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Hot spots—A review of the protein-protein
interface determinant amino-acid residues

Irina S. Moreira, Pedro A. Fernandes, and Maria J. Ramos”*

ABSTRACT

Proteins tendency to bind to
one another in a highly spe-
cific manner forming stable
complexes is fundamental to
all biological processes. A bet-
ter understanding of complex
formation has many practical
applications, which include
the rational design of new
therapeutic agents, and the
analysis of metabolic and sig-
nal transduction networks.
Alanine-scanning mutagene-
sis made possible the detec-
tion of the functional epi-
topes, and demonstrated that
most of the protein—protein
binding energy is related only
to a group of few amino
acids at intermolecular pro-
tein interfaces: the hot spots.
The scope of this review is to
summarize all the available
information regarding hot
spots for a better atomic
understanding of their struc-
ture and function. The ulti-
mate objective is to improve
the rational design of com-
plexes of high affinity and
specificity as well as that of
small molecules, which can
mimic the functional epitopes
of the proteic complexes.
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INTRODUCTION

One fundamental aim of molecular biology is the discovery of all protein—protein
interactions in an organism as well as their biochemical and biological functions.! Pro-
tein—protein interactions are central to most biological processes, and detection of
specific amino acid residues that contribute to the specificity and strength of protein
interactions is a problem of the utmost importance. Therefore, an atomic exploration
of the proteic systems will allow a better understanding of the forces that drive pro-
tein—protein interactions and will elucidate how molecular recognition processes govern
complex biological systems.2_15

Crystallographic structures of proteins cocrystallized with various ligands,1€ struc-
tural and thermodynamic studies!7>18 that identify structural epitopes (residues in con-
tact with a ligand), and alanine-scanning mutagenesis of protein—protein interfacial res-
idues (specially the computational approach) allow a more detailed comprehensive
knowledge of the principles that govern complex formation.!9 The understanding of
protein—protein associations is a useful link between structure and function of biomo-
lecular systems, and allows the characterization of the energetics of molecular com-
plexes.20:21 A number of studies have focused on the physical and chemical properties
of protein—protein interfaces of complexes to determine their unique features.22-24

PROTEIN-PROTEIN INTERFACIAL
CHARACTERISTICS

Protein—protein interactions are very complex and can be characterized by their size,
shape, and surface complementarity.23 The hydrophobic8 and electrostatic interactions®
they establish, as well as the flexibility of the molecules involved, are very significant.2~4

Protein—protein recognition sites are formed by protein surfaces with good shape
and electrostatic complementarity.2~%25 It has been described that the standard-size
interfaces20 have 1200-2000 A% A few smaller interfaces with 1150—-1200 A> normally
constitute short-lived and low-stability complexes.!4 Large interfaces in the range
2000—4660 A? occur mostly between proteases and a particular class of inhibitors and
between G-proteins and other components of the signal transduction system.25’26

The vast majority of protein heterodimer interfaces!© are larger than 600 A? and it is of-
ten assumed that the energy of protein—protein binding is directly related to the buried
hydrophobic surface area. %2729 This 600 A” cutoff should correspond to a minimum
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area required to make a water-tight seal around a critical set
of energetically favorable interactions.”

Interface character

Protein—protein interfaces are frequently hydrophobic
and bury a large extent of nonpolar surface area.30
Hence, hydrophobicity is a leading force in protein—pro-
tein interactions.30>31 Hydrophobic interactions in pro-
teins occur between nonpolar regions of their amino acid
residues through van der Waals contacts and are driven
by the gain in free energy that results from their move-
ment from polar (aqueous) to nonpolar environment.32
These interactions lead to tight packing of residues that
are organized as patches that tend to protrude from the
surface. The number of patches may vary from 1 to 15
and their sizes>3 are within 200400 A resulting in the
expulsion of water molecules in the interface, and caus-
ing an increase in entropy that favors complex forma-
tion.34 Summing the free energy gain produced by all
the individual van der Waals interactions and adding the
energy gain associated with desolvation, the total gain in
free energy is substantial and may produce a higher sta-
bilization of the protein—protein complex.23

Electrostatic forces are the other noteworthy force
involved in protein—protein interactions35-39 because
electrostatic complementarity of interacting protein surfa-
ces24 promotes complex formation40:41 and defines the
lifetime of complexes.42 The primary determinants?3 are
conserved potentials that increase the association rate.44
Thus, electrostatics may provide a steering force for the
diffusion process or transportation across the enzyme
surface.#> It has also been found that the average num-
ber of hydrogen bonds is proportional to the area of sub-
unit surfaces?0-47: one bond per each 100-200 A. On av-
erage, side chains of amino acids form 76% of the hydro-
gen bonds in protein interfaces. Other hydrogen bonds
are formed between protein contact surfaces and the sur-
rounding water molecules. 4820

HOT SPOTS

Since its initial application to human growth hormone
and the growth hormone binding protein®! (shown in
Fig. 1), alanine scanning mutagenesis continues to be a
valuable procedure for both hot spot detection and anal-

sis of a wide range of protein—protein interfa-
ces.>>14,:45,53-55 Although slow and labor-intensive, ala-
nine-scanning mutagenesis is the most trendy method
for mapping functional epitopes, as alanine substitutions
remove side-chain atoms past the B-carbon without
introducing additional conformational ~freedom.>6-59
Thus, the role of side-chain functional groups at specific
positions and the energetic contributions of individual
side-chains to protein binding can be inferred from ala-
nine mutations. Glycine would also nullify the side chain
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but could introduce conformational flexibility into the
protein backbone, and therefore is not commonly
used.0 With the application of this methodological
approach, it has been discovered a highly uneven distri-
bution of energetic contributions of individual residues
across each interface, and that only a few key residues do
contribute significantly to the binding free energy of pro-
tein—protein complexes: the hot spots.414,61-67

Hot spots have been defined as those sites where ala-
nine mutations cause a significant increase in the binding
free energy of at least 2.0 kcal/mol.”>> To have a strong
impact in protein building the binding free energy
should be higher than 4 kcal/mol (three orders of magni-
tude in the binding affinity constant). However, residues
whose mutation results in such a large difference are
quite unusual, and the threshold for the hot spots had to
be lowered to 2 kcal/mol to get enough data for statisti-
cal analysis. Therefore, in a protein—protein interface, a
small subset of the buried amino acids typically contrib-
ute to the majority of binding affinity as determined by
the change in the free energy of binding (AAGyinding)
upon mutation of the residue to an alanine. Of the anal-
ysis of the database of Thorn and Bogan®> we have
determined that on an average of 9.5% of the interfacial
residues are hot spots (although this value could be over-
estimated because of the reduced information available
for some of the complexes). The same hot spot adapts to
the same residues in different structural contexts, and
therefore is used by proteins that function by binding to
multiple partners, showing a high functional and struc-
tural adaptivity.6368=71 The high propensity shown for
interaction with a diversity of partners suggests that the
understanding of hot spots may be helpful not only for
the study of a single protein—protein dimer, but also for
determining likely sites of interaction for other binding
partners.65

Although there is no purely geometric reason, these
energetic determinants are compact, centralized regions
of residues crucial for protein association.’/2»73 Thus,
very few hot spot residues are at the edge of an inter-
face.Y Hot spots have been shown to overlap with struc-
turally conserved residues,2’>74 and their number tend
to increase with size of the analyzed system.45

Amino acid composition

Systematic analysis of hot spots has shown a nonran-
dom composition. Instead they have a distinctive amino
acid composition.”> The fundamental ones are trypto-
phan (21%), arginine (13.3%), and tyrosine (12.3%). As
an example, the importance of the tryptophan residue
can be clearly seen in Figure 2, which illustrates the com-
plex formed between the human growth hormone and
the growth hormone binding protein. In 29 interfacial
residues only four are hot spots, and two of them are
tryptophan (with AAGinging higher than 4.5 kcal/mol).
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Figure 1

The human growth hormone (in cyan) complexed with its receptor (in blue). In
yellow are represented residues with a relative binding energy lower than 2.0
kcal/mol and in orange the residues with a relative binding energy higher than
2.0 kcal/mol. The PDB ID is 1A22. The Pymol software5 was used to produce
this picture.

On the other hand, leucine (not isoleucine), serine, thre-
onine, and valine residues are disfavored and essentially
absent as hot spots albeit their importance for distinct
proteic structures.” Tryptophan appears to play a unique
function, probably owing to its large size and aromatic
nature.”® It can contribute with aromatic m-interactions,
it is a hydrogen bonding donor, it has a large hydropho-
bic surface, and can protect fragile hydrogen bonds from
water.”7 Finally, tryptophan mutation to an alanine gen-
erates a large cavity, due to the significant difference in
sizes,> which can create a highly complex destabilization.
Tyrosine has the third highest conservation propensity on
binding sites offering a hydrophobic surface, and both ar-
omatic m-interactions and the hydrogen bonding ability
of its 4-hydroxyl group.5 It has a three times higher
probability of being a hot spot than phenylalanine prob-
ably because of the ability of tyrosine to participate in
hydrogen bonds.> The average percentage of aromatic
residues as hot spots® clearly demonstrate their impor-
tance to protein interactions. Arginine is capable of mul-
tiple types of favorable interactions, such as forming a
hydrogen bond arrangement with up to five hydrogen-
bonds and a salt-bridge with its positive charge on its
guanidinium motif.? Analysis of various complexes have
also shown that aspartate and aspargine are favored over
glutamate and glutamine, which can be explained pre-
sumably due to differences in side-chain conformational
entropy.”® Despite the fact that they are isomers with

Figure 2

The human growth hormone (in cyan) complexed with its receptor (in blue). The four hot spot residues are highlighted by a stick representation and the two tryptophan
residues are colored in pink. The PDB ID is 1a22. The Pymol software52 was used to produce this figure.

DOI 10.1002/prot

PROTEINS 8§05



1.S. Moreira et al.

Figure 3

Complex formed between the bacterial cell-division protein ZipA (in blue) and the FtsZ (in red) fragment highlighting the mutated residues upon alanine scanning

is of the comply

S

energy lower than 2.0 kcal/mol and in orange the residues with a relative binding energy higher than 2.0 kcal/mol. The PDB ID is 1F47. The VMD software’

protein—protein interface by means of a van der Waals representation. In yellow are represented the residues with a relative binding free

83 s used

to produce this figure. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com. ]

essentially identical chemistry, isoleucine, with a fre-
quency of 9.62% as a hot spot, is more than 10 times as
frequent as leucine (0.83%).>

Complementarity—clusters of hot spots

As already mentioned most interfaces are optimal tight
fitting!® regions characterized by complementary pockets
scattered through the central region of the interface, and
enriched in structurally conserved residues.”? These
pockets are classified as “complementary”so because
there is a large complementarity both in shape and in
the juxtaposition of hydrophobic and hydrophilic hot
spots, with buried charged residues forming salt bridges
and hydrophobic residues from one surface fitting into
small nooks on the opposite face.12 Usually, the hot spot
of one face packs against the hot spot of the other face
establishing a region determinant for complex bind-
ing,gl’82 which may provide sites for drug discovery.l®
This can be seen in Figure 3, which represents the inter-
face between FtsZ and ZipA. The complex is shown open
to exhibit the notorious shape complementarity between
the hot spots through their close contact across the inter-
face. Usually the hot spot residues present in these clus-
ters or pockets are involved in hydrogen bonds. This
point is illustrated in Figure 4, which represents the com-
plex formed between the C2 fragment of streptococcal
protein G and the human immunoglobulin IgG. We can
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observe the hydrogen bonds (2.43 and 1.69 A) formed
between the hot spot Glu27 of the C2 fragment and the
hot spot Ser254 of IgG as well as two hydrogen bonds
between the NH atom of the main chain of the hot spot
1253 and the Oel and Oe€2 atom of Glu27 with distan-
ces of 2.95 and 1.65 10\, respectively.

The number of these hot spots within densely packed
regions is correlated essentially with the interface size,!®
and local organization of these hot spots is a critical fac-
tor in stabilizing protein—protein interactions.2” Comple-
mentarity is basically affected by the size of the buried
surface, alignment of polar and nonpolar residues, num-
ber of buried waters, and the packing densities of atoms
involved in the protein—protein interface.84 Residues
across the protein—protein interface often coevolve,35-86
forming complemented pockets abundant with enriched
conserved residues, and the corresponding protruding
residues are also frequently conserved.!?

It has been determined that on average 79% of the hot
spot residues are located on complemented pockets,27
and 93% of residues with a free energy difference of
binding (AAGyinding) higher than 4 kcal/mol upon
alanine mutagenesis are found as protruding or comple-
mented pocket residues.2’ Complemented pockets con-
tain smaller fractions of polar or ionizable residues, such
as arginine, lysine, glutamate, and aspartate, than the
other surface pockets.!> This suggests that the desolva-
tion barrier for protruding residues to anchor into the
complemented pocket is not high, since there are few

DOI 10.1002/prot
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Figure 4

Detail of the molecular interactions involving the hot spot Glu27 of the C2
fragment of streptococcal protein G and the warm spots Ser254 and Ile253 of
the human immunoglobulin IgG. The PDB ID is 1FCC. The Pymol software
was used to produce this figure. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.|

polar residues, especially ionizable residues, in comple-
mented pockets. However, there is a high presence of po-
lar and ionizable residues located at the bottom of the
complemented pockets to increase binding stability, by
enhancing polar—polar interactions in a hydrophobic
environment.

For residues located in complemented pockets, trypto-
phan, glycine, proline, cysteine, tyrosine, and glutamate
are likely to be more conserved. Tryptophan, being a
large residue with many neighbors, is often found on the
wall of the complemented pocket and may function to
occlude interactions inside the pocket from the solvent.87
Glycine is far more conserved if located at a comple-
mented pocket than if located within the rest of the
interface. Glycine lacks a side-chain allowing a tight
packing, and consequently is coupled with aromatic,
polar, and small hydrophobic residues in the interacting
chain, with likely backbone H-bonding across the inter-
face.88 Although not very common as a hot spot glycine
is important in some structural motifs, such as the argi-
nine—glycine—aspartate—serine (RGDS) motif. The RGDS
polypeptides derived from cell adhesion molecules are
very important, for example, for the control of cancer
metastasis.38

Hot spots are preferably found in pre-existing pockets
in the unbound state, which will be occupied by their
binding partners in the bound state. The mechanism of
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protein—protein interactions often does not involve struc-
tural changes that abolish pockets pre-existent in
unbound structures.13-66,:68 packing defects at the pro-
tein—protein interface result in these gaps or pockets, and
it is unclear whether unfilled pockets contain water mole-
cules or how the dynamics of water molecules entering
and escaping these pockets may affect binding stability.!>

O-ring structure

Through careful analysis of the binding free energy
upon alanine mutation and the X-ray structures of 23
protein—protein complexes Bogan and Thorn® suggested
that the hot spots are usually surrounded by residues not
important for binding, whose role would be to shelter
the hot spots from the solvent. These structures
resembled on O-ring and the idea becomes known as the
O-ring theory. The theory was based in three important
observations. First, residues that have a large impact on
the free energy of binding are largely protected from con-
tact with bulk solvent because in the X-ray structures
they have low or zero accessible solvent area (ASA). Sec-
ond, many of the residues that are occluded from solvent
do not make large contributions to the binding energy.
Third, there are no residues with high solvent accessibil-
ity that make a large contribution to the AAGbinding.S
Thus, it was proposed that inaccessibility to the solvent
is a necessary albeit insufficient condition to define a res-
idues as a binding hot spot.-r”54 Therefore, the residues
surrounding a hot-spot, which generally establish unim-
portant interactions, were supposed to be related to the
shielding of the solvent.

Occlusion of bulk solvent by the O-ring should favor
residues (tryptophan, tyrosine, aspargine) that are capa-
ble of establishing both hydrogen bonding and hydro-
phobic interactions. As the primary role of the O-ring is
to occlude bulk solvent from the hot spot, an alanine
mutation in it might have little or no effect on binding
affinity as long as bulk solvent is still stereochemically
blocked.> On the other hand, the hydrophobic rings
around the polar residues that usually constitute hot
spots may contribute to more mobile, easily displaced
water molecules.3%90  Nevertheless, the hydrophobic
rings around these polar residues may compensate the
entropic terms by increasing both side-chain and back-
bone motions.66:0

An interface may contain a single, or a few hot clus-
ters, and the highly packed nature of these hot spots
facilitates removal of water molecules upon binding,
strengthening the contributions of charge—charge interac-
tions.2” In protein—protein recognition locations a core
and a rim was identified, which was made of a standard
size recognition patch, often increased by adding smaller
surface patches, and in few cases by duplication. The
core regions contain atoms that are buried upon complex
formation and are surrounded by a rim of atoms that
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remains partly accessible. The two regions differ in their
amino acid composition. The rim that form the O-ring
structures is similar to the surface, whereas the core has a
distinctive composition.91

Although the O-ring theory is a hypothesis commonly
accepted,5’27’45’66’91 it did not had a conclusive evi-
dence. The assumption that non-hot-spot residues do
not participate in important interactions is only valid if
it can be demonstrated that water or nearby side chains
are not able to effectively substitute the eliminated
atoms.92 However, the replacement of the eradicated
atoms could lead to interactions that provide the same
driving force for complex formation as the original side-
chain and, thus, O-rings may not directly be related to
the binding energy.>4 In a recent work we have shown
that within a flexible, dynamic protein framework the
hot spot residues are indeed kept sheltered from the bulk
solvent during the whole molecular mechanics simulation
and all the results obtained in our study supported the
O-ring theory.?3 However it must be noticed that this
last result has been obtained for one complex only, and
therefore insufficient proof is available to strongly favor
the O-ring theory. Absence of the solvent is not sufficient
evidence to assume that the O-ring theory is its cause,
even though this theory is very attractive and intuitive.
In fact, a computational analysis would be of the utmost
importance to clarify between the role played by the
intermolecular interactions and that of the solvent.

Cooperativity—alanine-shaving

Alanine-shaving, which is the process of making multi-
ple simultaneous alanine mutations, has been used to
test experimentally the cooperativity between inert side-
chains.” Cooperativity can be detected by multiple muta-
tion cycles, in which the free energy change caused by
the simultaneous mutations at residue positions in a pro-
tein is compared with the sum of the free energy changes
associated with single mutations at each of the residues
positions.?*95 Deviations from additivity are indicative
of cooperative interactions, and in this way, energetic
coupling between protein residues can be quantiﬁed.96
Additivity of mutational effects is very common for pro-
tein—protein interactions.>>97:98 The tight-networked
hot spot organization in clusters indicates that the con-
tributions of the hot spots within a hot region should be
cooperative.27 Nonetheless, many exceptions to the non-
additivity rule have been observed.?6,99,100

According to a study developed by Jin and Wells, ala-
nine-shaving of 16 amino acid residues that surround five
functionally critical residues for binding can be tolerated
with minimal change in affinity.!01 The easiest explana-
tion is that several side chains actually hinder binding,
and simultaneously mutating them to alanines can im-
prove afﬁnity.lo2 However, such kind of incompatibilities
should have been eliminated during evolution, and thus
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there may be other roles for the peripherical contact resi-
dues, which limit their ability to change.102,103 Most of
these side-chains are polar or charged and may be impor-
tant for solubility of the protein even in the unbound
state and for conferring specificity to the functional
epitope.4

However, alanine shaved mutants often have binding
affinities similar to those of wild-type proteins because
alanine side-chains and the protein backbone appear to
be largely sufficient to exclude solvent from a neighbor-
ing hot spot. Obviously, the hydrophobic nature of the
alanine residue can also contribute to solvent shielding.
Therefore, alanine-shaving often fails to significantly
increase the solvent accessibility of the hot spot in a
complex.”

Experimental detection methods

Systematic mutagenesis is very laborious and time-con-
suming to perform, as individual mutant proteins must
be purified and analyzed separately.”* Each alanine-sub-
stituted protein must be separately constructed, expressed
and sometimes refolded, and the loss of the side chain
functionality is then assessed in an in vitro assay of the
protein activity.60 Combinatorial libraries of alanine sub-
stitutions are an alternative to the arduous process of
scanning individual positions in a protein. Through a
single round of site-specific oligonucleotide-directed
mutagenesis, “binomial substitutions” of either alanine
or a wild-type amino acid residue are readily accessible
by conventional oligonucleotide synthesis for seven
amino acids (aspartate, glutamate, glycine, proline, ser-
ine, threonine, and valine). For these seven amino acids,
altering a single encoding nucleotide can result in a
codon for alanine. Other method is “shotgun scanning,”
which implements a simplified format for combinational
alanine scanning and uses phage-displayed libraries of al-
anine-substituted proteins for high-throughput analy-
sis.60 The rapidity and general applicability of the shot-
gun-scanning scheme should accelerate the investigation
of many other protein—protein interactions.?0

Erlanson et al.104 et al. have created a powerful new
technology to directly study the binding ability of hot
spots with a library of potential organic binding partners.
This approach, termed “covalent tethering,” utilizes equi-
librium disulfide exchange to target potential binding
partners at specific regions on a protein surface and to
calculate relative binding affinities.” It has been auto-
mated and is currently being used in a commercial set-
ting to discover new ligands for protein interfaces and
enzymes.lo5 Tethering provides a context for interpreting
results through experimental structure determination or
computational modeling.54 Pichler and Schreiber!00
describe another approach for measuring kinetics and
affinities based on reflectrometric interference spectros-

DOI 10.1002/prot



Hot Spots—Interfacial Determinant Residues

copy, that could enable efficient large-scale alanine scans
strengthened with kinetic data.>%

Besides experimental alanine scanning mutagenesis there
are other experimental methods to study protein—protein
interactions. They can be essentially divided in three types:
molecular biology based methods, such as yeast two-hybrid
system, ubiquitin-based split-protein sensor, and Fluores-
cence Resonance Energy transfer; mass spectrometry based
methods; and protein microarrays.100

Theoretical detection methods

As experimental hot spots determination is time con-
suming and involves a high cost, an effort has been made
in achieving accurate, predictive computational method-
ologies for alanine scanning mutagenesis, capable of
reproducing the experimental mutagenesis values. For
that purpose it is important to accurately calculate the
binding free energies of known three-dimensional struc-
tures and the effect of mutations on these affinities.

The theoretical prediction of the free binding energy
differences and the understanding of the physical founda-
tions of affinity and specificity of the complex interaction
prior to the experimental design are crucial in computa-
tional biochemistry.107 To apply a quantitative model for
the binding affinity determination of a broad variety of
protein—protein interfaces complements experimental
analysis and adds molecular insight to the macroscopic
properties measured therein, 108-112

A huge amount of algorithms of increasing complexity
has been employed to address the binding energy between
biological molecules, and can be divided essentially in
two types. First, empirical functions or simple physical
methods that use knowledge-based simplified models are
used to evaluate binding. Second, there are fully atomistic
methods that estimate the free energy of association
directly or changes in the binding free energies as a result
of mutating the residues of the interacting molecules.

The most rapid methods for estimation of binding free
energies are the empirical or knowledge-based (statistical)
scoring approaches in conjunction with simple physical
models.113 More time consuming methods involve fully
atomistic simulations and include both the rigorous free
energy perturbation!14 and thermodynamic integra-
tion,1 15 and more approximate methods such as MM-
PBSA.116 X—dynamics,lw—120 chemical Monte—Carlo/
molecular mechanics!1® or ligand interaction scan-
ning119 are also methodological approaches proposed to
identify the interfacial hot spots.

Therapeutic implications of studying
hot spots

Reliable prediction of functional epitopes has im-
mediate implications for drug design and for protein
engineering by specifically targeting them with virtual
ligand screening and template-directed combinatorial
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chemistry.54 At present, protein—protein contact areas
are considered to be new prospective drug targets
because numerous physiological and pathological cell
processes depend on them, and thus can be influenced
by external compounds. Most drugs produce their effect
by interacting with a biological macromolecule by
entirely nonbonded forces or, in some cases, by a cova-
lent interaction. Drugs that interact with proteins present
a tight-binding, and often have a high degree of comple-
mentarity with the target. The drug often forms hydro-
gen bonds with the receptor. However, some targets have
hydrophobic pockets into which the drug can put
perhaps a hydrophobic group of an appropriate size. The
affinity of a protein interface depends on both an ener-
getically critical hot spot located near the center of the
interface, and a surrounding seal of contacting residues
that may establish the correct solvation environment by
occluding bulk solvent from the hot spot.” Small design
molecules with a built-in O-ring may be able to adjust or
even mimic large molecular interfaces!02 much more
rapidly in a functionally important protein—protein inter-
action.® Furthermore, the rapid determination of hot
spot residues may speed development of small-molecule
competitive inhibitors of protein—protein interactions.”
Therefore, the identification of critical binding residues
on proteins may provide useful insights for medicinal
chemistry by optimization of the corresponding ligands.

CONCLUSIONS

The atomic resolution exploration of protein—protein
interactions is essential for all biological functions
because it allows the comprehensive knowledge of the
physical basis of affinity, as well as the understanding of
molecular recognition, having broad applications ranging
from rational drug design to the analysis of metabolic
and signal transduction networks.

Alanine-scanning mutagenesis made possible the detec-
tion of the functional epitopes, and demonstrated that
most of the protein—protein binding energy is related
only to a group of a few amino acids at intermolecular
protein interfaces: the hot spots. Hot spots can be clus-
tered in complemented pockets scattered on the interfa-
ces and enriched in structurally conserved residues. These
pockets show large complementarity both in shape and
in the juxtaposition of the amino acid residues for the
hot spots, with the hot spot of one face packed against
the hot spot of the other monomer.

An O-ring structure, that leads to the exclusion of
bulk solvent from the interacting residues by surrounding
the hot spot with a set of contacts that are energetically
unimportant, has been proposed to be fundamental to
achieve high binding affinity.

The identification of these critical binding residues on
proteins permits a rational design of complexes of high
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affinity and specificity as well as that of small molecules
that can mimic the large interface, which is typical of
protein—protein complexes. Therefore, it is fundamental
to the development of small-molecule competitive inhibi-
tors of protein—protein interactions, which is crucial in
structure based drug design.
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