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23.2. Protein–ligand interactions
BY A. E. HODEL
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23.2.1. Introduction
There are currently over a thousand unique protein-bound ligands
described in the Protein Data Bank, illustrating the enormous
variety of small molecules with which proteins interact. These
ligands serve as cofactors in protein-mediated reactions, substrates
in these reactions, and elements that maintain or alter protein
structure or macromolecular assembly. The speciﬁc binding of
small molecules to proteins is a primary means by which living
systems interact and exchange information with their environment.
The atomic details of protein–ligand interactions are often quite
similar to the intramolecular interactions observed within a protein
molecule. Examples of all the various non-covalent interactions
described in Parts 20 and 22, such as hydrogen bonds, van der
Waals forces and other electrostatic phenomena, are observed
between proteins and their small-molecule ligands.
Through the diverse interactions observed between proteins and
their ligands, a few fundamental patterns of recognition emerge. In
general, ligand binding requires that the protein partially or fully
sequesters the ligand from the solvent. This demands that the energy
of interaction between the protein and the ligand must be strong
enough to overcome the interactions between both species and the
solvent as well as the translational and rotational entropy which is
lost upon ﬁxing the orientation of the ligand relative to the protein.
The protein achieves this level of interaction by presenting a
binding site that is complementary to the ligand both in shape and
electrostatic functionality. Beyond this generalization, each ligand
has its own unique and complicated story. Rather than attempt to
summarize the enormous subject of protein–ligand interactions in a
comprehensive manner, we will instead illustrate several of the
unique interactions observed between proteins and other molecules.

23.2.2. Protein–carbohydrate interactions
The interaction between proteins and carbohydrates provides a
prototypic example of how proteins speciﬁcally recognize small
organic ligands. Protein-mediated recognition of carbohydrates is
crucial in a diverse array of processes, including the transport,
biosynthesis and storage of carbohydrates as an energy source,
signal transduction through carbohydrate messengers, and cell–cell
recognition and adhesion (Rademacher et al., 1988). Many aspects
of protein–carbohydrate recognition are observed in the interactions
of proteins with other small-molecule ligands. For example,
carbohydrate recognition is largely conferred through a combination of hydrogen bonding and van der Waals interactions with the
protein (Quiocho, 1986). These interactions are generally presented
in a binding site that is highly complementary to the target ligand in
shape and functionality. Carbohydrate-binding proteins also
occasionally employ ordered water molecules and bound metal
ions to facilitate ligand recognition (Quiocho et al., 1989; Vyas,
1991; Weis & Drickamer, 1996). There are also many examples of
‘induced ﬁt’ recognition of carbohydrates, where the binding of the
ligand induces a conformational change in the protein. This
phenomenon of ligand-induced conformational change was observed in one of the ﬁrst ligand–protein interactions visualized by
X-ray crystallography, namely the binding of a carbohydrate
substrate to lysozyme (Blake et al., 1967). Since these early studies,
a wide variety of carbohydrate–protein structures have been
determined, and a number of general themes have emerged from
this continually active ﬁeld (Vyas, 1991). These themes are further
applicable in the general study of protein–ligand recognition.
Two general classes of carbohydrate-binding modes have been
observed in their complexes with proteins (Quiocho, 1986; Vyas,

1991). The ﬁrst group of proteins completely sequester the
carbohydrate from the surrounding solvent. These proteins,
including the periplasmic proteins and the catalytic site of glycogen
phosphorylase, tend to have a high afﬁnity for their ligand
(Kd ' 10 6 ---10 7 ). The high afﬁnity of these proteins can be
attributed to the entropic gain of desolvating the protein and
carbohydrate surfaces as well as the exceptionally high degree of
functional complementarity in the ligand-binding site. The
periplasmic proteins nearly saturate the hydrogen-bonding potential
of their carbohydrate ligands (Quiocho, 1986). The second group of
proteins bind their ligands in shallow clefts in the solvent-exposed
protein surface. This mode of binding, observed in the lectins,
lysozyme and the storage site of glycogen phosphorylase, generally
has a lower binding constant than the ﬁrst class of binding proteins
(Kd ' 10 3 ---10 6 ). Some members of this second class of proteins,
such as the lectins, are able to increase the afﬁnity for their ligands
dramatically by clustering a number of low-afﬁnity sites through the
oligmerization of the polypeptides (Weis & Drickamer, 1996). The
speciﬁc arrangement of lectin oligomers allows them to discriminate between large cell-surface arrays of polysaccharides with high
afﬁnity and selectivity.
23.2.2.1. Carbohydrate recognition at the atomic level
An early review of protein–carbohydrate interactions revealed
several atomic level interactions that continue to appear ubiquitously in the structures of protein–carbohydrate complexes
(Quiocho, 1986). A generic cyclic sugar in mono- or oligosaccharides appears to be recognized as a disc that displays two ﬂat nonpolar surfaces surrounded by a ring of polar hydroxyls. Proteins
recognize these features by hydrogen bonding to the ring of polar
hydroxyls while stacking ﬂat aromatic side chains against the nonpolar disc faces.
Cooperative hydrogen bonding, where the hydroxyl group of a
carbohydrate participates as both a donor and acceptor of hydrogen
bonds, is often observed in the direct interactions between proteins
and carbohydrate ligands (Fig. 23.2.2.1). The sp3 -hybridized
oxygen atom of a carbohydrate hydroxyl may act as both an
acceptor of two hydrogen bonds through the two lone pairs of
electrons as well as a donor of a single hydrogen bond. Cooperative

Fig. 23.2.2.1. The atomic recognition of carbohydrates by a protein. The
environment of glucose bound to the galactose/glucose binding protein
is shown (Vyas et al., 1988). (a) The ring of hydrogen bonds around the
polar edge of the sugar molecule. Note the ‘bidentate’ hydrogen bonds
with Asp236, Arg158 and Asn91. As the hydroxyl groups 1, 2 and 3
simultaneously donate and accept hydrogen bonds from protein side
chains, they are involved in ‘cooperative’ hydrogen bonds. (b) Two
aromatic protein side chains, Phe16 and Trp183, ‘stack’ on the nonpolar faces of the carbohydrate.
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23. STRUCTURAL ANALYSIS AND CLASSIFICATION
Table 23.2.3.1. Metal ions associated with proteins

Metal ion

Concentration in
blood plasma (mM)

Na
K
Ca2
Mg2
Fe
Zn2
Cu2
Co2
Mn2
Ni2
Mo
W
V

138
4
3
1
0.02
0.02
0.015
0.002
0
0
0
0
0

Common cofactors

Haem

Pterin
Pterin

Hard/soft
classification

Common coordination number
and geometry

Preferred ligand
atom

Hard
Hard
Hard
Hard
Intermediate
Intermediate
Soft
Hard
Hard
Intermediate
Intermediate
Intermediate

6
8
8
6
6
4
4
6
6
6
6
6
5

O
O
O
O
N
N, S
S
O
O
N
S
S

hydrogen bonding generally follows a simple pattern in which the
carbohydrate hydroxyl accepts a hydrogen bond from a protein
amide group while simultaneously donating a hydrogen bond to a
protein carbonyl oxygen. Hydrogen bonding to protein hydroxyl
groups is observed only infrequently. This pattern is thought to be a
result, in part, of the entropic cost of ﬁxing a freely rotating protein
hydroxyl group while simultaneously ﬁxing the ligand hydroxyl
group. Amides and carbonyls are usually ﬁxed in a planar geometry
and thus do not require as much energy to compensate for their loss
of entropy in ligand binding.
The vicinal hydroxyl groups of carbohydrates provide an ideal
geometry for the formation of ‘bidentate’ hydrogen bonds, where
the pair of hydroxyls interacts with two functional groups of a single
amino-acid side chain or the main-chain amide groups of two
consecutive residues (Fig. 23.2.2.1). These interactions occur when
the adjacent carbohydrate hydroxyls are either both equatorial, or
one is equatorial and the other axial. The interatomic distance for
the carbohydrate hydroxyl oxygens is 2.8 Å in these cases,
allowing for a bidentate interaction with the planar side chains of
aspartate, asparagine, glutamate, glutamine and arginine. Bidentate
hydrogen bonds have not been observed for consecutive axial
hydroxyls where the oxygen–oxygen distance increases to 3.7 Å.
Carbohydrates often present a disc-like face of non-polar
aliphatic hydrogen atoms which proteins recognize through the
use of aromatic side chains. The protein aromatic groups are
‘stacked’ on the ﬂat face of the carbohydrate, thus generating both
speciﬁcity and binding energy through van der Waals interactions.
Tryptophan, the aromatic amino acid with the largest surface area
and highest electronegativity, is the most common side chain
employed in van der Waals ‘stacking’ with carbohydrates. The
infrequent use of aliphatic groups in the binding of the non-polar
carbohydrate faces suggests that the aromatic moieties are
employed in a speciﬁc manner. The electron-rich electron clouds
of the aromatic side chains may provide a strong electrostatic
interaction with the aliphatic carbohydrate protons that could not be
satisﬁed by protein aliphatic groups. The anionic character of
aromatic side chains is observed in a number of protein–
intramolecular (Chapter 22.2) and protein–ligand interactions (see
below).

23.2.3. Metals
Metal ions provide a number of important functions in their diverse
and ubiquitous interactions with proteins. The most common

(octahedral)
(tetrahedral), 6 (octahedral)
(tetrahedral)
(octahedral)
(octahedral)
(octahedral)
(octahedral)
(octahedral)
(trigonal bipyramidal)

function for a protein-bound metal ion is the stabilization and
orientation of the protein tertiary structure through coordination to
speciﬁc protein functional groups. In addition to this structural role,
metal ions are also often directly involved in enzyme catalysis and
protein function. Examples of these functions include redox
reactions, the activation of chemical bonds and the binding of
speciﬁc ligands. Myoglobin, the ﬁrst protein structure determined
by X-ray crystallography, speciﬁcally binds molecular oxygen
through an iron ion of a haem cofactor. Myoglobin provides a
prototypic example of a protein and a metal ion providing a unique
and speciﬁc functionality through their combination.
23.2.3.1. Metals important in protein function and structure
A number of metals are relatively abundant and available in
living systems (Table 23.2.3.1) (Glusker, 1991). The most common
ions include sodium, potassium, magnesium and calcium. Along
with these ions, a large variety of trace metals are also found
coordinated to proteins. The structures of protein complexes with
some of these trace ions, including iron, zinc and copper, have been
studied extensively for some time (Glusker, 1991). More recently,
the structures of protein complexes with more unusual ions, such as
nickel, vanadium and tungsten, have been determined (Volbeda et
al., 1996).
Speciﬁcity in the interactions between proteins and metal ions is
conferred through each ion’s preference for the coordinating atoms
and the geometry of the binding site. All four of the more common
metals, i.e. sodium, potassium, magnesium and calcium, are
classiﬁed as ‘hard’ metals, referring to the polarizability of the
electron cloud of the ion. The nucleus of a hard metal has a
relatively tight hold on the surrounding electrons. These ions lack
easily excitable unshared electrons and have a low polarizability.
The interactions between these metals and their ligands tend to have
the character of ionic interactions rather than the more covalent
nature preferred by the ‘soft’ metals. In general, the hard metals
prefer to coordinate with hard acids, such as the oxygen atoms of
hydroxyls, carbonyls and carboxyls.
The soft metals have a high polarizability, large ionic radius and
several unshared valence electrons. They generally prefer to
coordinate with soft acids, such as the thiol and thiol ether groups
of cysteine and methionine. The loosely held valence electrons of
soft metals tend to favour partially covalent -bonding with their
coordinated ligands. These outer-shell electrons can be donated to
the empty outer orbitals of the ligand atom. The partially covalent
nature of these bonds yields more stable complexes than the ionic
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