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Hydrophobicity is the unfavourable energetics of dissolving nonpolar compounds in

water. The hydrophobicities of the 20 amino acid side-chains are currently described by

hydrophobicity scales derived primarily from solubility studies; these scales have provided

semiquantitative rationalizations of some properties of native (folded) proteins.

Introduction

Hydrophobicity is a term used to describe the unfavour-
able energetics of dissolving nonpolar (e.g. carbon)
compounds in water: while nonpolar compounds readily
dissolve in many nonpolar solvents, they have very low
solubilities in water. Another defining characteristic of
hydrophobic compounds is their tendency to self-associate
in aqueous solutions. A generally accepted explanation of
this phenomenon is that it results largely from the more
favourable interactions among the water molecules
achieved when the nonpolar groups cluster together,
rather than from a direct van derWaals attraction between
nonpolar groups.

What is the physical origin of hydrophobicity? There are
extensive hydrogen-bonding interactions among water
molecules (H2O) in liquid water. Hydrophobic groups,
being nonpolar, cannot form hydrogen bonds with the
water molecules in their vicinity. However, it would be
energetically costly if these water molecules are not
hydrogen bonded; therefore, in the presence of a nonpolar
solute, water molecules are driven to either adopt more
specific orientations to avoid losing hydrogen bonds, or to
minimize the loss, depending on which alternative is
allowed by the geometry of the hydrophobic surface
(Figure1). The presence of specialwater configurations near
a hydrophobic surface, with average properties distin-
guishable from that of bulk water, is often referred to as
‘hydrophobic hydration’. The statistical mechanical con-
sequences are either a restriction of water configurational
freedom (entropy) or a loss of favourable (enthalpic)
hydrogen bonds, or both. These effects translate into an
unfavourable free energy change associated with exposing
hydrophobic groups to water (Figure 1).

Liquid state configurations are constantly fluctuating,
not static. Figure 1 illustrates only the dominant configura-
tions; it is possible to have other water configurations near
hydrophobic surfaces. However, the dominant configura-
tions in Figure 1 show how unfavourable free energy
changes are caused by hydrophobic surfaces’ disruption of
water structure relative to that in the bulk. Consistent with
this molecular picture, it has been empirically observed

that the magnitude of hydrophobic effect, as measured by
transfer free energies (see below), is approximately
proportional to the water-accessible surface area (Lee
and Richards, 1971) of the hydrophobic groups (Tanford,
1980). In this perspective, the association of hydrophobic
groups in water is viewed as driven by the need to reduce
energetically unfavourable exposure of nonpolar surface
to water. Typically, transferring hydrophobic groups from
water to a nonpolar environment is believed to be favoured
by approximately 105–142 Jmol2 1 (25–34 calmol2 1) per
square angstrom of water-accessible area of the hydro-
phobic group (reviewed by Chan and Dill, 1997). (In the
biophysics literature, water-accessible surface area is often
called ‘solvent-accessible surface area’ (SASA) without
specifying explicitly that water is the solvent in question.)

Experimentally Derived Scales from
Free Energies of Transfer

It is a common practice to use experimentally determined
free energies of transfer of various solutes, from nonpolar
solvents towater, to quantify the extent of hydrophobicity,
i.e. the degree to which each solute ‘dislikes’ water, relative
to the nonpolar phase (Figure 2). In these measurements, a
solute is partitioned between two different solvents
according to its solubility in each. The experimental
observable is the equilibrium concentration of the solute
in each phase. Transfer free energies are determined from
the measured concentrations, and contact energies are
deduced using thermodynamic arguments and statistical
mechanical models (reviewed by Chan and Dill, 1997).
Because the process of folding a protein involves

removing a large fraction of amino acid surface from
water to the protein interior, it is on some level analogous
to transferring a model compound from water to a
nonpolar phase. Consequently, many researchers have
obtained experimental transfer data for amino acids, their
derivatives and other model compounds with the goal of
using such data to understand the origins of protein
stability. While the analogy to water phase is direct,
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discerning which nonpolar phase best models a protein
interior has been less obvious. As a result, a variety of
different nonpolar phases have been employed. These
include octanol, linear alkanes, cyclohexane, bilayer,
grafted alkyl phase on chromatographic columns, among
others.

Hydrophobicity scales have been determined from free
energies of transfer of amino acids or their chemical
derivatives from water to various nonpolar phases (for
example, an organic solvent, see Figure 2). In analysing
transfer data, it is often assumed that contributions to the
transfer free energy from different parts (e.g. a methyl or
amide group) of a molecule are additive. When group
additivity is assumed, contributions to the free energy of
transfer of individual amino acids can be calculated from
differences in transfer free energies of various amino acid
derivatives. By the same token, some scales give hydro-
phobicities of individual amino acids in terms of whether
they are more hydrophobic or less hydrophobic than
glycine, the smallest amino acid that does not have a side-
chain (Table 1). The assumption of group additivity is quite
reasonable, and is often useful. None the less, it should be
noted that, ultimately, group additivity and treatments

based solely on water-accessible surface area are only
approximations.Calculationsat theatomic level (Lee et al.,
1984) show that the underlying molecular basis of
hydrophobicity is more intricate than these simplified
descriptions.

Dependence of Experimental Scale on
Phase, Solvent

Given the central importance of understanding what
determines protein stability and structure, numerous
amino acid hydrophobicity scales have been obtained by
many research groups during the last few decades.
Representative scales are given in Table 1. Information
regarding other scales and recent reviews is provided in
Table 2. In general, there has been a lack of quantitative
agreement between hydrophobicity scales. Table 1 demon-
strates that different nonpolar phases and different
techniques give rise to different amino acid transfer free
energies. Figure 3a provides a visual comparison of the level
of quantitative agreement between scales.

Figure 1 Molecularorigins of hydrophobicity. Typical hydrogenbonding (dashed lines)pattern amongwatermolecules H2O: (a) in thebulk; (b) around a
small nonpolar solute (shadedcircle); and (c) near an extendednonpolar surface. The hydrogenbonding geometry in (b) is distorted relative to that in (a) to

maintain an interaction strength among water molecules comparable to that in the bulk. Water molecules around a small solute with a convex nonpolar
surface are oriented to avoid directing their hydrogen-bonding groups (donor or acceptor) towards the solute. This arrangement is not possible near a flat

extended nonpolar surface. In this case there are ‘dangling’ hydrogen bonds, i.e. potentially hydrogen-bonding groups (dotted lines) oriented towards the
nonpolar surface (Lee et al., 1984).
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The charged and polar (hydrogen-bonding) side-chains
are particularly sensitive to the nonpolar phase, and their
transfer free energies show large deviation from the

expected proportionality to water-accessible surface area.
This may be caused by a number of factors. For instance,
octanol, one of the commonly used nonpolar phase
solvents, is somewhat polar and contains a significant
amount of dissolved water, whereas other nonpolar phase
solvents, such as liquid alkanes, have very little dissolved
water. On the other hand, the hydrophobicities of the
hydrophobic/nonpolar amino acid side-chains (aliphatic
nonhydrogen bonding, aromatic nonhydrogen bonding
and sulfur-containing) show less variation among different
scales (Karplus, 1997). The temperature dependence of
transfer free energies can also vary significantly. In some
experiments involving partially aligned alkyl chains, such
as reverse-phase liquid chromatography stationary phases
(Figure 2c), nonpolar solutes are driven mainly by enthalpy
into the partially aligned alkyl phase, instead of by entropy
as in transfer between water and bulk nonpolar phases.
This observation is sometimes called ‘nonclassical’ hydro-
phobic effect or ‘bilayer effect’ (discussed in DeVido et al.
(1998) and White and Wimley (1999); Table 2).
Given the variability between different hydrophobicity

scales, it is perhaps not surprising that the rank ordering of
amino acid hydrophobicities showsmarked variation from
scale to scale. For example, in the 16 scales tabulated by
Wilce et al. (1995), phenylalanine is ranked first (most
hydrophobic) by four of the scales, yet one scale ranks it as
16th, i.e. close to being the least hydrophobic (20th). In
Table 1, tryptophan is ranked first by two scales (b and c),
whereas it is the thirdmost hydrophobic according to scale
(a). These observations highlight the limitations of amino
acid hydrophobicity scales in quantitative applications.
Unfortunately, no one set of 20 numbers (i.e. a single
generic hydrophobicity scale) exists that is capable of
accurately predicting protein stability and/or ligand-
binding energetics.

Theoretical Scales Derived from Protein
Structures

As discussed above, most hydrophobicity scales use a
nonpolar phase to model a generic protein core. As such,
they cannot account for the specific interactions between
amino acid side-chains in protein interiors.
In principle, these interactions couldbe studied at amore

fundamental level by using potentials for each atom.
However, for many applications, an amino acid-based
approach is still preferred, because a calculation involving
the pairwise interactions between the thousands of atoms
in a given protein is often not tractable with currently
available computational power. A logical next step,
therefore, is to determine a set of 210 pairwise amino acid
contact energies.
To date, no systematic, direct experimental measure-

ments of all pairwise amino acid contact energies exists.

(a)

(b)

(c)

(d)

Figure 2 Experimental and statistical procedures for estimating amino

acid interactionparameters. (a) Formationof a contactwhena biomolecule
undergoes conformational changes, as in protein folding. The aqueous

solvent is not depicted explicitly. (b) Modelling contact formation by
transferring a model compound (small solute) from an aqueous phase (left)

to a nonpolar phase (right). Hydrophobic hydration is also studied by
transferring small solutes from a gaseous phase (middle) to water. (c)

Modelling contact formation by studying the partitioning of solutes into
aligned nonpolar phases such as bilayers and in reversed-phase liquid

chromatography experiments. (d) Some interaction parameters are
deduced from the statistics of contacts among different amino acid types in

the database of protein native structures.
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Instead, these energies have been obtained by knowledge-
based or statistical methods from databases of protein
native structures. (Hence they are called statistical
potentials.) There are a number of slightly different
approaches, but they all share the same basic assumption
that the statistical distribution of contacts among native
structures of proteins can be related to the underlying
contact energies by some very simple mathematical
relations (Figure 2d). Tanaka and Scheraga first advanced
this idea in 1976. A comprehensive analysis was provided
by Miyazawa and Jernigan in 1985 (Miyazawa and
Jernigan, 1996), and subsequently developed by many
researchers.

The formulation of Miyazawa and Jernigan (1996) is a
good illustration of the statistical potential method. They
define the energy for a contact between amino acid residue
types i and j by eij 5 2RT ln [(�nnij�nn00)/( �nni0�nnj0)], where �nns are
average numbers of contacts observed in a given database
of native structures. The subscript 0 denotes solvents, 00
and i0 represent a solvent–solvent contact and a contact

between residue type i and solvent (when i is exposed to
solvent), respectively. By this simple formula, more
favourable (lower) contact energies eij are assigned to
pairs of amino acid side-chains that occur more frequently
together in spatial contact (i.e. larger �nnij) in the given
protein native structure database.
This and similar approaches assume that the contacts in

the protein native structure database follow a Boltzmann
distribution at temperature T. In reality, however, the set
of native structures is not a Boltzmann ensemble. Native
structures of different proteins are not in thermal
equilibrium because they cannot interconvert into one
another. Nevertheless, in test studies using simple model
systems, these simple statistical procedures have been
shown to be reasonably accurate in extracting contact
energies, provided that certain special conditions are
satisfied. It should also be pointed out, however, that these
procedures have been shown to be not generally valid. A
rigorous connection has yet to be established between
statistical potentials and the true physical interactions.

Table 1 Free energies of transfer of the amino acids from water to nonpolar environments,
relative to that of glycine 

aThese hydrophobicity scales were obtained by using different chemical derivatives of the amino acids and the
following different nonpolar phases: (a) alkyl chains in a reversed-phase liquid chromatography stationary
phase (DeVido et al., 1998), (b) bulk octanol (Fauchère and Pliška, 1983), and (c) large unilamellar vesicle
membranes (Wimley and White, 1996; with ionized side-chains E, D, R, K and H).

Free energy transfera (kJ mol–1)

Amino acid Code (a) (b) (c)

Phenylalanine F –12.3 –10.1 –4.79

Isoleucine I –11.4 –10.2 –1.34

Tryptophan W –11.3 –12.8 –7.81

Leucine L –8.95 –9.64 –2.39

Tyrosine Y –8.70 –5.44 –3.99

Methionine M –8.23 –6.97 –1.01

Valine V –7.80 –6.91 +0.25

Proline P –7.15 –4.08 +1.85

Cysteine C –4.05 –8.73 –1.05

Glutamate E –3.02 +3.63 +8.44

Alanine A –2.67 –1.76 +0.67

Threonine T –2.50 –1.47 +0.55

Glutamine Q –1.95 +1.25 +2.39

Aspartate D –1.03 +4.36 +5.12

Glycine G 0.00 0.00 0.00

Serine S +0.42 +0.23 +0.50

Asparagine N +1.25 +3.40 +1.72

Arginine R +1.75 +5.72 +3.36

Lysine K +3.00 +5.61 +4.12

Histidine H +4.22 –0.74 +3.99

Amino Acid Side-chain Hydrophobicity

4



Comparison Between Prediction and
Experiment

What can be learned about protein structure and stability
from hydrophobicity scales and pairwise amino acid
statistical potentials? At a qualitative or semiquantitative
level, predictions by some scales are consistentwith protein

experiments. For example, amino acid residues that are
deemed more hydrophobic in transfer experiments are
more likely to be buried in native structures of globular
proteins. In membrane proteins, contiguous stretches of
hydrophobic residues are useful for identifyingmembrane-
spanning segments. More quantitatively, Figure 3b shows
that knowledge-based statistical potentials correlate well
with hydrophobicities of individual amino acids deter-
mined by nonpolar/water transfers. The statistical poten-
tials are derived from experimentally determined protein
native structures. Hence, the correlation in Figure 3b
indicates that some scales derived from model compound
transfer experiments are predictive, in the sense that they
are able to provide a reasonable account of the structural
organization of native proteins (see also Rose et al. (1985)
and Eisenberg and McLachlan (1986); Table 2).
Amino acid hydrophobicity scales have been used to

rationalize changes in protein stability caused by changes
in amino acid sequence (mutations); however, the results
are not straightforward to interpret. Figure 3c shows that
there are two sources of uncertainties in relating experi-
mental mutagenesis data to hydrophobicity scales: (1)
variationbetween different hydrophobicity scales, as noted
above; and (2) variation in folding free energy changes
caused by mutations between the same two amino acid
types, which turn out to depend on the protein and the
particular location of the mutation site. This observation
implies that the protein environment of a given amino acid
residue can strongly affect its interactions. Twenty-
parameter hydrophobicity scales cannot accurately predict
mutational effects on native stability because these scales
effectively assume a single uniform generic protein core
environment.
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Figure 3 Hydrophobicity scales obtained from different techniques and

their applications to protein folding. (a) Correlation between the reversed-
phase liquid chromatography (RPLC) scale in Table 1(a) and one of the

Wimley, Creamer and White (1996) scales (red dots), the scale of Fauchère
and Plis̆ka (1983) (blue dots, Table 1 (b)), and that of Wimley and White

(1996) (green dots, Table 1 (c)). Least square fits are given by the upper and
lower solid lines and the dashed line, with correlation coefficient r50.96,

0.87 and 0.72, respectively; see DeVido et al. (1998) in Table 2 for details.
(b) A set of 210 interaction parameters between pairs of amino acids

determined statistically from a database of protein native structures
(Miyazawa and Jernigan, 1996) are plotted against pairwise sums of

hydrophobicities (Fauchère and Plis̆ka, 1983) of the corresponding amino
acids; solid line is the least square fit, r50.90. (c)DDGfold is the folding free-

energy change caused by the type of single-site mutation given below the
horizontal axis. A larger DDGfold means that the mutation results in a less

stable native structure.A total of 48 different experimental values ofDDGfold

are plotted (open circles). The same mutation can produce very different

changes in folding free energy in different proteins or at different sites of the
same protein. The ranges of corresponding free-energy changes predicted

by small model compound results and the analysis of Lee are indicated by
the dashed boxes. Part (c) of this figure is adapted from Lee (1993); more

details are given in this reference.
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Statistical potentials have been used in fold identifica-
tion for predicting protein structure from sequence (Sippl,
1995). Given an amino acid sequence, a fold identification
technique attempts to recognize the native structure
among alternate folds (decoys). Typically, a total energy
or score is computed as a sum of pairwise contact energies
for each of the conformations to be considered. The
technique is successful if the native conformation has an
energy lower (more favourable) than all the decoys. When
these procedures are tested using protein sequences with
known native structures, they often fail when the decoy set
used to challenge the identification technique contains a
wide range of compact conformations. These failures
suggest that some essential aspects of protein interactions
are missing in current pairwise contact energies.

In summary, while low-resolution amino acid-based
contact energies and hydrophobicity scales have provided
insight into protein energetics, their utility in quantitative
predictions has proved limited. Advances in both experi-
mental and theoretical treatments beyond these empirical
approaches are needed to provide more accurate accounts
of the interactions among amino acid side-chains, and
hence a more detailed understanding of protein stability
and structure.
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