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Abstract

Noncovalent interactions are key determinants in both chemical and biological processes. Among such processes, the
hydrophobic interactions play an eminent role in folding of proteins, nucleic acids, formation of membranes, protein-ligand
recognition, etc.. Though this interaction is mediated through the aqueous solvent, the stability of the above biomolecules
can be highly sensitive to any small external perturbations, such as temperature, pressure, pH, or even cosolvent additives,
like, urea—a highly soluble small organic molecule utilized by various living organisms to regulate osmotic pressure. A
plethora of detailed studies exist covering both experimental and theoretical regimes, to understand how urea modulates
the stability of biological macromolecules. While experimentalists have been primarily focusing on the thermodynamic and
kinetic aspects, theoretical modeling predominantly involves mechanistic information at the molecular level, calculating
atomistic details applying the force field approach to the high level electronic details using the quantum mechanical methods.
The review focuses mainly on examples with biological relevance, such as (1) urea-assisted protein unfolding, (2) urea-
assisted RNA unfolding, (3) urea lesion interaction within damaged DNA, (4) urea conduction through membrane proteins,
and (5) protein-ligand interactions those explicitly address the vitality of hydrophobic interactions involving exclusively the
urea-aromatic moiety.
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Introduction

Biological macromolecules, such as proteins and nucleic
acids, are integral part of living organisms. Recent advances
in both experimental methods and computer simulations
have essentially shown that hydrophobic interactions greatly
assist their biological functions. Though these interactions
in proteins are typically mediated through aqueous solvent,
small changes in temperature, pressure, and pH or by
changing the composition of the added cosolvents to the
solution can cause the biologically active native state
(which is only marginally stable in its folded form
Wales (2003)) to denature to form an inactive unfolded
state. Such a cosolvent, urea—a highly hydrophilic small
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organic molecule—plays a central role in the physiological
processes of bacteria (Godara et al. 2009), mammals
(LeMoine and Walsh 2015), etc.. While urea serves as a
nitrogen source for bacteria (Sebbane et al. 2002; Levin
et al. 2009), it controls the osmotic pressure and aids
in water reabsorption in the mammalian kidney (Esteva-
Font et al. 2015; Levin et al. 2012). Urea can also
have indirect effects, via protein carbamoylation (Delanghe
et al. 2017). Carbamoylation-derived products, such as
carbamoylated albumin, carbamoylated hemoglobin (cHb),
and carbamoylated low-density lipoprotein (cLDL), are
produced by the reaction of proteins, peptides, or amino
acids with isocyanic acid which is formed due to the
deamination of urea. Carbamoylation can have different
pathophysiological effects. Given the widespread activity
of urea in biology, a detailed study is essential in order to
understand their biological functions.

This is a review of work focused on noncovalent inter-
actions of urea and urea moieties with primarily amino
acids—phenylalanine (Phe), tyrosine (Tyr), tryptophan
(Trp), and Histidine (HIS)— and the RNA nucleobases—
adenine (ADE), guanine (GUA), cytosine (CYT), and uracil
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(URA)—all of which have aromatic groups. The sheer vol-
ume of research aimed at investigating such phenomena is
evidence of the vast importance of this topic. A review, such
as this, cannot capture the full extent of available infor-
mation in every facet of biological sciences that utilizes
this knowledge. Instead, here we contribute a compila-
tion of those systems, where urea-aromatic hydrophobic
interactions are of great biological relevance: (1) urea-
assisted protein unfolding, (2) urea-assisted RNA unfolding,
(3) urea lesion incorporated DNA, (4) urea conduction
through membrane proteins, and (5) protein-ligand inter-
actions. Accordingly, investigations aimed at an energetic
and structural quantification of individual interactions with
aromatic rings in biological complexes are reviewed. Exper-
imental and theoretical approaches starting from force fields
to high-level quantum mechanical computational studies are
discussed.

Each section begins with an emerging view of a particular
research topic based on their impact on developing the
field, focusing specifically on advancements in the past few
years. Finally, we discuss how greater knowledge of urea-
aromatic interactions would be of significant importance for
improved lead optimization and drug design.

Urea-assisted protein unfolding

Urea-assisted denaturation of proteins has been extensively
used to investigate protein stability and folding phenomenon
both experimentally and computationally (Kauzmann 1959;
Pace 1986; England and Haran 2011; England et al. 2008;
Canchi and Garcia 2013; Bandyopadhyay et al. 2014). In a
recent review, Hall et al. re-examined the site-binding model
of protein originally proposed by Schellman (1955a, b) and
Tanford (Aune and Tanford 1969), which essentially con-
sidered the effective concentration of a denaturant interacting
with protein (Hall et al. 2018). Owing to the recent advances,
in both experimental and computer simulations methods, we
have been gaining a deeper understanding of protein fold-
ing mechanisms (Holehouse et al. 2015; Cheng et al. 2017;
Guinn et al. 2011, 2015; Goyal et al. 2017). The scien-
tific community was divided in terms of the mechanistic
viewpoint on urea-induced protein denaturation.

In the indirect mechanism (Rupley 1964; Frank and
Franks 1968; Finer et al. 1972; Hoccart and Turrell
1993; Granick and Bae 2008; Bandyopadhyay et al. 2014;
Bellissent-Funel et al. 2016), in presence of urea (as cosol-
vent), the water structure is disrupted; hence, the hydropho-
bic effect becomes weaker within the protein which is the
major driving force for protein unfolding. However, earlier
experimental and computational data are somewhat ambigu-
ous on the effect of urea on water structure. In some studies,
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urea is suggested to disrupt the water structure, and termed
as a water-“structure breaker” (Finer et al. 1972; Hoccart
and Turrell 1993). Others hypothesized that urea enhanced
the water structure and coined the term as “structure maker”
(Vanzi et al. 1998; Chitra and Smith 2000). Both these
two views attribute the peculiarities and uncertainties at
certain level which tell us that affecting the water struc-
ture cannot be the sole effect of urea towards denaturing a
protein.

On the contrary, according to the direct mechanism,
urea locally interacts with protein rather than impacting the
water network resulting in changes in the global landscape
of the protein. Protein is an amino acid heteropolymer
with a unique (for each protein) sequence (Finkelstein and
Galzitskaya 2004; Onuchic et al. 1997); its chemically
complex construct is made of peptide backbone and side
chains which can have polar, apolar, or charged variants.
Scientists have spent decades to find whether side chain
or backbone or even both have dominant contributions
in urea-protein interactions as well as their nature of
interaction. In this regard, mechanistic inferences from the
past studies have been rather divergent: Some experimental
and theoretical studies showed that side chains have
greater contributions (O’Brien et al. 2007; Stumpe and
Grubmiiller 2007; 2008; 2009). While, a series of
studies (Street et al. 2006; Auton and Bolen 2004; Auton
et al. 2007, 2008; Bolen and Rose 2008) by Bolen and
coworkers revealed that denaturing/protecting osmolytes
are preferentially accumulated/excluded around the protein
backbone in single-component osmolyte solutions using the
transfer free energy (TFE) model originally proposed by
Tanford (Tanford 1964). However, accessible surface area—
based TFE model (Moeser and Horinek 2013) predicted
that both the backbone and the side chain significantly
contribute to the m-value and favor denaturation. This
would indicate a stepwise denaturation process of protein
by urea (Holehouse et al. 2015; Rossky 2008). Hua et al.
observed that once urea has expelled the first hydration
layer around the protein, the hydrophobic core is penetrated
by urea before water, forming a “dry globule” (Hua et al.
2008). The direct mechanism is a coherent result of the
favorable interaction of urea with all protein moieties,
including the peptide backbone and the side chains to
varying degrees (Hua et al. 2008; Horinek and Netz 2011;
Stumpe and Grubmiiller 2007; Lee et al. 2010; Guinn
et al. 2011). Nevertheless, today, it is widely accepted that
the chemical nature of the functional groups present in
each amino acid strongly corroborates their contributions
towards urea-protein interactions. Therefore, it is of great
interest to elucidate the molecular basis of urea’s effect
on protein stability. These contemporary understanding
of molecular forces involved in protein’s local structure
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helped to quantify their individual contribution towards
urea-induced protein unfolding landscape globally.

MD simulations have been used extensively to examine the
nature of urea-protein interactions. Studies were focused
on diverse model amino acids as well as real proteins, e.g.,
small hydrophobic solutes (Stumpe and Grubmiiller 2007,
Moeser and Horinek 2013; Wallqvist et al. 1998; Shimizu
and Chan 2002; Oostenbrink and van Gunsteren 2005;
Lee and van der Vegt 2006; O’Brien et al. 2007), purely
hydrophobic polymers (Auton and Bolen 2005; Zangi et al.
2009; Su and Dias 2017), and Trp-cage miniprotein (Canchi
et al. 2010; Canchi and Garcia 2011), lysozyme (Hua
et al. 2008), and chymotrypsin inhibitor (Bennion and
Daggett 2003). On the one hand, the fact that urea forms
energetically favorable contacts with purely hydrophobic
groups signifies that urea stabilizes the unfolded states. On
the other hand, urea addition reduces the compactness of
the polymer and urea’s self-aggregation. This indicates that
urea has a favorable dispersion interactions. Even, studies at
a larger length scale, such as, unfolding of lysozyme protein
infers the same effect that urea’s dispersion interactions
facilitate protein unfolding (Hua et al. 2008).

There are several prominent studies on the choice of the
force fields to model the solute-cosolvent interactions in MD
simulations (Horinek and Netz 2011; Canchi and Garcia
2013; Ganguly et al. 2017). Among such MD force fields,
Kirkwood-Buff-derived force field (KBFF) (Weerasinghe
and Smith 2003) and OPLS models (Duffy et al. 1993b)
are commonly used for aqueous-urea solutions. In the case
of interaction of urea with peptides and proteins (Goyal
et al. 2017), the CHARMM general force field (CGenFF)
(Vanommeslaeghe et al. 2010) for urea was shown to
produce results in fairly good agreement with the KBFF.
Here, transfer free energies obtained using the CHARMM-
CGenFF agree well the with experimental data. In this study,
authors have shown that various noncovalent urea-peptide
binding interactions which were charaterized using the MD
simulations, identified well with the state-of-the-art QM
methods (see later).

Despite the relatively wide range of computational studies,
experimental information is sparse concerning how urea
molecules interact with different components of proteins
on the atomic scale as these interactions can only be
probed via techniques which measure on the order of
angstroms (Steinke et al. 2016). In the 1960s on the basis
of thermodynamics, the classical transfer model of Tanford
(1970) assumed an unfolded ensemble that is independent
of denaturant concentration. Also the pulse-field gradient

nuclear magnetic resonance measurements by Wilkins et al.
(1999), small angle X-ray scattering (SAXS) by Kohn
et al. (2004), and fluorescence correlation spectroscopy
(FCS) experiments by Holehouse et al. (2015) considered
urea to populate heterogeneous conformational ensembles;
single-molecule Forster resonance energy transfer (FRET)
experiments (Merchant et al. 2007; Ziv and Haran 2009)
predicted that the conformations in the denatured ensemble
expose more surface areas as the concentration of the
denaturant increases. As the accessible surface area due to
the unfolding of protein upon urea addition changes, Guinn
et al. 2011, 2015; Record et al. 2013 further measured the
interaction of urea with a wide range of model compounds.
They have used osmometry to characterize its interaction
with various types of molecular surfaces of protein. Using
the solute partitioning model (SPM), they reported urea
accumulation in the vicinity of various functional groups of
the protein in the following order: aromatic-C ~ amide-O
> carboxyl-O > amide-N > hydroxyl-O > aliphatic-C. In
aqueous urea, while NH-7 interactions have been realized
to be the key mode of interaction, OH-7 interactions
involving water and aromatic groups are suitable to the
same extent, and hence this does not justify the preferential
interaction when it comes to water vs. urea. Recently, Cheng
et al. (2017) examined the amide-aromatic interactions
using osmometry and solubility measurements. They found
that amide-O interaction is more favorable than amide-
N interaction. However, atomistic details of the nature
of interactions that lead to such a novel phenomenon of
interaction between urea and aromatic groups were not
known. Only recently, Goyal et al. (2017) have manifested
the nature of urea-aromatic interactions, namely, -7 and
NH-r stacking interactions which are of high relevance and
importance in urea-assisted protein denaturation.

A variety of computational and experimental studies
have been employed on Trp-cage miniprotein, a 20-residue

%

Fig. 1 Representative configurations of a Trp-urea stacking interac-
tion and b Trp-urea NH—r interaction. Adapted with permission from
Goyal et al. (2017). Copyright (2017) American Chemical Society
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polypeptide with a protein-like fold to study protein folding.
Free energy profiles corresponding to the unfolding of the
same in the presence and absence of urea at different
temperatures identify the distortion of the hydrophobic core
to be one of the essential steps (Goyal et al. 2017). In
the presence of urea, the Trp6 residue which is of prime
importance to the hydrophobic core becomes exposed to
the solvent. As a result, the stabilization effect due to
urea comes into play. Previous experiments reported that
urea has a high affinity for aromatic groups of proteins.
Naturally, the question arises what is the nature of the
interaction between urea and aromatic groups of proteins.
Goyal and co-workers have shown recently that urea can
form stacking and NH-7 interactions with aromatic groups
of proteins (Fig. la and b for Trp-urea stacking and NH-
7 configurations, respectively). These novel interactions
constitute an important aspect of urea’s high affinity
towards aromatic groups.

Insights from molecular dynamics
simulations

Recognition of stacking and NH-r interactions:
Molecular dynamics (MD) simulations of Trp-cage
miniprotein in the presence of urea were performed to
describe and predict the geometry of interactions. To
identify urea-aromatic stacking interactions involving
urea and various aromatic groups, certain geometric
criteria were used (exact details are given in ref. (Goyal
et al. 2017)). Figure 2a shows the probability distribu-
tions of the two parameters, namely distance and angle
between the Trp6 side chain and urea, calculated for the
folded and unfolded states at 300 K. Here, urea-aromatic
stacking interactions can readily be seen in case of
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Fig. 2 Probability distributions of distance and angle parameters
between the Trp6 side chain and urea, calculated for the folded and
unfolded states at 300 K, in case of: a Trp-urea stacking interaction,
and b Trp-urea NH—rx interaction. Color bar represents normalized
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unfolded states and not in folded states. The position of
the highest peak in the probability distribution defines
the closest contact between the two moieties. The proba-
bility distributions corresponding to the unfolded states
exhibit a peak at a distance of 3.3 A. Note that hydrogen
bond-like contacts would exhibit a peak around 2.8 A.
Whereas, a cationic nucleobase was shown to be sand-
wiched at a distance of about 3.5 A between two Trp
side chains (Niedzwiecka et al. 2002). Similar, stacking-
type interactions between the guanidinium group and
aromatic side chains have been demonstrated before by
Duffy et al. (1993a), Mason et al. (2004), Schug and
Lindner (2005), and Mason et al. (2009). However, those
were characterized as cation- interactions (Meyer et al.
2003). The intermolecular interactions of urea molecules
with the m-surface of the aromatic side chain via the
N-H bond were analyzed. The probability distributions
for the distance and angle parameters between the Trp6
side chain and urea (Fig. 2b) for the folded and unfolded
states indicate the following: At distance of 3.3-3.4 A,
and angles in the range of 155-160° correspond to the
most preferred orientations of urea with respect to the
aromatic group for this type of interaction.

Having found that stacking and NH-7 interactions are
highly predominant in stabilizing Trp6 in unfolded states
of Trp-minicage in the presence of urea, the authors
were prompted towards postulating similar motifs, such as,
other aromatic amino acids would as well be capable of
forming stacking with urea. To this end, five model systems
(benzene, phenol, indole, imidazole, and imidazolium ions,
Fig. 3a) were conceived to examine urea stacking and
NH-m interactions with all the aromatic residues. The
interaction energies calculated relative to the interaction
energies obtained for the pure water system are given in
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probability, such that, the sum of the values in each graph in the given
range of distance and angle is unity. Adapted with permission from
Goyal et al. (2017). Copyright (2017) American Chemical Society
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Fig. 3 Interaction energies and transfer free energies of five aromatic
model systems with urea, used for MD simulations. a Representative
models of five different aromatic side chains. b Interaction energies
(blue) between model systems and solvent for 1-8 M urea solutions
w.r.t. 0 M urea. Coulombic (green) and van der Waals (red) con-
tributions to total interaction energies. ¢ Thermodynamic cycle for

Fig. 3b. In all the systems, interaction between the aromatic
model compounds and the solvent is increasingly favorable
due to the increase in concentration of urea, showing a linear
dependence. The net stabilization owing to the presence
of urea compared with the pure water system is mainly
because of the favorable vdW-type dispersion interactions
in all the systems. Similar to the interaction energies, the
solvation free energies calculated using the thermodynamic
integration method (Fig. 3c) of all the aromatic model
systems become more favorable in the presence of urea due
to the favorable vdW-type dispersion contributions, where
the electrostatic contributions are marginally repulsive.

Quantum mechanical calculations

High-level ab inito quantum mechanical calculations at the
RI-MP2/cc-pVDZ (Weigend et al. 1998; Dunning 1989)
level of theory were performed on the aforementioned five
model systems to validate MD results of stacking and NH-
7 interactions between urea and aromatic groups (Goyal et al.
2017). In fact, about a couple of hundreds of orientations
of urea w.r.t. each model were considered for optimization.
The most stable stacking and NH-m arrangement of
urea-aromatic models are illustrated in Fig. 4a and b,

calculating transfer free energies using thermodynamic integration
method. Total free energies; and electrostatic and vdW contributions
for 0 to 4 M (blue) and O to 8 M (green) urea solutions. Reprinted
with permission from Goyal et al. (2017). Copyright (2017) American
Chemical Society

respectively; additionally noncovalent interaction plots
(NCT plots) showing weak interaction between the two
interacting partners. Besides, potential energy surface (PES)
calculations were carried out at the MP2/aug-cc-pVDZ
level. Here, the two most stable complexes from each type
of interactions were considered as the initial geometries.
Figure 4c depicts the PESs for both of these, which shows
well-defined minima corresponding to both stacking and
NH-r interactions. The energy decomposition analysis
of the QM interaction energy showed the dispersion
contribution to be the favorable one, and not the electrostatic
interaction. Thus, the results obtained using the MD
simulations and the quantum mechanical calculations are
consistent with each other, supporting the role of stacking
and NH-r interactions in favoring the exposure of aromatic
residues in the presence of urea.

Experimental evidence of urea-aromatic
stacking interactions

Dougherty et al. (Ma and Dougherty 1997) were the first
to outline cation-m interactions as one of the driving
noncovalent forces used by nature in defining protein
structures and protein-ligand interactions. Basically, they
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Fig. 4 Structures and energetics (kcal/mol) of urea-model pairs from
QM calculations. a Most stable stacking arrangement. b Green-colored
isosurfaces obtained from NCI plot showing a weak noncovalent
interaction between the molecules. ¢ Potential energy surfaces corre-
sponding to the most stable stacking and NH—x interactions obtained

performed an investigation on modeling interactions found
in the Protein Data Bank (PDB) with ab initio methods.
Among structures surveyed, over 70% of the arginine side
chains were found in the vicinity to an aromatic side
chain; arginine was either perpendicular or parallel to the
aromatic plane. Similarly, interactions between aromatic
amino acid side chains are abundant in proteins, as shown
by the pioneering work of Burley and Petsko (1985).
They demonstrated, in a study involving 34 proteins, that
on average, 60% of aromatic side chains (Phe, Trp, Tyr)
are involved in m-m interactions. Database mining of
the Cambridge Structural Database (CSD) and the PDB
has increasingly been applied to identify and characterize
weak intermolecular interactions in chemical and biological
systems. Similarly, Goyal et al. performed a search on
several protein structures containing urea or urea derivatives
in the PDB. Out of 420 such structures, 61 with urea,
and 359 with urea derivatives were bound to proteins.
Among these structures, 38% with urea and 25% with urea
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at the RI-MP2/aug-cc-pVDZ level. Interaction energies were calcu-
lated w.r.t. the distance between urea and indole, and the orientation of
urea with respect to indole. Energy values are in kcal/mol. Reprinted
with permission from Goyal et al. (2017). Copyright (2017) American
Chemical Society

derivatives were found to form stacking arrangement with
the aromatic residues.

Urea-assisted RNA unfolding

Examination of the solute-cosolvent interactions helps us
to elucidate the molecular basis behind the RNA unfold-
ing mechanism. Several factors, such as nature of cosol-
vent, functional groups of nucleic acid structures, sequence
dependent effects and other factors contribute to this pro-
cess. Experimental and theoretical studies have been done
to understand the RNA unfolding mechanism in aqueous
urea solution. It is interesting to see how RNA molecules
scan large number of conformations to reach the desired
native state and how denaturant like urea drives the native
state towards the unstable unfolded state. Different types of
RNA structures such as hairpin loops, tRNAs, riboswitches,
RNA pseudoknots, G-quadruplexes, and siRNAs have been
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used as models to explore the urea-mediated RNA unfolding
mechanism (Timchenko et al. 1993; Holland and Hoffman
1996; Gluick and Yadav 2003; Mahen et al. 2005; Ma
et al. 2006; Lambert and Draper 2007; Pincus et al. 2008;
Aslanyan et al. 2017). Denaturant effects of urea on the
structure, stability, dynamic, and kinetic properties of RNA
have been assessed by various experimental techniques
like dynamic light scattering, UV absorption spectroscopy,
circular dichroism studies, and isothermal urea titration
(Timchenko et al. 1993; Shelton et al. 1999; Sosnick 2001;
Lambert and Draper 2012). Moreover, effects of osmolytes
on the conformational dynamics of DNA hairpin and other
nucleic acid functional groups using various techniques like
vapor pressure osmometry, fluorescence correlation spec-
troscopy, and SDS-PAGE studies have shown the utility
of urea as a quantitative probe to unravel the nucleic acid
denaturation mechanism (Zhang et al. 1996; Bonnet et al.
1998; Griko et al. 2001; Lambert et al. 2010). DNA melting
in different osmolytes was quantified by the local-bulk par-
titioning model earlier (Hong et al. 2004; Nordstrom et al.
2006). Intramolecular Watson-Crick and Hoogsteen hydro-
gen bonding, base stacking interactions, and hydrophobic
bonding provide a basis for structural stability of RNA/DNA
molecules. Urea is known to destabilize the native con-
formations of RNA and to denature the DNA molecules
by disrupting the intramolecular hydrogen bonding interac-
tions or by weakening the intermolecular interactions. Few
of the experimental and computational studies have been
discussed in the following sections.

One major interest is how interactions between different
regions of nucleic acids and urea contribute to the stabiliza-
tion of the unfolded states of RNA. The quest to answer
this challenging riddle has led to a number of experimental
and theoretical studies to understand the unfolding mech-
anism. Earlier studies reported that urea induces changes
in nucleic acid structures by forming favorable interactions
with exposed surfaces of nucleobases compared with other
regions, such as backbone, ribose, and phosphate groups
(Hong et al. 2004; Lambert and Draper 2012; Guinn et al.
2013; Yoon et al. 2013; Kasavajhala et al. 2015; Miner
and Garcia 2017; Alodia et al. 2018; Jaganade et al. 2019).

Fig.5 Interactions involving the
RNA hairpin: a Hydrogen
bonding between urea and RNA
base. b Stacking between urea
and RNA base. Adapted with
permission from Priyakumar

et al. (2009). Copyright (2009)
American Chemical Society

a

These strong urea nucleobase interactions are quantified by
various experimental and theoretical approaches (Gao et al.
2017; Patra et al. 2017; Miner and Garcia 2017). Guinn et al.
showed relatively favorable interactions of urea compared
with water with different regions of nucleic acids structures,
like, heterocyclic aromatic ring, methyl, carbonyl and phos-
phate O, amino N, and sugar (C and O) (Guinn et al. 2013).
Urea has long been used as an analytical tool to characterize
the ubiquitous thermodynamic forces stabilizing biomolec-
ular structures. Recent FRET studies indicated an increase
in enthalpy and entropy of the RNA/DNA hairpins in the
presence of high concentration of urea (Holmstrom and
Nesbitt 2014; Holmstrom et al. 2015; Patra et al. 2017). A
rugged folding free energy surface of DNA was observed
which involves a number of quasi-open intermediate con-
formations (Sarkar et al. 2009). In high urea concentration,
a loss of hydrogen bonding and weakening of base stack-
ing interactions indicate transition of native folded state
towards unfolded state. A number of theoretical and exper-
imental studies are available to estimate the unfolding free
energy (m-value) which is directly proportional to the sol-
vent accessible surface area (Ma et al. 2006; Lambert et al.
2010). Several research groups monitored structural devi-
ations in urea-assisted RNA unfolding transitions using
m-values which can be correlated with the free energy val-
ues obtained from melting temperature studies (Lambert
and Draper 2012; Guinn et al. 2013; Moeser and Horinek
2013). It is assumed that total free energy contributing to the
urea-biomolecule interactions can be obtained from individ-
ual components of biomolecules exposed to solvent surface
in native folded and unfolded states. In higher urea con-
centration, folding rate constant decreases, while significant
increase in unfolding rate constant was observed which
makes urea a potent denaturant (Sosnick 2001; Auton and
Bolen 2005; Lambert and Draper 2007, 2012).

MD simulations have been employed to unravel the
urea-RNA unfolding mechanism at the molecular level. For
example, Priyakumar et al. showed stable urea nucleobase
stacking and hydrogen bonding (see Fig. 5) interactions
using RNA hairpin (Priyakumar et al. 2009). Later, Yoon
et al. proposed water-induced disruption of RNA followed by

b
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Fig. 6 Urea assisted RNA unfolding: Urea forms favorable interac-
tions with exposed nucleobases in unfolded RNA. The mechanism:
water-induced disruption of base pairs (left) resulting in the formation
of a “wet” destabilized RNA followed by solvation by urea (right).

urea solvation using the PreQ1-riboswitch as a model sys-
tem (Fig. 6) (Yoon et al. 2013). Furthermore, Garcia et
al. studied preferential interactions of RNA with urea and
determined the free energy landscape of RNA hairpin using
unbiased replica exchange molecular dynamics (REMD)
simulations (Miner and Garcia 2017). Recently, the prefer-
ential binding of urea to the single-stranded DNA structure
was quantified using molecular dynamic simulations, and
DNA unfolding is studied using Kirkwood-Buff integrals
and transfer free energies and employing metadynamics
simulations (Oprzeska-Zingrebe et al. 2019; Oprzeska-
Zingrebe and Smiatek 2018). Several quantum mechanical
studies revealed that urea indeed forms strong stacking inter-
actions with nucleobases dominated by dispersion (Kasava-
jhala et al. 2015). The ability of urea to form strong
m —stacking interactions with nucleobases is intriguing. A
recent extensive QM calculation investigated the importance
of functional groups on nucleobases and studied the effect
of urea orientations of the urea-nucleobase stacking interac-
tions (Alodia et al. 2018). Noncovalent stacking interactions
were found to be the driving forces, and energetically, these
interactions are dominated by dispersion effects.
Preferential interactions of urea with the exposed aromatic
surfaces of nucleic acids have been the subject of several
experimental and computational studies. Preferential inter-
actions of urea were quantified in several computational
studies using a two-domain model and Kirkwood-Buff inte-
grals (Hong et al. 2004; Miner and Garcia 2017; Oprzeska-
Zingrebe et al. 2019; Oprzeska-Zingrebe and Smiatek 2018;
Jaganade et al. 2019). The mechanism by which urea medi-
ates the protein unfolding is quite different from how
urea drives the RNA unfolding and DNA denaturation
(Thirumalai and Woodson 1996; Thirumalai and Hyeon
2005). However, it was also analyzed before that polar
amide-like accessible surface area of DNA nucleobases and
urea interactions showed a similar nature as the polar amide
peptide surface and urea interactions (Hong et al. 2004).
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The structure of preQI-riboswitch (middle). Reprinted with permis-
sion from Yoon et al. (2013). Copyright (2013) American Chemical
Society

Urea interacts with nucleobases via different modes of inter-
actions. Figure 7 shows the spatial density distributions of
C, N, and O atoms of urea around the nucleobase model
system. The nitrogen atom of urea forms NH—x stacking
and hydrogen bonds with the nucleobase (Yoon et al. 2013;
Priyakumar et al. 2009). Oxygen atoms can similarly form
hydrogen bonds with donor atoms of the solute molecule.
Prominent black regions of carbon atoms above and below
the base molecule plane indicate possible NH—m and m — 7
stacking interactions. Along with the noncovalent driving
forces explained in the previous sections, such as stacking,
hydrogen bonding and dispersion interactions, enthalpy and
internal energy, and entropy of the system are quintessential
in understanding the free energy of unfolding in the urea-
induced RNA unfolding mechanism. All these observations
emphasize the importance of urea-aromatic interactions in
the urea-assisted RNA unfolding mechanism.

Urea lesion interaction within damaged DNA

Various factors such as ionizing radiations, chemical
reagents, and oxidative stress lead to damage in DNA. DNA
damage affects the viability of cell and its fitness and can
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Fig. 7 Most probable positions of urea atoms around the nucleobase
model. Adapted with permission from Jaganade et al. (2019).
Copyright (2019) Springer Nature
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lead to uncontrolled growth or cellular death. Though urea
has achieved wide attention as a denaturant of proteins
and RNA, it is also known as an effective replicative
block to the polymerase (Ide et al. 1985). Fragmentation
products of different lesions lead to the formation of urea
moiety. There are several experimental studies available
that provide the basis of the formation of urea lesion.
Mutagenic and repair properties have been investigated
by incorporating deoxyribosylurea nucleotide into DNA
fragments by chromatography experiments (Guy et al.
1990; Baillet and Behr 1995). Ionizing radiation, oxidation
of thymine, and degradation of thymine hydroperoxides
result in urea formation. 7,8-Dihydro-8-oxoguanine (8-
0x0G) is one of the most studied mutagenic lesions which
react with oxidative products to give rise to urea lesion.
Henderson et al. studied the hydrolysis of oxalauric acid
to urea lesion simulated under physiologically relevant
conditions (Henderson et al. 2005). It is known that one
of the most common damaging agents, thymine glycol
undergoes alkali hydrolysis to form urea residues (McNulty
et al. 1998). Urea is known to block the replication by
DNA polymerase and it is recognized by various repair
enzymes, such as N glycosidase, endonuclease III, and
exonuclease III. The urea lesion is first recognized by
DNA glycosylase, endonuclease III, or endonuclease VIII
and later on excised by base excision repair mechanism
(Wallace 1994). Moreover, the presence of urea lesion was
found to affect the cleavage rates of DNA-RNA hybrids
by ribonuclease H. Several experimental studies suggested
that the presence of thymine glycol and urea residues
interferes with the DNA polymerase activity. Few NMR
studies reported structures of urea lesion incorporated in
B-DNA duplexes and other few studies explained the role
of urea lesion in frameshift mutations (Gervais et al.
1998; Maufrais et al. 2003). Studies have shown that
the introduction of urea lesion into the DNA strand gave
rise to transition mutations at the urea site (Evans et al.
1993). All these experimental observations are supported by
few computational MD studies to understand the dynamic
properties of urea-incorporated DNAs. Thermodynamic
stability and hydrogen bonding ability of urea have been
assessed by free energy calculations and MD simulation
(Gervais et al. 1998; Suresh et al. 2016). It is interesting to
understand the atomistic details of how urea incorporated
DNA maintains its structural integrity.

Urea has sufficient donor and acceptor groups to be
involved in hydrogen bonding and it was observed that it
forms stable intra- and inter-strand hydrogen bonding and
base stacking interactions with bases on the opposite strand
of the DNA (Gervais et al. 1998). The carbonyl group
of urea, nitrogen atom of the amino group, and oxygen
atom can take part in hydrogen bonding formation. It was
observed that two isomers of urea in cis and trans forms
showed different structural orientations in helical DNA and
that may be due to the difference in hydrogen bonding
patterns (Gervais et al. 1992). Moreover, urea is present
in syn and anti orientations around the glycosidic bond
with equal probability of occurrence. The trans-anti iso-
mer of urea can form hydrogen bonding with the opposite
base in intrahelical conformation, while cis urea isomer is
present in extruded form from the helical axis of the DNA.
Figure 8 shows the possible ways in which urea is ori-
ented around the glycosidic bond in the DNA double helix.
The urea lesion occupies either extrahelical or intrahelical posi-
tions on the DNA helices. Urea-thymine can form regular two
hydrogen bonds similar to AT base pair. As mentioned in
the earlier sections in this review, various experimental and
computational studies revealed that urea can form a sta-
ble hydrogen bonding and favorable stacking interactions
with the nucleobases in their extrahelical conformations.
Recently, Suresh et al. tried to unravel the ability of urea
to mimic nucleobases within the nucleic acid structures
using MD simulations. Urea was found to form direct
hydrogen bonding with purine bases while water-mediated
hydrogen bonding was observed in urea-pyrimidine base
interactions (Suresh et al. 2016). In Fig. 9, the two modes
of interaction of urea with nucleobases are shown. The
ability of urea to take part in favorable stacking with
nucleobases was suggested to assist in retaining the intra-
helical conformation of urea even when it is not involved
in direct hydrogen bonding interactions with the pyrimidine
base.

Urea conduction through membrane
proteins

Proteins mediating the permeation of ions and small

molecules across cellular membranes are typically known
as membrane transport proteins. Membrane channels
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Fig.9 Modes of the interaction
of urea with pyrimidine and
purine bases when it is
intercalated in the DNA double
helix. Reprinted with permission
from Suresh et al. (2016).
Copyright (2016) American
Chemical Society

Urea-Purine pairs

responsible for selective exchange of water-soluble mate-
rials, e.g., water, ions, and other nutrients, across cell
membranes are abundant in all forms of life, including
mammals, amphibians, insects, plants, and bacteria (Gonen
et al. 2004; Mathai et al. 1996; Levin et al. 2012; Deng
et al. 2015; Lucien et al. 2002; Wang and Tajkhorshid 2007,
Bai et al. 2017; Esteva-Font et al. 2015; Weeks et al. 2004;
Hunger et al. 2014; Abreu et al. 2010; Padhi et al. 2013,
2017; Ramakrishnaet al. 2015; Padhi and Priyakumar 2017,
2020). Unlike water-soluble proteins, hydrophobic residues
of membrane proteins are exposed towards the membrane
instead of being buried in the protein interior. Conversely,
hydrophilic residues can reside on the protein surface, out-
side the membrane, neighboring the lipid headgroups, even
sometimes, in the protein interior, for example, while form-
ing a channel (Harris and Booth 2012; Ramakrishna et al.
2015; Padhi et al. 2015). Recent advances in experimental
structural biology and computer simulation methodologies
have facilitated our understanding on the structural and
functional bases of membrane channels at atomic resolution.
This section discusses urea transporters (UT)—channel-like
proteins, which selectively allow the permeation of urea
molecules across a lipid bilayer of the cell—and looks at
emerging evidence from experiments and simulations of
the urea permeation mechanism how selectivity urea binds
to certain amino acid residues to modulate the permeation
process.

Experimental signatures: Urea transporters play an
important role in urea excretion and maintaining water
balance for a variety of living organisms. UT members
have been found in various species including bacteria,
fungi, insects, and vertebrates including all mammals.
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The mammalian urea transporters are of two forms: UT-
A (with 6 isoforms) and UT-B (with 2 isoforms) (Sands
2003; Smith 2009). These UTs have many homologues
in bacteria, such as ApUT (Actinobacillus pleuropneu-
moniae urea transporter) (Godara et al. 2009) which
was later used for urea permeation study (Raunser et al.
2009). The field of urea transport has a long history
(Hediger et al. 1996; Gamble et al. 1934; Aukland 1961,
Gallucci et al. 1971; Macey 1984; Mayrand and Levitt
1983; Sands and Knepper 1987; Schafer et al. 1974,
Kishore et al. 1997; Smith and Rousselet 2001; Zhao
et al. 2007). However, the atomic resolution structure of
UT was not resolved until 2009. The first crystal struc-
ture of a UT family member was the bacterial protein
dvUT (Levin et al. 2009), a functional homologue of
mammalian UTs from Desulfovibrio vulgaris (PDB IDs:
3K3F and 3K3G of dvUT alone and co-crystallized with
the urea analogue dimethylurea, respectively). The same
group subsequently resolved the X-ray crystal struc-
ture of the mammalian UT-B from Bos taurus (Levin
et al. 2012) (PDB IDs: 4EZC and 4EZD of UT-B alone
and co-crystallized with the urea analogue selenourea,
respectively). X-ray crystallography revealed a low-pH
structure of the proton-gated urea channel from Heli-
cobacter pylori, HpUrel (Strugatsky et al. 2013), at a
resolution of 3.3 A (PDB ID: 3UX4). Later, the cryo-
electron microscopy (cryo-EM) structures of the same in
close and open conformations were solved both at a reso-
lution of 2.7 A (Cui et al. 2019). These three-dimensional
atomic-resolution structures have served as invaluable
tools for us to understand the functional characteristics of
UTs. Particularly, dvUT and UT-B are homologous. Both
of them are trimers, and each monomer can diffuse urea
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or urea analogues, individually. It is therefore, likely that
the basic nature of the core hydrophobic regions of the
UT family, including the ten transmembrane-helix topol-
ogy as well as the location of the permeation pathway
follow a conserved signature motif across the UT fam-
ily (Levin and Zhou 2014). It is intriguing that all known
structures have aromatic amino acid residues lining the
selectivity filter (Fig. 10).

Atomistic simulations: An atomistic understanding of
the three-dimensional structures of membrane transport
proteins is essential to determine the mechanistic details
of the functional properties, such as conduction and
selectivity. Advanced computational protocols are now
increasingly becoming complementary tools to study
such atomistic details though biological membranes
are complex in terms of their molecular compositions,
structures, and functions over a wide range of time
scales, and characterized by nonequilibrium conditions
(Pienko and Trylska 2019; Enkavi et al. 2019; Na et al.
2018). An umbrella sampling MD simulation study was
performed on first X-ray crystal structure of UT-B in a
pioneering work by Levin et al. (2012). Here they showed
that the selectivity filter has two urea binding sites. The
associated potential of mean force (PMF) located two
almost symmetric pairs of energy minima in the S, and S;
regions with an energy barrier as large as approximately
5.0 kcal mol~!. Wang et al. studied both urea and
water transport through the dvUT using MD simulations,
Monte Carlo methods, and the adaptive biasing force
approach (Wang et al. 2015b). A computational study
modeled the urea flux in dvUT, the equilibrium urea
binding to dvUT, as well as the substitution of urea
by DMU in the dvUT (Zhang et al. 2017). Another
investigation by Padhi and co-workers elucidated the urea
permeation mechanism employing umbrella sampling
MD simulations (Padhi and Priyakumar 2016). They
proposed that urea-aromatic interactions arising from
parallelly arranged aromatic rings in the pore lowers
the energy barrier for urea transport. This stacking type
interaction between urea and four phenylalanine side
chains is similar to that discussed in the previous sections.
For the first time, a multiple urea transport model
was proposed here. An alternative approach, unbiased
equilibrium microsecond long MD simulations, was used
to study the urea conduction in HpUrel at atomic detail
(McNulty et al. 2013). This simulation identified that
two consecutive constrictions open to allow conduction
of urea which interacts with highly conserved residues
those determine selectivity and, in turn control urea flux
through the channel. In fact, they showed that HpUrel
conducts water at rates almost equivalent to aquaporins
which is a family of membrane channel responsible

for permeation of water (Wang and Tajkhorshid 2007;
Dynowski et al. 2008).

Urea has a stronger dipole moment (4.6 D) than water
(1.8 D), resulting in low solubility in lipids. It shows
slow permeability across lipid bilayers those lack any
transport proteins to facilitate the diffusion (Finkelstein
1976). Despite having such high polarity, urea readily
permeates through the UT channel whose hydrophobic
constriction region is lined by aromatic residues. Residues
lining the selectivity filters of dvUT, bovine UT-B, and
HpUrel pores are depicted in Fig. 10a, b, and c, respectively.
The HpUrel crystal structure revealed two constrictions,
periplasmic, Cp and cytoplasmic, C¢ in the channel. The
key aromatic residues were found to be Phe84 and Trp149
for the Cp, and Tyr88 and Trp153 for the Cc. During the
transport through Cp, urea was found to be interacting with
the aromatic Phe84 on one side, and on the other side,
with the Trp149 while indole donating a hydrogen bond
to urea. When urea traverses through Cc, on one side, it
remains in close contact with the Trp153, and on the other
side with the Tyr88, whose phenol is in hydrogen bonding
interactions with urea (see Fig. 10c). Currently, there are no
crystal structures available for any known UT protein bound
to urea, except the dvUT bound to DMU (Levin et al. 2009)
and bovine UT-B bound to selenourea (Levin et al. 2012).

Although both bacterial dvUT and mammalian UT-
B proteins hold an entirely different channel-architecture
compared with HpUrel, remarkable similarities were
observed in the prominent arrangement of combinations of
aromatic and other hydrophobic residues in the pore-lining
(Levin et al. 2009). For both channel types, a urea molecule
has to transport through the pore sandwiched between either
a pair of aromatic residues or an aromatic and a hydrophobic
residues, while the latter is involved in hydrogen bonding
as illustrated in Fig. 10c (Strugatsky et al. 2013; Levin
et al. 2012). This may ensure high selectivity for a planar
molecule like urea that is also highly polar. Their results
indicate that the interaction of urea with aromatic rings,
which may involve both amide-mw stacking (Imai et al.
2009) and hydrogen bonding, likely to play crucial roles in
the urea permeation. Similarly, in a recent computational
study on dvUT, phenylalanine ring pairs (Phe190/Phe243
and Phe80/Phe27) were found to be the key residues which
involved in stacking interactions with urea molecules inside
the pore (Padhi and Priyakumar 2016).

Protein-ligand interactions

Noncovalent interactions, in particular aromatic stacking
interactions, are essential in chemistry and biology to
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Fig. 10 Residues lining the selectivity filter of the a dvUT-
dimethylurea complex (PDB ID: 3k3g) (Levin et al. 2009) and the b
bovine UT-B. Adapted with permission from Levin et al. (2012). Copy-
right (2012) National Academy Sciences. ¢ HpUrel: In a schematic

understand the correct description of the structure and
properties of molecules (Meyer et al. 2003; Schottel et al.
2008; Waters 2002; Riley and Hobza 2012; Wheeler 2012;
Daze and Hof 2012; Macias et al. 2003; Ma and Dougherty
1997; Dougherty 2012; Tsuzuki et al. 2000a, b; Miiller-
Dethlefs and Hobza 2000). The growing experimental as
well as in silico approaches specifically studies of small
aromatic model systems (Bissantz et al. 2010; Meyer et al.
2003; Jarvis and Ouvry 2019; Wang et al. 2015a; Bootsma
and Wheeler 2018; Toupkanloo and Rahmani 2018; Alodia
et al. 2018; Jaganade et al. 2019; Goyal et al. 2017; Casals-
Sainz et al. 2019) have been providing significant insight
into the relative contribution of energetical and geometrical
preference of different stacking partners, for example, 7 —
(Burley and Petsko 1985; Riley and Hobza 2012; Riley et al.
2010; Su et al. 2014; Scrutton and Raine 1996; Su and Li
2009; Jeziorski et al. 1994), anion—m (Schug and Lindner
2005; Schottel et al. 2008), cation—m (Dougherty 2012;
Salonen et al. 2009; Scrutton and Raine 1996), and XH—7
(Tsuzuki et al. 2000a, b). This knowledge is routinely used
in structure-based drug design and molecular recognition.

Amide-aromatic stacking interactions

A significant part of the w-interactions in proteins focuses
on the aromatic side chains. In 2013, Harder et al.
revealed a noncanonical intermolecular interaction where,
the m—system of an amide is engaged in stacking
arrangement with arenes (Harder et al. 2013). The Diederich
lab has been so far taken the lead in increasing our
understanding of these interactions and the knowledge
gained from this structure-activity relationship study and the
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detection of the binding mode has been continuing to inspire
their use in rational design (Giroud et al. 2016; Salonen
et al. 2009; Salonen et al. 2011; Salonen et al. 2012; Lauber
et al. 2016; Ehmke et al. 2013; De Gasparo et al. 2018).
These relatively less explored amide stacking interactions
are energetically stronger than other stacking interactions,
and can be competitive with hydrogen bonds (James et al.
2009, 2011); they can also play a significant role in protein
structure and stability (Kemmink et al. 1993; Duan et al.
2000a, b), and similar interactions have been suggested in
urea-induced denaturation of proteins (Goyal et al. 2017).
Systematic analyses of the PDB protein-ligand com-
plexes detected amide-arene stacking interactions between
protein backbone and s surfaces of ligands as one of
the relatively frequent interactions (Harder et al. 2013;
Giroud et al. 2016; Giroud et al. 2017; de Freitas and
Schapira 2017). In a series of studies of small-molecule
inhibitors, amide stacking interactions have been found
to modulate selectivity towards the target. For instance,
Roehrig et al. observed that introduction of an amide into an
oxazolidinone-based inhibitor increased the binding affin-
ity in case of serine protease Factor Xa (FXa) (Roehrig
et al. 2005). Here, the morpholinone moiety was found to be
sandwiched between Tyr and Phe (see Fig. 11a). Whereas,
Diederich et al. (Salonen et al. 2012) optimized the rela-
tive orientation of the oxazole linker in a small-molecule
inhibitor, w.r.t. the amide backbone in the binding pocket
that improved the binding affinity. A co-crystal structure
of triazine nitrile binding to human cathepsin L (hCatL)
(Ehmke et al. 2013) revealed chlorobenzyl ring of triazine
nitrile ligand stacks on the Gly67-Gly68 peptide bond
(Fig. 11b). Many other studies have delineated the impor-
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a

Fig. 11 a Factor Xa inhibitor (left), and it is interacting with GIn192
in the complexed crystal structure (PDB ID: 2Y5G). Reprinted with
permission from DeFrees et al. (2019). Copyright (2019) Royal Soci-
ety of Chemistry. b Co-crystal structure of triazine nitrile with human

tance of heteroarene-amide interactions for ligand binding
including FXa (Parrish et al. 2017; Shi et al. 2008) and bac-
terial serine hydrolase CTX-M (DeFrees et al. 2019). Opti-
mizing amide stacking as well exhibited improved binding
affinity to targets, including the aspartic protease endoth-
iapepsin (Hartman et al. 2015), protein kinase A (PKA)

Fig. 12 Co-crystal structure of urea with YedY (consisting of 5
monomers) from Escherichia coli, highlighting the arrangement of the
tryptophan residue interacting with a urea molecule via stacking. (PDB
ID: 1XDQ, ref. (Loschi et al. 2004))
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=\ Hisie3 TP189
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cathepsin L (hCatL) (PDB ID: 4AXM, resolution 2.80 A). The
chlorobenzyl ring of the ligand stacks on the Gly67-Gly68 pep-
tide fragment. Adapted with permission from Giroud et al. (2016).
Copyright (2016) John Wiley and Sons

(Lauber et al. 2016), cysteine protease rhodesain (Ehmke
et al. 2013), and the cysteine protease autophagin-1 (Qiu
et al. 2016).

Similar to protein backbone amide moiety, urea too is
an amide. Consequently, urea-aromatic interactions might
prove to be a significant contributing factor in drug design
as seen for amide-aromatic interactions. In fact, in an earlier
investigation (Loschi et al. 2004), urea was found to bind
to the active site in YedY structure (PDB ID: 1XDQ,
Fig. 12), suggesting a viable role of urea as a weak substrate
analogue inhibitor. A series of crystal structures of YEATS-
domain containing protein MLLT1 (ENL) complexed with
piperazine-urea derivatives have been deposited in the PDB
(IDs: 6T1I, 6T1J, and 6TIL) very recently (Ni et al.
2019). In all these three structures, Tyr is interacting with
the O=C-N moiety of the urea derivative in a stacked
arrangement (see Fig. 13). Small-molecule screening has
identified potent and selective inhibitors for various UTs.
Additionally, emerging evidence from experiments suggests
that UT inhibitors can be developed as a novel class of
diuretic drugs (Esteva-Font et al. 2015; Yao et al. 2012;
Zhao et al. 2019; Lee et al. 2018; Li et al. 2014; Li
et al. 2019). Understanding the mechanism of binding and
permeation of urea and urea analogues across UTs might be
useful structural determinants which may aid in optimizing
the binding of clinically useful UT inhibitors. High-affinity
urea-binding sites would be promising contacts for future
study. Mining of large crystallographic data sets would
uncover the urea/urea derivative involved in aromatic
interactions in protein structure and also in protein-ligand
binding. Exploring the conformational space of small-
molecule ligands, and their target-bound state will lead to
a better understanding of the forces that guide molecular
recognition. Optimizing these interactions can provide a
potential route to enhanced drug binding.
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Fig. 13 Co-crystal structures of three piperazine-urea derivatives with
YEATS-domain containing protein MLLT1 (ENL) (Ni et al. 2019)
(PDB IDs: 6T11I, 6T1J and 6T1L). Tyrosine residue is in stacking
arrangement with the O=C-N group of the urea derivative in all three
structures (a), (b), and (c¢)

Summary

Both experimental and computational studies have played
major roles in understanding the mechanism of urea-
assisted protein unfolding. While dispersion interactions are
suggested to be largely responsible for stabilizing unfolded
protein conformations in aqueous urea, the nature of these
interactions is still under study. Detailed computational
exercises were crucial in identifying the stacking interaction
between urea and aromatic groups in proteins/RNA to be
a contributing factor. The aromatic groups are capable
of forming NH-7 and hydrogen bonding interactions, but
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similar interactions are possible with water as well and
hence stacking is found to be primarily responsible for
stabilizing the solvent exposed aromatic groups of proteins
and nucleic acids in the presence of urea. Such stacking
interactions are also found to be a major contributor for
maintaining the helical integrity of damaged DNA with
urea lesions. All the three urea transporter structures that
have been solved so far have aromatic residues lining
the selectivity filter of the pore in the protein. Detailed
molecular dynamics simulations indicate a urea-aromatic
stacking enabled mechanism of regulating urea permeation
in this class of proteins. Survey of crystal structures clearly
demonstrate the prevalence of urea-aromatic stacking
between urea derivatives and aromatic residues. Such
an overwhelming presence of novel and non-intuitive
nonbonding interaction involving urea and aromatic groups
encourages further applications in drug design. While
urea is capable of forming hydrophobic/dispersion type
interactions with aromatic groups perpendicular to the
molecular plane, the presence of polar O/N atoms in
the molecule inherently supports in-plane hydrogen bond
interactions. Further investigations on how to leverage such
a dual role of urea would be valuable in drug design
projects.

Funding information We thank the DST-SERB (grant nos.
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