analysis
The nature of the π-stacking interactions in the model
systems was further analyzed using the NBO 56 and AIM
analysis. 58 Second-order perturbation theory analysis of
the Fock matrix in the NBO basis was used to calculate
the stabilizing donor–acceptor interactions between the
natural orbitals of urea and nucleobase. 57 The most stabilizing ones for each nucleobase are given in Figure 8.
Orbital interactions are observed from the C–C or C–N
bonding orbitals of the aromatic molecules to the antibonding orbitals of the urea CO group (BD[C,N]C →
BD∗ CO). In several systems, the orbital interaction was
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Figure 7. Interaction energy trends for each 11 positions separately with respect to all 16 GUA models shown for most
stable complexes. All the energies are in kcal/mol.

established from the aromatic system’s lone pair on N
to antibonding orbital of the urea CO group. It can be
seen from Figure 8 that for Guanine system, the nitrogens at position 3 and position 7 did not contribute to
orbital interactions with their lone pair, but helped in
BD C-N → BD∗ CO type donation, since their lone pair
are vested in the aromatic ring, whereas the nitrogen at
position 1 and 9 did an LP N → BD∗ CO type of donation leading to complexes on top of these positions to be
more stable. The same trend was observed for all other
systems where the heteroatom in the ring contributed
via π → π∗ interaction and the nitrogen associated with
the amide group contributed via LP → π∗ interaction.
Most of the stacking complexes had a donation from
aromatic system to urea as the most important orbital
interaction. However, a donation from urea to aromatic
system was also observed. 66 The lone pair of Nitrogen
in urea with interactions like LP N → BD∗ CO( of aromatic ring) or LP N to an ‘empty’ lone pair of the urea
central C atom played an important role in donations.
This type of lone pair donation between N and ‘empty’
C lone pair has also been observed in several previous
studies. 67,68 In structures where urea was near amide
group, the Nitrogen from urea donated back to CO of
amide present in the ring via LP → π∗ donation, thus

strengthening the π- stacking interactions. However, the
value of these interactions was rather small as compared to the orbital interactions from the aromatic ring
to urea. These interactions were also heavily dependent on the orientation of nitrogen atoms of urea and
were prominent when N of urea were on top or near
π bond of the ring. The NH2 group of aromatic systems did not participate in orbital interactions as no such
instance was found for any model of the four systems.
Also, on introducing new functional groups from model
to model, the original orbital interactions for particular positions remain unperturbed as the E(2) values for
π → π∗ and other interactions were similar in all the
cases. One important thing that has to be noted is that no
hydrogen bond like interactions was found. Interactions
like LP N → BD∗ NH or LP O → BD∗ NH, basically
π → σ or LP → σ∗ type of interactions were completely absent, even when the NH of urea were almost
on top of CO of our system. And since, EHF is directly
correlated with second-order perturbation interactions
corresponding to hydrogen bonds, this substantiates our
results from EDA where we found the EHF to be repulsive in almost all of the cases, whereas the dispersion
component of interaction energy was found to be heavily
stabilizing as the most prominent interactions that were
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Figure 8. The NBO second-order perturbation energy (E(2)) values for the most stable complex
of the four nucleobases that were larger than 0.40 kcal/mol are presented in the figure.

found by NBO correspond to π-stacking interactions.
For each model, AIM analysis was done for the most
stable system of that model to get a description of the
interactions at play results of which are shown in Figure 9. Several bond critical points and ring critical points
corresponding to 4 to 7 membered rings involving atoms
of both urea and corresponding complex were observed
indicating stabilizing non-covalent interactions between

the two molecules in all cases. BCPs were observed
between the atoms for which NBO hinted that there
might be interactions, thus proving stacking interactions
between the two rings in all cases. However, no HB
interaction (N…H or O…H) was found in any system
completely ruling out such interactions and making noncovalent interactions the only reasons for the stability
of these complexes. The electron density for the BCPS
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Figure 9. The ring critical points (RCP), cage critical points (CCP) and bond critical points (BCP) for
the most stable complexes of GUA, ADE, CYT and URA, respectively obtained with AIM analysis. All
distances between non-hydrogen atoms that are less than 3 Å are denoted by dotted lines.

found for the non-covalent interactions (N…C, N…O,
etc) were of the magnitude of 10−3 which are much less
than the HB type interactions. The Laplacian (∇ 2 ρ) was
found to be positive indicating that the interactions are
closed-shell interactions.

4. Conclusions
The unconventional stacking interactions of urea with
RNA nucleobases have been systematically studied
using ab initio calculations to understand the role of
the heteroatoms of the bases and urea orientation with
respect to the aromatic rings. About 2478 model systems were investigated to understand the effect of the
substituents, position of urea on the π-stacking energies. EDA analysis confirmed the dispersion component
of the interaction energy to be the most dominant.
A strong correlation between total interaction energy
and electrostatic component indicates the role of these
interactions in determining the trends of the overall stabilities. All the models containing amide and carbonyl

groups have favorable interactions with urea compared
to other functional groups. Amino (NH2 ) group has a
negligible effect on the stability of interactions. The
order of stability of bases in interaction with aqueous
urea suggests that the chemical nature of nucleic acids
is important in understanding the folding and unfolding
mechanism and the effect of urea. The results obtained
from NBO and AIM analysis explains the nature of
non-covalent staking interactions. The NBO analysis
showed a considerable amount of π → π∗ interactions
between urea and the base models for the four systems,
which corresponds to typical π stacking complexes
being stabilized by dispersion interactions. The direct
interactions between atoms forming stacking interactions obtained in NBO analysis were also observed
in AIM analysis supporting the fact that non-covalent
stacking interactions are the driving force for ureanucleobase interactions. In conclusion, we propose that
heteroatoms, functional groups and orientation of urea
molecules are the prominent factors affecting the nature
of urea-nucleobase stacking interactions. We conclude
that the non-covalent stacking interactions dominated by

J. Chem. Sci. (2018) 130:158

dispersion between exposed surfaces of nucleobases and
urea has vital importance in the process of urea driven
RNA unfolding. Quantitative information obtained from
the functional group analysis performed in this study is
helpful in understanding the chemical nature of nucleic
acids which affects the folding and unfolding mechanism.
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