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ABSTRACT: Proteins and their assemblies are fundamental for
living cells to function. Their complex three-dimensional
architecture and its stability are attributed to the combined effect
of various noncovalent interactions. It is critical to scrutinize these
noncovalent interactions to understand their role in the energy
landscape in folding, catalysis, and molecular recognition. This
Review presents a comprehensive summary of unconventional
noncovalent interactions, beyond conventional hydrogen bonds
and hydrophobic interactions, which have gained prominence over
the past decade. The noncovalent interactions discussed include
low-barrier hydrogen bonds, C5 hydrogen bonds, C−H···π
interactions, sulfur-mediated hydrogen bonds, n → π* interactions,
London dispersion interactions, halogen bonds, chalcogen bonds,
and tetrel bonds. This Review focuses on their chemical nature, interaction strength, and geometrical parameters obtained from X-
ray crystallography, spectroscopy, bioinformatics, and computational chemistry. Also highlighted are their occurrence in proteins or
their complexes and recent advances made toward understanding their role in biomolecular structure and function. Probing the
chemical diversity of these interactions, we determined that the variable frequency of occurrence in proteins and the ability to
synergize with one another are important not only for ab initio structure prediction but also to design proteins with new
functionalities. A better understanding of these interactions will promote their utilization in designing and engineering ligands with
potential therapeutic value.

1. NONCOVALENT INTERACTIONS
Proteins perform a vast majority of cellular functions that are
necessary to sustain life. The three-dimensional (3D) structure
adopted by a protein dictates the function that it carries out.
Aberration or disruption of the 3D structure can disrupt
cellular activities and cause physiological disorders and
diseases. Consequently, the adoption and stabilization of
functionally relevant protein structures are of utmost
importance. While covalent peptide bonds link amino acids
linearly to form polypeptide chains, it is the noncovalent
interactions that sculpt the 3D structure of proteins by folding
the polypeptide chains into a definite structure and providing
stability to the structure. Noncovalent interactions also
influence aspects related to protein functions, such as (i) the
affinities and mode of ligand binding, (ii) the complexation of
proteins with other proteins, nucleic acids, lipids, membrane,
and carbohydrates, (iii) molecular recognition, and (iv) the
enzymatic reaction mechanism and kinetics.
A detailed study of the noncovalent interactions is required

to not only understand the protein structure and its function,
but also to design proteins with new functions and ligands that
modulate protein functions that can potentially serve as
therapeutic drugs.

J. D. van der Waals first identified cohesive forces distinct
from and weaker than covalent interactions that hold atoms or
molecules together, which are referred to as noncovalent
interactions.1,2 P. A. Kollman defined noncovalent interactions
as “those in which (1) electrons stay paired in reactants and
products and (2) there is no net change in chemical bonding.”3

The overall strength of the noncovalent interactions usually
ranges from −0.5 to −50 kcal mol−1 and depends on the
nature of the interacting atoms or molecules. Unlike covalent
interactions, these interactions do not confer much rigidity and
are easy to form or break.2,4 This unique feature introduces
dynamicity within macromolecules that are integral to their
biochemical functions at ambient temperature.2 Additionally,
these interactions often work in groups and are critical for
determining the structures and functions of macromolecules or
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their complexes, including catalysis and molecular recogni-
tion.4

To understand the nature of the interactions or character-
ization of the forces involved, the interaction energy between
any two interacting atoms/molecules can be broken down into
five components: (1) electrostatic, (2) exchange-repulsion, (3)
dispersion, (4) polarization, and (5) charge transfer.5−7

Structural, spectroscopic, thermodynamic, database, and ab
initio computational analyses are the primary and most
valuable tools employed to understand and study noncovalent
interactions.2,8,9 For instance, topological features of electron
density distribution obtained experimentally from X-ray
charge-density analysis are used to understand the nature,
strength, and directionality of the noncovalent interac-
tions.10−12 In proteins, the interactions are primarily made
by nonpolar groups and polar groups containing hydrogen
(H), carbon (C), nitrogen (N), oxygen (O), phosphorus (P),
and sulfur (S) atoms.
Hydrogen bonds, ionic bonds, hydrophobic, and van der

Waals interactions are noncovalent interactions commonly
observed in biomolecules, which have been studied and
discussed extensively in various reviews and textbooks.
However, over the past decade, the importance of a variety
of other noncovalent interactions in biomolecules has been
discovered, which have been shown to be important for the
structure and function of proteins. This Review focuses on the
advances that have taken place, in particular over the past
decade, in our understanding of unconventional noncovalent
interactions, beyond the conventional H-bonds, ionic bonds,
or hydrophobic interactions that are observed in proteins or
their complexes with other biomolecules. In particular,
chemical basis, experimental evidence, structural features, and
the relevance of these interactions in protein structure and
function will be discussed. This Review will also discuss recent
studies that have contributed to a better understanding of the
London dispersion interaction, the attractive component of the
van der Waals interaction, and its importance in protein
structure and function in light of these findings.

2. UNCONVENTIONAL H-BONDS IN PROTEINS
Hydrogen bonds are one of the most common noncovalent
interactions in proteins that play an extremely important role
in protein structure and function.13−16 IUPAC definition states
that “The hydrogen bond is an attractive interaction between a
hydrogen atom from a molecule or a molecular fragment X−H
in which X is more electronegative than H, and an atom or a
group of atoms in the same or a different molecule, in which
there is evidence of bond formation.”17 While electrostatic
components generally dominate H-bond formation, contribu-
tions from charge transfer and polarization interactions are also
reported on the basis of the Energy Decomposition
Analysis.18,19 D−H···A is a general representation for H-
bonds, where D and A are the H-bond donor and acceptor
atom, respectively (Figure 1A). Depending on the electro-
negativity of D and A and their environment, the strength of
the H-bonds can be up to −40 kcal mol−1.8 The H-bonds can
also be weak, such as the well-studied C−H···O bond.8 On the
basis of their strength, H-bonds can be categorized as (i)
conventional (−2.4 to −12.0 kcal mol−1), (ii) low-barrier (−12
to 24 kcal mol−1), and (iii) single-well H-bonds (more than
−24 kcal mol−1)20 (Figure 1B).
2.1. Low-Barrier H-Bond (LBHB). Energetically, a low-

barrier H-bond (LBHB) is formed when a low energy barrier

separates two minima of equal depth. Such a situation arises
when the pKa values of donor and acceptor atoms are
comparable.21−23 In a conventional H-bond, the barrier height
is higher than the zero-point energy of the shared hydrogen.
Consequently, in a LBHB, the hydrogen atom is located
symmetrically between the donor and acceptor atoms and
dD−H ≈ dH···A.

24 LBHB can be ascertained by locating the
position of the hydrogen shared between the donor and the
acceptor. Ultra-high-resolution X-ray data, using the electron

Figure 1. Unconventional H-bonds. (A) Geometrical and stereo-
chemical parameters used to identify a conventional H-bond in
biomolecules. (B) Energy profile of a H-bond as a function of the
location of the H atom between D and A highlighting the difference
between a regular, low-barrier, and single-well H-bond. (C) A charge-
density analysis showing a contour plot of the negative of the
Laplacian of the electron density in the plane of the N−H···O bond in
a model compound mimicking the catalytic triad in serine proteases.
Solid lines indicate positive contours, and broken lines indicate a
negative contour. Adapted from ref 26. Copyright 2001 Wiley. (D) A
0.78 Å structure showing a short H-bond (dH···O = 1.60 Å) in the Ser-
His-Asp catalytic triad of serine protease subtilisin (PDB ID: 1GCI).
(E) The 0.97 Å resolution crystal structure of the human
transketolase with substrate−thiamine intermediates bound (green)
zoomed to show a channel and intervening residues communicating
with two active sites of the homodimer (each monomer colored in
cyan and pink) (PDB ID: 4KXW). The H-bond network that
connects these sites is highlighted in green (regular H-bonds) and red
(LBHB). (F) Zoomed section showing residues Glu160, Glu366, and
a portion of thiamine with the 2FO − FC electron density map at the
6σ contour level and FO − FC at the 2.7σ contour level. The regular
H-bond between thiamine and Glu366 (green) and the LBHB
between Glu366 and Glu160 (red) are also highlighted. (G) A
magnified section shows the occurrence of electron density almost
precisely halfway between Glu366 and Glu160, confirming an LBHB.
Mutation of Glu160 to glutamine disrupts the LBHB, resulting in a 5-
fold decrease in the enzyme’s catalytic constant (kcat). Parts F and G
were adapted from ref 32. Copyright 2019 Springer. (H) Definition
and geometry of the C5 H-bond.
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density for H that can be observed, are required to ascertain
LBHB. Neutron crystallography of deuterated proteins is an
alternative to locate the H atom positions and identify LBHB.
Analyses of ultra-high-resolution protein structures have led to
the identification of short H-bonds (SHBs) that have dD···A <
2.7 Å.24,25 When dD···A is within 2.4−2.6 Å, such SHBs could
enter the low-barrier H-bond (LBHB) region (Figure 1B).22,24

NMR can also help identify LBHB as the deshielded protons in
SHBs result in a characteristic downfield chemical shift for
proton spectra. However, the distinction of LBHB from SHB
cannot be made solely on the basis of the shorter length
obtained from NMR.
In SHBs, sharing of H in the H-bond is because of the

decreased potential barrier and has a more significant enthalpy
contribution than that seen in conventional H-bonds. A more
recent analysis indicates that the strength of such an H-bond
could be within −10 to −20 kcal mol−1.23 Not all SHBs are
LBHB. The active site of serine protease was proposed to
harbor the catalytically important LBHB.20 However, charge-
density analysis of small molecules mimicking the active site of
this enzyme revealed an intermediate state (strength of −21
kcal mol−1) in comparison to that of the conventional H-bond
and LBHB (Figure 1C).26 H in the N−H···O bond was
localized in the N shell instead of being shared equally between
the N and O atoms, an essential feature of LBHB. This
observation agreed with the 0.78 Å crystal structure of the
serine protease subtilisin (Figure 1C and D).27 Recently,
NMR-based experiments probing chemical shift values
supported the existence of LBHB in the active site of the

serine protease.28 However, the role of LBHB in the catalytic
activity of serine protease is yet to be unambiguously
confirmed. Previously, Warshel and Kollman argued that the
occurrence of LBHB could destabilize the ionic transition state
to become an anticatalyst.29

Cleland and Kreevoy proposed that a strong LBHB formed
during the reaction transition state when the pKa values of the
donor and acceptor atoms become equal and lower the
transition state energy, thus facilitating the proton transfer.21

This hypothesis was tested by measuring the binding affinities
of a series of phenolate substrates toward ketosteroid
isomerase (KSI) by systematically varying the pKa of
phenolates that, in turn, modulated the short H-bond between
the O of phenolate and the active site tyrosine.30 This study
revealed that the change in the pKa of thiolate could be
correlated to a change in enthalpy (ΔH) but not to free energy
(ΔG) for substrate binding. This suggested that LBHB may
not offer additional stability to the ligand binding as compared
to the conventional H-bond but may facilitate the proton
transfer by reducing the energy barrier in the reaction catalyzed
by KSI.23,30

Highlighting the functional diversity of LBHB, a recent
study showed that the interaction can also contribute to ligand
binding affinity. For example, a substrate that forms LBHB
with aminoglycoside inactivating enzyme has a higher affinity
and an increased catalytic turnover as compared to a substrate
that forms a conventional H-bond.31 An ultra-high-resolution
structure of multimeric human transketolase combined with
mutational analysis showed that LBHB contributed to long-

Figure 2. C−H···π bond and S-mediated H-bond. (A) Geometry and stereochemical parameters used to identify the C−H···π bond in the
biomolecules.44 (B) The observation of J-coupling in an NMR-based experiment between the methyl and π groups in ubiquitin (PDB ID: 1UBQ)
because of the C−H···π interaction. The values are adapted from ref 46. (C) NMR structure of a designed miniprotein, PPα-Tyr, and magnified
regions showing the C−H···π interactions stabilizing the association of the α-helix and polyproline II helix in PPα-Tyr (PDB ID: 5LO2). The
distances for all C−H···π interactions were <2.6 Å. (D) The geometry of aliphatic and aromatic stacking driven by multiple C−H···π interactions.
(E) The geometrical and stereochemical parameters used to identify the S-mediated H-bonds in biomolecules.64 The favorable values of these
parameters are as follows: dH···S = 2.74 Å, dD···S = 3.52 Å, dH···A = 2.51 Å, dS···A = 3.50 Å, θD−H−S = 141.1°, θH−S−X = 119°, θX−S−Hp = 137°, θA−H−S =
136.5°, and θA′−A−H = 117.4°. (F) A representative example of the S-mediated H-bond (S−H···O interaction) stabilizing the C-terminus of an α-
helix by helix capping (PDB ID: 1CPV).
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range cooperativity between the enzyme’s active sites. The
interaction also synchronized the catalysis by the remote active
sites (Figure 1E−G).32 It has been demonstrated that LBHB
formed by the chromophore of the green fluorescent protein
leads to the modulation of the emission wavelength.33,34 A very
recent ultra-high-resolution structure of the well-studied light-
driven proton pump bacteriorhodopsin revealed a series of
conventional H-bonds and LBHBs that was shown to be
necessary for signaling and proton storage.35

SHBs or LBHBs, which are enthalpically stronger than the
conventional H-bonds, might control the kinetics of the
biological processes, such as protein folding, molecular
recognition, and ligand binding. It is highly likely that there
are many more LBHBs to be discovered that influence protein
structure and function. As ultra-high-resolution structures of
proteins are a rarity, it is also possible that many functionally
important LBHBs remain undiscovered. The identification of
LBHB is further compounded by their occurrence in transition
states of enzymatic reactions that are not easy to crystallize for
structure determination or study by spectroscopic methods.
The ongoing revolution in electron cryo-microscopy (cryoEM)
has provided the scope to visualize individual atoms in
proteins, including a hydrogen atom.36 Consequently, cryoEM
is likely to contribute enormously to the identification of
LBHB and toward the understanding of its functional role.
2.2. C5 Hydrogen Bond. The intraresidue H-bond

between carbonyl O and amino N was recently identified
and called a C5 H-bond37,38 (Figure 1H). Here, the main-
chain amide group forms a H-bond with the main-chain
carbonyl O of the amino acid. The overlap of the p-type lone
pair of O with σ* of the N−H bond drives the formation of the
C5 H-bond.37 Such a C5 H-bond is prevalent in proteins,
particularly in extended β-sheet conformation.37 In a PDB
analysis, 5% of all protein residues and 94% of protein
structures in a nonredundant set of proteins were found to
have a C5 H-bond.37 Almost 62% of these residues were part
of β-sheets. The analysis further showed that 14% of residues
of antiparallel β-sheets and 9% of residues of parallel β-sheets
formed the C5 H-bond. The difference in the C5 H-bond
frequency in the two secondary structures is attributed to the
difference in the arrangement of the conventional interstrand
H-bonds in the two secondary structures.37

The 1H NMR chemical shift and circular dichroism-based
thermal denaturation studies of model antiparallel β-hairpins
have shown that the perturbation of the C5 H-bond
destabilizes peptide structures.37 Using spectroscopy-based
experiments along with quantum chemistry calculations, the
presence of the C5 H-bond in a model dipeptide molecule in
the gas phase was recently confirmed.38 Another study
identified that a weak C5 H-bond can have a stabilizing role
in cooperation with other conventional H-bonds.39 It was
shown that synergy between the two kinds of interactions
stabilizes the extended conformation of an α-amino acid
peptide in the gas phase and low-polarity solution.39 Although
C5 H-bonds are common in proteins, more studies are
required to investigate the significance of C5 H-bonds in
protein structure and function.
2.3. C−H···π Interaction. The C−H···π interaction

involves a C−H group as an H-bond donor and π electrons
as an acceptor (Figure 2A). It is geometrically similar to other
H-bonds, and their high abundance in proteins makes the C−
H···π interactions biologically interesting.40,41 Ab initio
calculations suggest that the strength of the interaction ranges

from −1.5 to −2.5 kcal mol−1, which is similar to that of a C−
H···O interaction.41 Many recent studies showed that
dispersion and electrostatic components drive the formation
of the interaction.41,42 Surprisingly, contribution due to the
hydrophobicity of the CH and π-containing groups in their
association to form C−H···π interactions is negligible.
Osmometry-based measurements show that the strength of
the C−H···π interaction between aliphatic−aromatic motifs is
3-fold higher than that of the hydrophobically driven
aliphatic−aliphatic counterparts.43
The C−H···π interaction can be identified using three

structure-based parameters: (1) the distance between C and
the center of mass (X) of the π ring ≤4.5 Å; (2) the angle
between C−H···X ≥ 120°; and (3) the distance between Hp
and X is within 1.0−1.2 Å, where Hp is H’s vertical projection
on the π system (Figure 2A).44 Given the lack of positional
information on H atoms in most protein structures, programs,
such as CHPI, use the computationally optimized H position
to identify and obtain reliable geometry of the C−H···π
interaction.45 Observation of J-coupling between the methyl
and π group forming the C−H···π interaction has provided
direct experimental evidence for the interaction in proteins
(Figure 2B).46 Also, an upfield shift for H of Cα of a tripeptide
interacting with either tryptophan, phenylalanine, tyrosine, or
histidine is additional evidence for a C−H···π interaction in
peptides.47 The experimentally measured stability provided to
this tripeptide by the C−H···π interaction was measured using
NMR to be up to −1.0 kcal mol−1.47
In proteins, three-quarters of tryptophans, one-half of

phenylalanines/tyrosines, and one-quarter of histidines form
C−H···π interactions, which are often water shielded. The
interactions are proposed to contribute to the favorable folding
enthalpy.44 Similar to conventional H-bonds, a network of C−
H···π interactions, which are frequent in intra- and
intersecondary structures, could also stabilize proteins.44,48

For example, the altered thermostability of designed
miniproteins by a single C−H···π interaction supports this
argument (Figure 2C).49 Apart from this, the interaction also
plays a crucial role in biomolecular recognition. In particular,
its role in the carbohydrate−protein interaction is well
documented.50,51 The stacking of the aliphatic sugar ring of
carbohydrates with aromatic protein residues is mainly because
of multiple C−H···π interactions. It is considered a driving
force behind the carbohydrate−protein association (Figure
2D).50,51 A recent study showed that 39% of the structures of
all protein−carbohydrate complexes in PDB have a C−H···π
interaction and could contribute up to −8 kcal mol−1 to the
overall binding resulting from the sum of all noncovalent
interaction energies.52 Similarly, the analysis of 130 structures
of protein−DNA complexes from PDB revealed that 40% of all
contacts had sugar−π stacking comprising C−H···π and lone
pair···π interactions, suggesting its critical role in protein−
DNA binding and recognition.53

2.4. S-Mediated H-Bond. Divalent S widely occurs in
proteins in the amino acids cysteine and methionine.
Historically, the S atom has been acknowledged as a capable
H-bond donor or acceptor (Figure 2E).54,55 However, the
lower electronegativity of S has led to the assumption, in
general, that S-mediated H-bonds are weak, and, consequently,
their presence is ignored. Detailed studies, in particular from
Wategaonkar’s and Biswal’s laboratories, of model organic
molecules using a battery of spectroscopic techniques and
quantum chemical calculations have revealed the precise
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nature and strength of the interaction. The S-mediated H-
bonds have strengths in the range of −4.5 to −5.5 kcal mol−1,
which is comparable to those of the conventional H-bonds
formed by O and N.56−62 The interactions have electrostatic,
charge transfer, and dispersion components, with the
dispersion component being significantly higher than that
observed in conventional H-bonds. S is also involved in
forming a weak C−H···S H-bond, which has properties similar
to those of the more common and better studied C−H···O H-
bond.63

In proteins, the thiol group of cysteine can be a H-bond
donor or acceptor, while the S in methionine and disulfide-
bonded cystine can be an acceptor. The analysis of a large
number of protein structures with computationally optimized
hydrogen positions shows that the average dS−H···A is ∼2.8 Å
(dS···A ≈ 3.5 Å) and θS−H···A is ∼140° (Figure 2E),64 instead of
being close to 180°.13 The longer length of a S-mediated H-
bond in comparison to that of a conventional H-bond (dD···A ≈
2.9−3.0 Å)13 is presumably because of the larger size of the S
atom and its diffused electron cloud (Figure 2E).59,65,66 Many
protein structures in the PDB have selenomethionine as a

replacement for methionine to facilitate structure determi-
nation using the anomalous X-ray scattering properties of Se.
These structures are a resource to study Se-mediated H-bonds
in proteins.62 An analysis of PDB structures reveals a
significantly higher number of Se-mediated H-bonds with
water than with amino acids.62

Divalent S in proteins has almost a 5-fold higher preference
to be a H-bond donor than an acceptor, which makes the
sulfhydryl group of reduced cysteine interesting.64 The thiol
group of cysteine can also form S−H···π interactions with
aromatic amino acids, which can stabilize the protein
structures.65−67 The S-mediated H-bond can singularly or
together with other interactions play an important role in
protein structure and function. For instance, the H-bond
between the sulfhydryl group of cysteine (i+4th residue) and
carbonyl O (ith residue) stabilizes the C-terminal of α-helices
by a mechanism commonly referred to as helix capping (Figure
2F).68,69 Disulfide-bonded and metal-chelated cysteines can
participate in N-terminal helix capping.70−73 Removing one
such H-bond between the S of iron (Fe) chelated cysteine and
the hydroxyl side chain of a threonine/serine in Rieske iron−

Figure 3. London dispersion interaction. (A) The two standard geometries of methane dimer forming the London dispersion interaction. The
favorable distances for the C···C interaction are 4.2 (for the geometry in the top panel) and 5.0 Å (for the geometry in the bottom panel),
respectively.86 (B) A valence bond model showing the domination of the CH···HC interaction by charge alteration (top panel) for small alkanes
and recoupling of bonding electrons to form H···H, C···C, and C···H bonds for large alkanes (bottom panel). Reproduced with pemission from ref
84. Copyright 2013 American Chemical Society. (C) Experimental 3D deformation density map (top panel) and a molecular graph (bottom panel)
with bond path and bond critical point for the CH3···CH3 interaction. The red regions in the 3D deformation density map represent charge
depletion, and the blue regions represent charge concentration. Adapted from ref 85. Copyright 2019 American Chemical Society. (D) The
observation of vdWJCC coupling in the NMR-based experiment between nonpolar residues in protein GB3 (PDB ID: 1IGD) because of the CH···
CH London dispersion interaction (the values are from ref 86). (E) The enthalpy-driven bonding of 2-methoxy-3-isobutylpyrazine (IBMP) to a
variant of MUP (PDB ID: 1YP6). IBMP does not form any polar interaction with the surrounding protein residues.
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sulfur protein decreases the midpoint potential of the Fe−S
assembly, in turn compromising the activity of cythochrome
bc1.

74

A charge-density analysis of an iron−sulfur protein using X-
ray data at an ultrahigh resolution of 0.48 Å revealed the
distorted valency density of S atoms of the iron−sulfur cluster
and the coordinating cysteine interacting with H of main-chain
amides and also those bonded to C of hydrophobic residues of
the protein.75 The analysis indicated modulation in the
negative charge of S due to charge transfer from S to the
interacting H. Further highlighting the importance of S-
mediated H-bonds, charge-density analysis of very-high-
resolution X-ray data of the enzyme BacC revealed a network
of noncovalent interactions mediated by the thiol group of the
three cysteines, which when disrupted by mutagenesis had a
significant effect on the enzyme activity.76 Compensatory
mutation re-established the network.

3. LONDON DISPERSION INTERACTION
The attractive or negative term in the Lennard-Jones equation
(eq 1), which arises from the quantum mechanical electron
correlation effect, represents a nondirectional London
dispersion interaction.77 This interaction is also referred to
as a van der Waals (vdW) dispersion or a van der Waals
interaction due to the pioneering work of J. D. van der Waals
and F. London.
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The original definition provided by London states that it is
“an interaction characterized by a short-period mutual
perturbation of the inner electron motion of molecules
whose magnitude is the major attractive contribution in the
simplest nonpolar and also weakly polar molecules.”78,79 The
strength of interacting instantaneous fluctuating dipoles
between neighboring atoms depends on their polarizability.
The distance separating these dipoles is fundamental to the
London dispersion interaction, and the interaction energy is
proportional to 1/r6 (eq 1).77,80,81

The interaction among nonpolar or weakly polar molecules
primarily accounts for the London dispersion interactions.81

The gas-phase calculated strength of the methane dimer
(CH4···CH4) is around −0.4 kcal mol−1 and is often
considered as a benchmark for the analysis involving London
dispersion interactions (Figure 3A).82 The direct correlation
between the number of C atoms in n-alkanes and their
interaction energy indicates that the London dispersion
interaction is additive and nonsaturating in nature. Thus, it is
responsible for a linear correlation between the sizes of the
hydrocarbons and their increasing melting point.81−83

The short C−H···H−C contacts stabilize these n-alkane
dimers. The ability of these contacts to stabilize dodecahe-
drane dimer by ∼ −3 kcal mol−1 is clear evidence for a more
substantial effect of the London dispersion interaction in
branch chain alkanes and polyhedranes.82 The underlying
mechanism for the C−H···H−C contacts depends on the size
of the alkanes as per the valence bond model (Figure 3B).84

For smaller alkanes, charge alteration C+−H−···H+−C−

dominates the interaction (Figure 3B, top panel), whereas,
for large alkanes, the bonding electrons of the CH groups
reorganize themselves in a way that recouples these electrons
to form H···H, C···C, and C···H bonds (Figure 3B, bottom

panel).84 Recently, the electronic nature and features of
electron density distribution for such H···H, C···C, and C···H
bonds were investigated experimentally in biologically relevant
small nonpolar molecules using X-ray diffraction (Figure
3C).85 The CH3···CH3 interaction was found to be stabilized
by minimizing the unfavorable electrostatic interaction and
enhancing the dispersion interactions (Figure 3C).
A saturated C in the form of aliphatic nonpolar amino acids

is common in proteins. An ultra-high-resolution PDB analysis
has shown ∼4.5 pairs of contacts per residue with a distance of
∼4.1 and ∼5.4 Å for the two most preferred geometries of C···
C interactions (Figure 3A).86 An observation of through-space
van der Waals coupling for different C···C interactions
provides direct evidence for the London dispersion interaction
in proteins (Figure 3D).86 Stabilization of protein structures by
−CH2− by up to −1.1 kcal mol−1 could result from the
favorable desolvation entropy of nonpolar groups (hydro-
phobic interaction) followed by an enthalpic contribution from
their packing/optimization by the London dispersion inter-
action at the core of proteins.87

It is challenging to segregate the London dispersion
interaction from the hydrophobic interaction.88 However,
despite the lack of hydrophobic interaction in membrane
proteins, the energetic contribution for packing nonpolar
residues in membrane protein is similar to that for soluble
proteins. This hints at the possible contribution of a London
dispersion interaction in the stability of the protein
structures.89 The London dispersion interaction between an
electron-deficient carbonyl C and an electron-rich sp3 C of an
amino acid side-chain (C···C) is proposed to stabilize the self-
assembly of an antiparallel β-sheet in a short peptide noted in
its crystal structure.90 This short peptide has a therapeutic
application highlighting the role of London dispersion in
designing such molecules. The London dispersion interaction
can also be crucial for the protein−ligand interaction. The
enthalpy-dominated binding of the nonpolar ligands Tween 40
to human serum albumin and of 2-methoxy-3-isobutylpyrazine
(IBMP) to the mouse major urinary protein (MUP) suggests a
contribution from the London dispersion interaction instead of
the expected hydrophobic effect (Figure 3E).91,92 Solvent
isotopic substitution isothermal titration calorimetry (ITC)
measurements and all-atom molecular dynamics simulations
with the inclusion of water confirmed that this enthalpic
contribution does not come from ligand or protein pocket
desolvation.92

4. ANION···π AND ANION−AROMATIC
INTERACTIONS

Aromatic ringed side chains in proteins participate in a variety
of interactions, of which π···π stacking and cation···π are the
most common and widely discussed.93−103 Another π-
mediated interaction that has been studied in detail in the
past decade is the anion···π interaction. The interaction forms
between an electron-rich ion/molecule (anion) and electron-
deficient or π-acidic ring of an aromatic group carrying a
positive quadrupole moment (Figure 4A).104 In addition to its
electrostatic nature, some contribution from the anion-induced
polarization adds to its attractive character.104 The exper-
imentally observed strength of the anion···π interaction
between aspartate and phenylalanine is −1.3 kcal mol−1.105
This interaction is widely found in small molecules and
extensively used in crystal engineering, supramolecular
chemistry, and catalysis.106
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In PDB, contacts between aromatic residues with chloride
and phosphate ions are abundant, mostly within 3.5−4.5 Å.107
Almost 61% of PDB structures are found to have at least one
anion−π interaction, primarily involving aspartate or glutamate
residues.108 Among the aromatic residues, histidine has a high
preference to form anion···π as compared to other aromatic
residues. These contacts are presumed to be with protonated
histidine, which has an electron-deficient aromatic ring.107 This
leads to the question as to how the electron-rich π-ring of
other aromatic residues interacts with anions. This appears to
be made possible by cooperatively incorporating another
stacking interaction forming anion−π−π or anion−π−cation
triads (Figure 4B,C).108 The triad formation introduces a
positive quadrupole moment for an aromatic ring that interacts
with anions. Such an interplay among stacking interactions is
well established in small molecules.4 These triads appear
essential for folding and specificities in biomolecular structures.
The following preference for triad formation is observed: (1)
Glu-Tyr-Phe in proteins; (2) Asp-Trp-Phe at protein−protein
interfaces; (3) Asp/Glu-Phe-Arg in interchain interactions; (4)
Glu-adenine-Arg in the protein−RNA complex; and (5) Asp-
His-thymine or Asp-cytosine-adenine in the protein−DNA
complex.108

One of the first examples of the functional importance of the
anion···π interaction was noted in the hydroxylation of uric

acid by molecular O catalyzed by the enzyme urate oxidase. A
crystal structure of urate oxidase showed that the bound 8-
azaxanthine, an inhibitor and an analogue of uric acid, interacts
with molecular O by anion···π interactions.109 The observation
of an anion···π interaction between uric acid and cyanide or
chloride, which inhibits the enzymatic reaction, in the crystal
structure with urate oxidase further substantiated the nature of
the interaction.109 A streptavidin variant, obtained using
directed evolution, was able to carry out enantioselective
addition by stabilizing the anionic transition state via the
anion···π interaction.110 The ability of the negatively charged
nitrate ion to inhibit the activity confirmed the nature of the
interaction. These results indicate the potential use of the
anion···π interaction in chemoenzymatic asymmetric synthesis
or biocatalysis.110−112

In addition to the anion interacting with the π region of the
aromatic rings, its interaction with the edge of the ring is also
frequent in proteins and is referred to as the anion−aromatic
or anion−quadrupole interaction (Figure 4D).113−115 The
distance of ≤4.5 Å between the ring center and anion implies a
favorable interaction that is driven by electrostatics.113,114 The
calculated strength of this edgewise interaction can be up to
−8.0 kcal mol−1.113,114 A PDB survey indicates that aromatic
residues prefer an anion−quadrupole more than an anion−π
interaction, possibly because of the unfavorable interaction
between these electron-rich moieties.115 Of all of the aromatic
residues interacting with anions, 62.9% of His, 55.3% of Tyr,
46.4% of Trp, and 27% of Phe residues form the anion−
quadrupole interaction.115 On the contrary, only up to ∼8% of
these residues interact with anions via the π region to form an
anion−π interaction.115 Anion−quadrupole interactions exist
at protein−nucleic acids and protein−membrane interfaces,
and the significance of the interaction at these interfaces is
underappreciated.114 An example of a functionally important
anion−quadrupole interaction is the interaction between the
catalytic aspartate of ketosteroid isomerase and two neighbor-
ing phenylalanine residues that stabilizes the orientation of the
aspartate.116 Removing these interactions by mutagenesis
compromises the catalytic efficiency of the enzyme.116 The
example highlights the potential role of anion−quadrupole
interactions in establishing amino acid networks involving
negatively charged amino acids and aromatic residues with
structural and functional significance. The interaction can also
stabilize binding of anion-containing or aromatic ligand
binding to proteins with implications to drug design.

5. n → π* INTERACTION
A carbonyl group (C�O) forms a permanent dipole due to
the polarization of electron density toward O as it is more
electronegative than C. As a result, the O is partially negative
charged and the C is partially positive. Thus, an interaction is
established between two carbonyl groups (C�O···C�O),
which are abundant in proteins (Figure 4E).117 Earlier, this
interaction was considered a dipolar interaction of electrostatic
origin.118,119 However, Raines and others confirmed its charge
transfer nature that arises from the delocalization of electron
density of the lone pair of O to the antibonding orbital (π*) of
the carbonyl group.40,120−124 This interaction is now referred
to as the n → π* interaction.120,123,125 The estimated
interaction energy for a n → π* interaction ranges from
−0.3 to −0.7 kcal mol−1.40 One-third of all residues in proteins
could participate in the n → π* interaction because of the
abundance of the main-chain carbonyl group. Most of them are

Figure 4. Anion−π, anion−aromatic, and n → π* interactions. (A) A
general representation of the anion···π interaction. (B) Anion−π−
cation and (C) anion−π−π triads representing the cooperative nature
of anion···π interactions. (D) The geometry of an anion−quadrupole
interaction. (E) A general representation of the n → π* interaction
formed between two carbonyl groups with the geometrical parameters
that characterize the interaction. (F) The n → π* interaction formed
between the ith and i+1th residues in the α-helix (red). (G) A
representation of a reciprocal n → π* interaction.
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from α-helices (>70% of all residues in α-helices) and are
believed to stabilize the secondary structure in proteins (Figure
4F).117 The favorable distance for the interaction is ∼3.0 Å
with θO−C−O ≈ 102.0° (Figure 4F).117 Also, two n → π*
interactions formed back and forth within the two carbonyl
groups (Figure 4G), referred to as reciprocal n → π*
interactions, are often part of polyproline π-helices and can
influence protein folding.126

6. σ-HOLE INTERACTION
Besides the noncovalent interactions discussed above, another
class of noncovalent interactions formed by P-block elements,
called the σ-hole interaction,127−135 also occurs widely in
proteins. Politzer and colleagues defined σ-hole as “the
electron-deficient outer lobe of a half-filled p (or nearly p)
orbital involved in forming a covalent bond. If the electron
deficiency is sufficient, there can result a region of positive
electrostatic potential which can interact attractively (non-
covalently) with negative sites on other molecules (σ-hole
bonding).”127,131 Thus, the anisotropic electron density
distribution of the covalently bonded atom results in the
electron-deficient region (σ-hole) diametrically opposite to the
covalent bond (Figure 5A). The interaction of this positive

electrostatic potential region with nucleophiles is called the σ-
hole interaction.131 The group VII, VI, V, and IV elements
from the periodic table can donate the σ-hole (analogous to
the H atom in H-bonds) to form σ-hole interactions and are
commonly named halogen, chalcogen, pnicogen, and tetrel
bonding interactions, respectively134 (Figure 5B). The σ-hole
interactions have electrostatic nature with a small contribution
from dispersion and charge transfer components.130,136−138 In
the following sections, we have presented a summary of this
new class of noncovalent interactions and their relevance to
protein structure and function.

6.1. Halogen Bonding Interaction. Halogen bonds (X-
bonds) are a type of σ-hole interaction formed by chlorine,
bromine, and iodine atoms and are common in biomole-
cules.138−147 According to IUPAC, “a halogen bond occurs
when there is evidence of a net attractive interaction between
an electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the
same, molecular entity.”142 The geometrical parameters to
identify the X-bond in biomolecules are provided in Figure
6A.139 Direct imaging of the σ-hole in real space using Kelvin
probe force microscopy confirmed the electrostatic nature of
the X-bond (Figure 6B).148 Its experimentally measured
enthalpic contribution in small molecules is 4−5 kcal mol−1.149
X-bonds are prevalent in protein− l igand com-

plexes.146,150−154 The appearance of halogen atoms in ∼50%
of high-throughput drug screens that could potentially form X-
bonds makes them pharmacologically relevant.147 Thus,
incorporating X-bonds in force field methods becomes
essential to model them accurately.155−157 For instance, a
symmetrically bifurcated X-bond by −Cl of an inhibitor of the
DNA gyrase with the protein’s main-chain O reveals the
mechanism of action of the inhibitor (Figure 6C).158

Topological features such as bond critical points, deformation
density, and electrostatic potential obtained from the X-ray
charge-density analysis provide experimental evidence for the
C−Cl···O�C bond in small molecules (Figure 6D).159 An
example of the utility of X-bond in drug design is the
incorporation of the interaction in designing better derivatives
of selective serotonin reuptake inhibitor toward their target
serotonin transporters.160

A high abundance of intra- or intermolecular X-bonds made
by halogenated bases in nucleic acid in PDB suggests its role in
controlling conformation or participating in protein−nucleic
acid recognition.161−164 H- and X-bonds can compete for a
common acceptor,165 and it has been found that polar solvents
favor the X-bond over the H-bond, while an opposite trend has
been noted for nonpolar solvents.166 The synergistic relation
between the H- and X-bond167 opens the possibility of
modulating the stability and function of biomolecules in an
aqueous environment. For instance, re-engineering of the X-
bond could alter the local fold of the proteins168 or the thermal
stability, activity, and substrate selectivity of the en-
zymes.169−171

6.2. Chalcogen Bonding Interaction. Group VI
elements, mainly divalent S, Se, or Te, can interact with
various nucleophiles to form another set of σ-hole interactions
called chalcogen bonds (Ch-bond) (Figure 5B).130,134,136−138

IUPAC defines the Ch-bond as a “net attractive interaction
between an electrophilic region associated with a chalcogen
atom in a molecular entity and a nucleophilic region in
another, or the same, molecular entity.”172 Although σ-hole
interactions are considered to be of an electrostatic origin, an
NMR-based experiment suggested that charge transfer is the
primary stabilizing force for the Ch-bond.173 This charge
transfer arises from electron donation from nucleophiles to the
antibonding orbital (σ*) of the chalcogen atom (n → σ*).173
Although this observation and a few theoretical analyses
resulted in a debate on the origin of the Ch-bond, its
electrostatic nature is still widely acknowledged.174−178

The divalent S is abundantly present in proteins in the form
of methionine and cysteine. CSD and PDB data analyses have
provided many instances of a Ch-bond in small and protein
molecules68,178−180 (Figure 7A). Statistical analysis of proteins

Figure 5. The σ-hole bonding interaction. (A) Molecular electrostatic
potential maps for ICF2CF2I, SeFCl, GeH3Br, and PH2Cl adapted
from ref 141 (Copyright 2013 Royal Society of Chemistry), showing
the σ-hole on a representative example from Type VII (halogen), VI
(chalcogen), V (pnicogen), and IV (tetrel) elements, respectively.
Maps were computed on the 0.001 au density level. Strength of the σ-
holes is highlighted with color coding: red represents >25 kcal mol−1;
yellow represents between 15 and 25 kcal mol−1; green represents
between 0 and 15 kcal mol−1; and blue represents <0 kcal mol−1. (B)
A general representation of the σ-hole bonding interaction formed
between a σ-hole donating atom (X) with an electron-rich acceptor
atom/molecule (A). Here, Y represents any electron-withdrawing
atom/group. The classification of σ-hole bonding interactions on the
basis of the type of element from the periodic table that donates the σ-
hole.
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revealed that 22% of S from methionines had a short contact
with carbonyl O where dS···O was <5 Å

180 (Figure 7B). Most of
these contacts had θ as being greater than 40° and Φ between
30° and 60°. A more comprehensive analysis revealed that the
divalent S preferred to approach the π region over the lone pair
region of carbonyl O, indicating the importance of
directionality for the formation of the interaction in
proteins.181 A recent study showed that this directional
selectivity originates from the electrostatic and cooperative
nature of the Ch-bond.182 Also, 1.3% and 8.9% of methionine
and cysteine in proteins could participate in Ch-bond
formation, respectively, suggesting their role in stabilizing
protein structures.181 Furthermore, S could interact with −OH
or − NH groups in proteins and could participate in either H-
or Ch-bond formation.69 The lack of positional information on
H in most of the structures determined using X-ray
crystallography or electron cryo-microscopy makes the
identification of the interaction nontrivial. To overcome this,
a directional-based strategy, independent of the positional
information on H, has been devised to identify the nature of
the S-mediated interactions69 (Figure 7C).

Divalent selenium (Se) from selenomethionine is also
abundant in PDB. The Ch-bond formed by Se from
selenomethionine is found to have geometrical parameters
similar to but of higher strength than the Ch-bond formed by S
and is proposed to stabilize the proteins containing
them.183,184 Similarly, a PDB survey found that complexes of
Se-containing carbohydrates with proteins could stabilize their
complexes via Ch-bond,185 thus participating in protein−
carbohydrate recognition. In addition, the analysis of PDB data
suggests that Ch-bonds are common in protein−ligand
complexes that involve aromatic S.183,186 The Ch-bond
between S-containing aromatic ligands, many of which are
drug molecules, with protein amino acids has been confirmed
experimentally (Figure 7D), thus indicating the importance of
the interaction for target-based drug design.187,188

Akin to H-bonds, a recent PDB and computational analysis
carried out by us showed that the Ch-bond can stabilize
protein secondary structures.69,189 The Ch-bonds are found to
be conserved in phospholipase A2 domains, ribonuclease A,
lysozyme, and proteins of the insulin family.190,191 These Ch-
bonds are proposed to contribute to their enzymatic activities,

Figure 6. Halogen bond. (A) The geometric parameters used to investigate the X-bond in biomolecules. The value of dX···O is less than or equal to
the sum of the van der Waals radii of X and O. The most favorable values of θ1 and θ2 are ∼170−180° and ∼113°, respectively.139 (B) The top
panel shows the molecular electrostatic maps of the tetrakis (4-bromophenyl) methane (4BrPhM) and tetrakis (4-fluorophenyl) methane (4FPhM)
molecules, revealing the presence of a σ-hole on Br. The bottom panel shows the 3D representation of the VLCPD maps acquired using Kelvin probe
force microscopy for the 4BrPhM and 4FPhM molecules, providing evidence of the presence of a σ-hole on the Br atom. For the VLCPD maps, blue
represents low values, whereas red indicates high values. Adapted from ref 148. Copyright 2021 AAAS. (C) A structural snapshot of a derivative of
bacterial type II topoisomerase inhibitors (NBTIs) bound to Staphylococcus aureus DNA gyrase. A bifurcated X-bond is shown between Cl (light
green) of the derivative of NBTI and the main-chain O of alanine from a symmetry-related protein molecule (PDB ID: 6Z1A). (D) A segment of
the 2D static (top panel) and 3D (bottom panel) deformation density maps obtained from the experimentally determined charge-density
distribution for 2,5-dichloro-1,4-benzoquinone evidencing C−Cl···O�C halogen bond formation. Adapted from ref 159. Copyright 2011
American Chemical Society. Red regions in the 3D deformation density map represent charge depletion, and blue regions represent charge
concentration.
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conformational rearrangement at the active site, thermody-
namic stability, or folding.190,191 The Ch-bonds have a
favorable interaction energy (up to −3 kcal mol−1), have
highly directional properties, and are independent of solvent
polarity. These features make the interaction useful for
establishing molecular specificity and recognition.173,181

Interactions different from the Ch-bond can also exist between
S and O. Fick et al. showed that the sulfonium ion of S-
adenosylmethionine (AdoMet) forms a strong S···O bond with
a residue of the SET7/9 protein because of the positively
charged trivalent S. This allows SET7/9 to discriminate
between product and reactant192 (Figure 7E). However, this

interaction differs in origin and features from a σ-hole-
mediated Ch-bond.
6.3. Tetrel Bonding Interaction. Group IV elements (C,

Si, Ge, Sn, or P) can also donate a σ-hole to form an
interaction analogous to those of the X- and Ch-bonds, which
is referred to as a tetrel bonding interaction.134,141,193−195

Among the various group IV elements, tetrel bonds formed by
the C-sp3 atom, particularly by the methyl group, with O or N
or S (X−Csp3···O/N/S interaction) are frequent in proteins.
Hence, the interaction is sometimes also called a carbon bond
(C-bond).196−198 The calculated strength of the X−C···O/N/
S interaction, which can be up to −4 kcal mol−1, depends on
the electron-withdrawing capacity of X.196 The strong electron-

Figure 7. Chalcogen and tetrel bonding interaction. (A) A representation showing the distinct approach of electrophiles and nucleophiles toward
divalent S. (B) The geometric parameters used to investigate the Ch-bond in proteins. The most common value of dS···O is 3.6 Å, where θ > 50° and
φ ranges from 30°−60°.180 (C) The definition of angular parameters used to delineate the S-mediated Ch- from the H-bond. The most favorable
values of θ are within 95−145°, whereas values of δ range from −90° to −50° or from 50° to 90° for H-bonds in proteins.69 In the case of the Ch-
bond, the most common values of θ are from 115° to 155°, and δ ranges from −50° ≤ δ ≤ 50°.69 (D) Static 3D deformation density map for
acetazolamide (left) and a molecular graph showing the bond path and critical bond point in the dimer of acetazolamide (right), evidencing
intramolecular Ch-bond formation. The BCP for the S···O interaction is highlighted with black arrows. Adapted from ref 187. Copyright 2015
Royal Society of Chemistry. Red regions in the 3D deformation density map represent charge depletion, and blue regions represent charge
concentration. (E) An electrostatic S+···Oδ− interaction at the active site of histone-lysine N-methyltransferase SET7/9 (PDB ID: 4J83). (F) A
representative example showing the conserved C···O tetrel bond in AdoMet-dependent methyltransferase (PDB ID: 5VSC). (G) A segment of the
3D deformation density map and the experimentally obtained bond path with BCP C···O C-bonding in dimethylammonium 4-hydroxybenzoate.
Red regions in the 3D deformation density map represent charge depletion, and blue regions represent charge concentration. Adapted from ref 200.
Copyright 2014 Royal Society of Chemistry. (H) The geometric parameters used to investigate the C-bond in proteins. The following distance and
angular criteria are used to find the C-bond in proteins: dC···O = 2.5−3.6 Å, θ1 that is within 160−180°, and θ2 that is within 160−180°. Adapted
from ref 198. Copyright 2018 Wiley.
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withdrawing ability of sulfonium cation in AdoMet was found
to strengthen the C-bond formed between the methyl group of
AdoMet and O of ligand or water at the active site of
methyltransferases (MTases) (Figure 7F).197,199 As a result,
the tetrel-bond was found to be conserved in the structures of
AdoMet-dependent MTases in PDB and proposed to be
necessary for stabilizing the SN2 transition state for methyl
group transfer.199 Charge-density analysis of small molecules of
biological relevance has provided direct experimental evidence
for the tetrel-bonding interaction200 (Figure 7G).
A recent statistical analysis revealed 8358 contacts for C-

bond that satisfied the distance and angular criteria (refer to
Figure 7H) among the protein structures in the PDB.198 The
analysis revealed alanine, leucine, aspartate, and glutamate to
have a high preference (up to ∼40% together) to act as a
tetrel-bond acceptor, whereas lysine was the dominant tetrel-
bond donor.198 Although a tetrel-bond was found in all types
of secondary structures, residues in coils and turns had a higher
preference to be donors, while those in α-helices were
acceptors for tetrel-bond formation.198 Another PDB survey
found that the O atom of water dominated the formation of
the tetrel-bond in proteins (∼57%), followed by main-chain O
(∼24%), side-chain O (∼15%), and S (∼4%). The distribution
could be correlated with the frequency of these nucleophiles in
protein structures.197,201 The tetrel-bond was also found in
protein−ligand complexes, although the exact contribution of
the interaction toward ligand affinity is yet to be experimentally
quantified.202 Interestingly, an enthalpy-driven tetrel-bond and
an entropy-driven hydrophobic interaction, both of which
involve C atoms, are found to coexist abundantly in proteins.
Understanding the effect of the interplay between the tetrel-
bond and hydrophobic interactions on the protein structure
and stability would be of broad interest in protein engineering
and ligand/inhibitor design.

7. CONCLUSIONS
Accurately predicting protein structures or their biochemical or
biophysical properties, including enzymatic reaction mecha-
nisms, kinetics of protein folding, ligand binding, and
enzymatic reactions, from sequence information has been a
long challenge.203−209 Progress in ab initio protein structure
prediction based on physicochemical principles has been slow,
hindered by an incomplete description of the force field and
high computational cost.40 A detailed understanding of
noncovalent interactions that pervade protein structure and
function is essential for an improved description of the force
field. The force fields are important for quantum mechanical
calculations and molecular dynamics simulations that are the
computational tools for understanding protein structure and
dynamics, predicting ligand binding, and deciphering the
reaction mechanism and kinetics.
The recently developed template-guided or neural network/

machine learning-based approaches, such as the artificial
intelligence program AlphaFold and RoseTTAFold, have had
a revolutionary impact on the prediction of three-dimensional
structures of protein with high accuracy.203,210−213 AlphaFold,
for example, integrates machine learning strategies and an
experimental database for sequence and structural informa-
tion.214,215 The success of AlphaFold in determining the 3D
structures of proteins with reasonably high accuracy has
empowered researchers to obtain atomic structures of their
protein of interest effortlessly and with great confidence. A
recent version of the program has, to a limited extent, been

successful in identifying partner proteins and predicting
structures of their complexes.
The main limitation of the program so far has been its poor

performance in predicting the structures of intrinsically
disordered proteins and of multimeric proteins or complexes
of proteins with ligands, cofactors, or nucleic acids. In addition,
the cofactor/ligand-dependent folding, protein dynamics, and
accurate side-chain conformation prediction are also integral to
protein structure and function, which current AI-based
programs, such as AlphaFold, do with a varying degree of
accuracy and requires to be improved.214 Combining structural
information from prediction software such as AlphaFold with
molecular dynamics simulations and quantum mechanical
calculations that take into consideration the various non-
covalent interactions and their synergy can address these
challenges.
Scrutinizing the forces that stabilize or destabilize the

proteins or their complexes and their inclusion into the force
field is an important step toward achieving this
goal.37,40,60,115,118 So far, the favorable contribution of H-
bond and hydrophobic interactions to compensate for the
unfavorable conformational entropy toward folding the peptide
chain and making the folding process favorable is well
considered.216 However, their insufficiency in explaining the
discrepancies in computational and experimental results
highlights the necessity to include other noncovalent
interactions, including those summarized in this Review.
Although many of these individual interactions appear
diminutive in strength, their cumulative effect could strongly
alter the stability and biochemical properties of proteins
because of their frequent occurrence. Raines in a recent review
on secondary forces in proteins concluded that the cumulative
enthalpic contribution of these interactions is around 25% as
compared to conventional H-bonds or hydrophobic inter-
actions.40 Furthermore, recognizing the significance of these
unconventional noncovalent interactions is important to better
understand ligand binding, reaction mechanisms, and kinetics.
Precise knowledge of these forces is essential not only to

accurately determine protein structures ab initio but also to
predict their dynamics or function, which most AI-based
programs perform poorly in their current versions. Over the
past decade, extensive research efforts employing detailed and
multipronged experimental and computational approaches
have led to the discovery of new noncovalent interactions
and their importance in chemistry and biology. Estimating the
critical properties of these interactions precisely, such as the
experimental energy of stabilization, environment dependence,
and synergy between the interactions, is a topic that requires
further attention. We believe that the revolutionary improve-
ment in the resolution of 3D structural data of proteins
determined using cryoEM will aid in the identification of
unconventional noncovalent interactions in proteins and reveal
new roles of these interactions in protein function. With many
more protein structures being determined at very- and ultra-
high resolution, use of charge-density analysis combined with
detailed quantum chemical calculations, such as Atoms In
Molecule analysis, will provide unprecedented insights into the
nature and function of noncovalent interactions in pro-
teins.75,76,182 We believe that with newer and improved
experimental and computational techniques being used for
probing noncovalent interactions in small molecules and
proteins, our understanding of the nature of these interactions,
their role, and significance is only on the rise.
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Green, T.; Qin, C.; Žídek, A.; Nelson, A. W. R.; Bridgland, A.;
Penedones, H.; Petersen, S.; Simonyan, K.; Crossan, S.; Kohli, P.;
Jones, D. T.; Silver, D.; Kavukcuoglu, K.; Hassabis, D. Improved
Protein Structure Prediction Using Potentials from Deep Learning.
Nature 2020, 577, 706−710.
(211) Pearce, R.; Zhang, Y. Deep Learning Techniques Have
Significantly Impacted Protein Structure Prediction and Protein
Design. Curr. Opin. Struct. Biol. 2021, 68, 194−207.
(212) Rohl, C. A.; Strauss, C. E. M.; Misura, K. M. S.; Baker, D.
Protein Structure Prediction Using Rosetta. Methods Enzymol. 2004,
383, 66−93.
(213) Baek, M.; DiMaio, F.; Anishchenko, I.; Dauparas, J.;
Ovchinnikov, S.; Lee, G. R.; Wang, J.; Cong, Q.; Kinch, L. N.;
Dustin Schaeffer, R.; Millán, C.; Park, H.; Adams, C.; Glassman, C.
R.; DeGiovanni, A.; Pereira, J. H.; Rodrigues, A. V.; Van Dijk, A. A.;
Ebrecht, A. C.; Opperman, D. J.; Sagmeister, T.; Buhlheller, C.;
Pavkov-Keller, T.; Rathinaswamy, M. K.; Dalwadi, U.; Yip, C. K.;
Burke, J. E.; Christopher Garcia, K.; Grishin, N. V.; Adams, P. D.;
Read, R. J.; Baker, D. Accurate Prediction of Protein Structures and
Interactions Using a Three-Track Neural Network. Science 2021, 373
(6557), 871−876.
(214) Perrakis, A.; Sixma, T. K. AI Revolutions in Biology: The Joys
and Perils of AlphaFold. EMBO Rep. 2021, 22, e54046.
(215) Bouatta, N.; Sorger, P.; AlQuraishi, M. Protein Structure
Prediction by AlphaFold2: Are Attention and Symmetries All You
Need? Acta Crystallogr. Sect. D Struct. Biol. 2021, D77, 982−991.
(216) Pace, C. N. Energetics of Protein Hydrogen Bonds. Nature
Structural and Molecular Biology 2009, 16, 681−682.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c00205
ACS Omega 2023, 8, 22268−22284

22284

https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/nbt.2419
https://doi.org/10.1038/nbt.2419
https://doi.org/10.1126/science.aah4043
https://doi.org/10.1126/science.aah4043
https://doi.org/10.1093/bioinformatics/btz595
https://doi.org/10.1093/bioinformatics/btz595
https://doi.org/10.1017/S0033583503003901
https://doi.org/10.1017/S0033583503003901
https://doi.org/10.1038/s41586-019-1923-7
https://doi.org/10.1038/s41586-019-1923-7
https://doi.org/10.1016/j.sbi.2021.01.007
https://doi.org/10.1016/j.sbi.2021.01.007
https://doi.org/10.1016/j.sbi.2021.01.007
https://doi.org/10.1016/S0076-6879(04)83004-0
https://doi.org/10.1126/science.abj8754
https://doi.org/10.1126/science.abj8754
https://doi.org/10.1107/S2059798321007531
https://doi.org/10.1107/S2059798321007531
https://doi.org/10.1107/S2059798321007531
https://doi.org/10.1038/nsmb0709-681
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

