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Hydrophobic interaction provides the essential driving force for creating diverse native and artificial
supramolecular architectures. Accumulating evidence leads to a hypothesis that the hydrophobicity of
a nonpolar patch of a molecule is non-additive and susceptible to the chemical context of a judicious
polar patch. However, the quantification of the hydrophobic interaction at the nanoscale remains

a central challenge to validate the hypothesis. In this review, we aim to outline the recent efforts made
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1 Introduction

Hydrophobic interactions underlying the water-mediated orga-
nization of nonpolar molecules provide the key driving force for
a broad range of biological phenomena, such as protein folding
and aggregation, cell membrane and vesicle formation, and
phase separation of specific proteins and nucleic acids.””® A
profound understanding of hydrophobic interactions is essen-
tial to disentangle the evolutionary drivers of assembly in the
enormous protein structures, unraveling the causes of chemical
selection in the rational design of molecular machines.*® Most
biological systems do not retain a macroscopic nonpolar
surface.”® The nonpolar domain within a protein is typically
nanometer-sized and flanked by a variety of polar functional
groups. The nanoscopic length scale of a nonpolar patch
produces tremendous difficulty to characterize hydrophobicity.
First, the hydrophobicity of a solid surface at the macroscopic
length scale can be manifested by the optically measured
contact angle of a macro-sized aqueous droplet with the surface.
But such an approach does not apply to the characterization of
the nanometer-sized hydrophobicity due to the limitation of
resolution in the microscope.” Second, the potential for
assembly can be described as AG = yAA, in which v is the excess
free energy density of the interfaces of a protein nonpolar patch
in water, and AA is the area of a nonpolar patch to provide the
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the modulation of amphiphilic peptide/protein assembly and molecular recognition.

driving force for assembly.®'**> However, the magnitude of y
for a protein nonpolar domain is usually smaller than the
empirical magnitude, such as the nonpolar oil/water interfacial
tension, resulting in a failure in the translation of hydropho-
bicity from macroscopic scale to nanoscale.®'* Thus, the
determination of nanoscale hydrophobicity remains a chal-
lenging task. The development of experimental and theoretical
techniques is of genuine interest and could help study the
mechanism underlying hydrophobically driven biomolecular
folding, assembly, and intermolecular recognition.

Substantial efforts have been made to improve the under-
standing of hydrophobic interactions based on conceptual
models, in which a protein is usually decomposed into a sum of
its constituent amino acids and different types of intermolec-
ular interactions are conventionally regarded as independent
and pairwise-additive. But such an approach seems to be
inadequate. Many attempts to predict the protein folding
structure via an energetic summation over the constituent parts
have encountered difficulty in practice.”**'* For example, the A
domain and B domain of G protein, a multidomain cell wall
protein, share 88% sequence identity and are calculated to be
similar with each other in structure and functions from the
perspective of the additive energetics of protein folding.*
However, these two domains adopt distinct folding structures,
a-helical versus o/ heterozygous conformation. They also differ
in molecular recognition (i.e., the A domain of G protein binds
to human serum albumin, whereas the B domain binds to the
Fc region of IgG).** Collective experimental and theoretical
studies lead to the fact that the intermolecular interactions that
govern the folding and assembly of a protein/peptide present
the non-additive characteristics and hydrophobic interaction
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displays a dependence on the nanoscale chemical heterogeneity
of a biological molecule.

In this review, we aim to introduce the recent approaches to
reveal the chemical heterogeneity-dependence of hydrophobic
interactions and present the advances of efforts to characterize
the hydrophobicity at a nanoscopic length scale. We will also
elucidate the outcomes of the proximal polar group altering
hydrophobic interactions on the modulation of peptide
assembly and molecular recognition. We envision that the study
with the chemical heterogeneity-dependence of hydrophobic
interactions provides a fresh vision for engineering the hydro-
phobically driven protein/peptide assemblies and reconsidering
the structure-activity correlations for protein mutations.

2. The perturbation effect of polar
group on hydrophobic interactions

Conventionally, the hydrophobicity of a molecule is approxi-
mately regarded as additive.””*® For instance, the hydrophobic
energy corresponding to an alkyl chain transferred from water
into micelle is usually considered to be linearly proportional to
the number of ~CH,- group with an increment of 3.8 kJ mol "
per -CH,- group at room temperature.'”** However, collective
evidence from different chemical and biological systems
suggests that there exists a correlation between the polar group
adjacent to the nonpolar patch and the hydrophobicity of
a molecule, i.e., the hydrophobic interaction is non-additive.
For example, asparagine and glutamine have different
numbers of -CH,- groups in their side chains, but there is no
appreciable difference in the solubility.” Similarly, the hydro-
phobic contribution of abundant ~-CH,~ groups in polyethylene
glycol (PEG) is missing and PEG is infinitely soluble in water
since the -CH,- groups in PEG are nearby polar oxygen.* These
facts lead to an important hypothesis that the contribution of
the nonpolar -CH,- group to molecular solubility/
hydrophobicity is influenced by the judicious polar groups.*
Quantifying the nanometer-scale hydrophobicity of a chemi-
cally heterogeneous system remains a key challenge for
improving our understanding of hydrophobic interaction. Ma
et al. designed a conformationally stable f*-amino acid olig-
omer GA-KKK that generated a globally amphiphilic (GA) helix
and quantified the adhesive forces arising from hydrophobic
interactions of the GA-KKK with an atomic force microscope
(AFM) tip that was made non-polar by adsorbing a monolayer of
dodecanethiol (Fig. 1a and b). B-Peptide GA-KKK contains 14-
atom hydrogen-bonded rings and presents a 1 nm*-sized non-
polar domain comprised of six cyclohexyl groups from (15,25)-
2-aminocyclohexane carboxylic acid (ACHC) residues.”* On the
opposing helical face of GA-KKK, a charged domain comprised
of three B*-homolysine (B*-hLys) immobilized ~1 nm from the
non-polar domain (Fig. 1b). At pH 7, where the side chains of p*-
hLys are protonated, the hydrophobic interactions between the
non-polar ACHC-rich domain of GA-KKK and the AFM tip were
determined to be 0.90 + 0.05 nN (Fig. 1c and d). Strikingly, the
replacement of B*-hLys by another cationic B*-amino acid, B*-
homoarginine (B*-hArg), in the GA peptide sequence (i.e., GA-
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Fig. 1 Influence of proximal cations on the hydrophobic interactions
of globally amphiphilic B-peptides. (a) Schematic illustration of an
alkyl-terminated AFM tip interacting with an immobilized GA-KKK.2
Reproduced with permission from ref. 21. Copyright 2015 Springer
Nature. (b) The chemical structures (top) and helical representations
(bottom) of B-peptides GA-KKK and GA-RRR at pH 7. (c) Histograms of
adhesion forces were measured between a nonpolar AFM tip and
immobilized GA-KKK (left) or GA-RRR (right) in either aqueous solution
at pH 7 (red) or 60 vol% MeOH aqueous solution at pH 7 (blue).2**”
Reproduced with permission from ref. 37. Copyright 2021 American
Chemical Society. (d) The magnitudes of mean hydrophobic interac-
tions are determined from (c).?*” Data showed mean + SEM.

RRR), led to a substantial decrease in the strength of hydro-
phobic interactions between the GA peptide and the AFM tip
(Fig. 1b-d). This result demonstrated that the hydrophobic
interactions generated by the nonpolar domain (~1 nm? in size)
are modulated by the proximally immobilized cations and such
modulation effects depend on the charge identity.**

Other than cations, anions and neutral-polar groups also
participate in the modulation of adjacent hydrophobicity. For
example, the immobilized univalent anions are observed to
weaken the hydrophobic interactions generated by the neigh-
boring nonpolar domain.* The potential of mean force (PMF)
simulation of a coarse-grained GA B-peptide nearby a nonpolar
surface (Fig. 2a) revealed that the immobilization of F~, Cl™,
Br,and I" into the proximity of the nonpolar domain of a GA B-
peptide substantially decreased the PMF strength of hydro-
phobic interactions. The PMFs of hydrophobic interactions
measured from the GA B-peptides with negative charges fol-
lowed the rankasI” <F~ <Cl~ = Br~ (Fig. 2b).? This result also
provided instructive information that immobilized ions versus
free ions exert divergent impacts on hydrophobic interaction.
The free F~, CI7, and I" in bulk solution were found to
strengthen hydrophobic interaction, contrasting with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of proximal anions on the hydrophobic interactions.

(@) Schematic illustration of a globally amphiphilic B-peptide inter-
acting with a nonpolar surface in water. (b) The PMFs of hydrophobic
interactions between a nonpolar surface and the B-peptide with
proximally immobilized anions. (c) The PMFs of hydrophobic interac-
tions between a nonpolar surface and the B-peptide in the presence of
dissolved anions. The inset represents the absolute value of the
difference in PMF between the depth of contact minimum and the
reference state.?? Reproduced with permission from ref. 22. Copyright
2015 American Chemical Society.

influence of immobilized anions on the GA B-peptide surface to
weaken hydrophobic interaction (Fig. 2¢).>

The perturbation effect of the neutral-polar group on
hydrophobic interaction is manifested by the molecular
dynamics simulation of the hydration feature of heterogeneous

(a) (b)
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Fig. 3 Influence of the proximal neutral-polar group on the hydro-
phobic interactions. (a) Schematic illustration of the top view of the
heterogeneous methyl-terminated SAM surface containing one
hydroxyl group. (b) Dependence of normalized interfacial compress-
ibility (xint/Xoui) Of the perturbation caused by a single hydroxyl group
on the length scale (L). (c) Top view of the heterogeneous methyl-
terminated SAM surface containing 25%, 50%, and 75% hydroxyl
groups. (d) Dependence of the normalized interfacial compressibility
of perturbation on the surface fraction of hydroxyl group (fop).*
Reproduced with permission from ref. 14. Copyright 2010 Springer
Nature.
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self-assembled monolayer (SAM) surface."* As revealed by the
local compressibility of interfacial water in the vicinity of the
SAM surface, the addition of a single hydroxyl-terminated group
into the methyl-terminated SAM surface led to a delocalized
effect on the local density and dynamic structuring of interfacial
water (Fig. 3a). The perturbation effect propagates from the
single hydroxyl group site with an extending area of ~4 nm?
(Fig. 3b).* For the uniformly mixed hydroxyl/methyl-terminated
SAM surfaces composing of 25%, 50%, and 75% hydroxyl
groups, the interfacial water compressibility decreased non-
linearly with the increased surface concentration of hydroxyl-
terminated groups (Fig. 3¢ and d).** This nonlinearity in how
the polar group affects the wetting property highlights the non-
additive nature of hydrophobicity at the nanoscale.

3 Interfacial water and the
mechanism underlying the
perturbation effect of polar group

The effect of the proximally immobilized polar group on the
hydrophobic interaction generated by the nonpolar patch
motivates consequent studies to reveal the modulation mech-
anism of how the immobilized polar group contributes to
hydrophobic interaction. Hydrophobic interaction is defined as
the attractive interaction with a magnitude exceeding van der
Waals interaction between two nonpolar particles in an
aqueous solution.”*** Hydrophobic interaction is originated
from the assembly structure of interfacial water molecules
adjacent to the nonpolar patch (Fig. 4).>*** The interfacial water
assembly structure around the nonpolar patch is historically
depicted by the iceberg model, in which interfacial water
molecules are thought to form frozen patches or microscopic
icebergs around the nonpolar parts of solute molecules in an
aqueous solution.?** Different from the disordered structure of
water molecules in bulk solution, interfacial waters are sus-
pected to adopt tetrahedral configuration and assemble into
a continuous hydrogen-bonded interfacial water network, con-
structing polyhedral cage-shaped hydration shell around
hydrophobic solute (Fig. 4).>>*® The ordered hydrogen-bonded

Fig. 4 The assembly structure of interfacial water molecules near
hydrophobic surface. The blue and white particles represent the
oxygen and hydrogen atoms of water. The dashed lines indicate
hydrogen bonds. The red particles represent the hydrophobic
species.?® Reproduced with permission from ref. 26. Copyright 2005
Springer Nature.
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water network gives rise to hydrophobic free energy and thus
a fluctuation of the structure and density of interfacial water
nearby the nonpolar patch will cause a variation in the magni-
tude of hydrophobic interaction.>*

By using the iceberg model, the perturbation effect of polar
group observed with the comparison of GA-KKK versus GA-RRR is
attributed to the correlation between the proximally immobilized
cation and the interfacial water structure. Two possible mecha-
nisms might participate in the interaction between the immo-
bilized cation and interfacial water (Fig. 5a).*** First, the
protonated cationic side chain can interact with interfacial water
adjacent to the ACHC-rich nonpolar domain via a charge-dipole
interaction (Fig. 5a). Considering the side chains of B>-hLys and
B>-hArg possess similar net charge density, the charge-dipole
interaction between the immobilized cation and interfacial water
is not appreciable to cause the perturbing effect on hydrophobic
interaction. In contrast, a second mechanism has been raised
that the fluctuation of interfacial water organization propagates
from charged group to the site of water nearby the nonpolar
domain via the hydrogen-bonded interfacial water network
(Fig. 5a).>*” Such a mechanism can be leveraged to formulate
a hypothesis that two polar but neutral groups with divergent
hydration free energy possess the group-specific potential to
modulate adjacent hydrophobic interaction. Wang et al
substituted the homolysine side chains in B-peptide GA-KKK by
using polar but nonionic amino acid homoglutamine (8*-hGln)
to generate GA-QKK and GA-QQK and reported chemical force
microscopy measurements on single globally amphiphilic B-
peptides (Fig. 5b).>” At pH 10.5, where the side chain of *-hLys is
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deprotonated, a weaker hydrophobic interaction was measured
using GA-QKK (0.54 £ 0.01 nN) and GA-QQK (0 £+ 0.01 nN)
relative to GA-KKK (0.61 £ 0.04 nN) with the AFM tips (Fig. 5c and
d).?” The distinct modulation effects displayed by neutral B*-hLys
versus B>-hGln on hydrophobic interaction reflect the different
ability of amine versus amide, the polar groups carried by the side
chains of B*-hLys versus B>-hGln, to interact with water. The
hydration free energy of amine is —18.8 kJ mol™ " (ethylamine),
whereas the hydration free energy of amide is —40.8 k] mol '
(acetamide).?”?° Thus, the side chain of B>-hGln is more favorable
to interact with water and perturb the interfacial water structure
nearby the nonpolar domain of B-peptide in energy relative to the
side chain of deprotonated B*-hLys.>”

The perturbation effect of polar group on hydrophobic inter-
action can also be understood from the view of interfacial water
dynamics. The liquid/solid interface strongly influences the
dynamic features of interfacial water nearby the solid surface,
including the structural ordering, density, and diffusion.***> The
perturbation imposed by the interface to the interfacial water
dynamics is a function of distance to the interface, typically
decaying within 1 nm of the interface (Fig. 6a).**> Molecular
simulations revealed that the density and the dipole orientation
distribution of interfacial water molecules next to the hydrated
surface were modulated by the chemically functional groups on
the surface (Fig. 6b and c¢).*** Such modulation effect is non-
additive, in which the adhesive free energy of the surface devi-
ates from the linear dependence on the surface chemical
composition.*® The diffusion of interfacial waters within the
hydration shell of the surface is also heterogeneous and affected
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Fig.5 Mechanisms underlying the perturbation effect of polar groups. (a) Schematic illustrations of two possible mechanisms by which cationic
groups influence the organization of water molecules nearby the nonpolar surface of B-peptide. The red circles represent cross-sections of the
helical B-peptides. The solid red disk with a white plus sign represents the cationic side chain. Blue spheres are indicative of interfacial water
molecules. (b) The chemical structures of GA-QKK and GA-QQK at pH 10.5. (c) Histograms of adhesion forces were measured between
a nonpolar AFM tip and immobilized GA-KKK, GA-QKK, and GA-QQK in either aqueous solution at pH 7 (red) or 60 vol% MeOH aqueous solution
at pH7 (blue).?” Reproduced with permission from ref. 27. Copyright 2017 American Chemical Society. (d) The magnitudes of mean hydrophobic
interactions are determined from (c).?” Data showed mean + SEM.
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Fig. 6 Interfacial water dynamics surrounding a chemically hetero-
geneous surface. (a) The interfacial water density oscillates nearby an
interface.32 Reprinted with permission from ref. 32, Copyright 2016
American Chemical Society. (b), (c) The coordination numbers (b) and
dipole orientations (c) of interfacial water molecules close to the
surfaces terminated with different functionalized groups.® Reprinted
with permission from ref. 33, Copyright 2011 National Academy of
Sciences. (d) The chemical structure of PA peptide and the schematic
image of PA assembled nanofiber (left). Blue, PA peptide; cyan,
hydrophobic tail; grey, interfacial water. Water-correlation times
measured by the Overhauser dynamic nuclear polarization depend on
the radial position within the cross-section of PA nanofibers.>®
Reproduced with permission from ref. 36. Copyright 2017 American
Chemical Society.

by the chemical identity presenting on the surface.>**® As man-
ifested by the Overhauser dynamic nuclear polarization relax-
ometry experiment, significant differences emerged from the
water motions within a distance of ~1 nm from the interface,
with fast-diffusing water molecules in the vicinity of hydrophobic
patches and slow-moving water molecules at the surface of
hydrophilic patches (Fig. 6d).*

4 The perturbation effect of polar
group is manifested in the
hydrophobically-driven self-assembly
of peptide

The judicious placing of polar groups near hydrophobic

domains dramatically tunes hydrophobic interaction, providing
an invaluable handle for manipulating and designing peptide—

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peptide interactions.” Conventionally, the self-assembled
structure of an amphiphile is theoretically dependent on its
packing parameter, which is defined relative to the area of the
amphiphile head-group, the nonpolar chain volume, and the
nonpolar chain length."” Different from the conventional
opinion, the interplay between polar group and nanoscale
hydrophobicity can be employed as a harness to control the
hydrophobically driven self-assembly by manipulating the
chemical identity of the polar group instead of changing the
molecular geometry of amphiphile. For example, the globally
amphiphilic B-peptides, GA-KKK and GA-RRR, possess the same
packing parameter but exhibit divergent assembled structures
in aqueous 10 mM TEA solution at pH 7 (Fig. 7a).”” GA-KKK
preserves a strong tendency to hydrophobically assemble into
sheet-like aggregates of about 100 nm in hydrodynamic diam-
eter. In contrast, GA-RRR displays substantially weak assembly
propensity with association states ranging from monomer to
nonamer (Fig. 7a).*” The phenomenon that lysine and arginine
are not interchangeable in protein structure has been occa-
sionally observed in some past studies, such as cell-penetrating
peptides preferring arginine-rich domain for membrane
permeation or strong nucleic acid binding potency.***
However, these past studies attribute the structural variations
correlated with the lysine-to-arginine substitution to be their
difference in hydrogen bonding or mediating coulombic effect.

(@) Charge repulsion Charge repulsion

Hydrophobic

‘:@aﬁracﬁon .
TR

Weak attraction

GA-KKK GA-RRR

K92

Native K92 acetyl

Fig. 7 The perturbation effect of polar group and peptide/protein
assembly. (a) Schematic illustrations of GA-KKK (left) and GA-RRR
(right) assembly in bulk agueous solution (top). Cryo-TEM images of
2.0 mM GA-KKK and GA-RRR in 10 mM aqueous TEA, pH 7 (bottom).?”
Reproduced with permission from ref. 37. Copyright 2021 American
Chemical Society. (b) Acetylation of Lys92 converts a part of aB-
crystallin  from hydrophilic to hydrophobic.** The electrostatic
potentials for native (left) and acetyl aB-crystallin (right) are shown as
isosurfaces at a level of +25 kcal mol™* (blue) and —25 kcal mol~* (red).
Reproduced with permission from ref. 45. Copyright 2013 American
Chemical Society.
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The result obtained from the cation-directed p-peptide
assembly experiment provided the first clear demonstration
that it is a feasible strategy to toggle the hydrophobically-driven
self-assembly behaviors of peptides by a rational design of the
chemical identity of a judicious polar group.*”

The scope of hydrophobicity modulation by locally immo-
bilized polar groups in the complicated biologically relevant
system is a crucial issue to be explored. An experimental
approach is required to probe the generality of the trends that
were identified from artificial B-peptide systems in the realm of
native o-peptide and protein folding and assembling. Native
peptides and proteins differ from B-peptides in the complexity
of chemical context and some important physical properties,
including molecular topology, nanoscale curvature, and back-
bone flexibility, which substantially affect the hydrophobicity of
a molecule.® Recent studies with a poly-a-peptide in coiled-coil
conformation highlighted the profound influence of the
perturbation effect of polar groups in the construction of native
polypeptide supramolecular structures.**** In the field of
protein folding, the perturbation effect of polar groups on
hydrophobic interaction is relevant to a series of intriguing
examples as follows. The loss of a positive charge by acetylation
with the side chain of Lys92 residue in aB-crystallin, a 573 kDa
protein, led to a delocalized and long-distance perturbation to
the protein structure, improving the hydrophobicity of the
whole crystallin domain (Fig. 7b).** The substituting Arg18 for
histidine in the non-amyloidogenic rat islet amyloid poly-
peptide (rIAPP) increased the tendency to hydrophobically
driven amyloidogenesis.*® The number
glutamine/asparagine residues surrounding the nonpolar
patch of helices governs the hydrophobic aggregation tendency
of coiled-coil proteins.*”

of neutral-polar

5 Conclusion and future perspectives

Recent advances have been made towards understanding the
nanoscale hydrophobicity present on the peptide chemically
heterogeneous surface. The adjacent polar group plays
a profound influence on the hydrophobic interaction generated
by the nonpolar patch in a group-specific manner. This modu-
lation effect reflects the differential potency of polar groups to
interact with water and perturb the assembly structure of
interfacial water molecules nearby the nonpolar patch. More
importantly, the efforts to uncover the mystery of proximal
groups on hydrophobic interaction benefit the self-assembly in
a wide range of biological and chemical systems with broad
ramifications.® These findings open perspectives for the design
of self-assembled supramolecular architectures beyond current
design rules.

Theoretical challenges remain in the efforts to define the
non-additivity of intermolecular interactions. The interplays
among van der Waals interaction, hydrogen bond, electrostatic
interaction, and hydrophobic interaction that provide efficient
revenues to fold and organize polypeptide should be rigorously
pursued in future efforts for designing peptide-assembled
systems.”*® Additionally, a fine characterization of the
assembly structure and the dynamic feature of interfacial water
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molecules within the local space around the nonpolar patch
with the single-molecule resolution is also needed for sketching
the detailed molecular mechanisms underlying the perturba-
tion effect of polar group. The employment of the atomic force
microscope equipped with a qPlus sensor or the Raman scat-
tering measurements with multivariate curve resolution
(Raman-MCR) would be the future direction.*** The efforts to
address the mentioned challenge will be beneficial for
advancing our knowledge of directing biomolecular assembly
and recognition by designing molecularly chemical
heterogeneity.
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