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Introduction
Signaling involves a cascade of processes that convert  
an extracellular stimulus into an intracellular response, 
to adapt a cell to the changing environment. Signal  
transduction initiates with an event involving an 
extracellular domain of a receptor, and is then transmitted 
via the transmembrane receptor segment to its intracellular 
domains, resulting in the functional response of a cell [1]. 
Alternatively, small chemical messengers can permeate 
the membrane and bind directly to intracellular proteins. 
The subsequent cellular change of function can occur  
via turning genes on/off, changes in protein post- 
translational modification states and changes in the pattern 
of protein degradation. Signals are typically amplified at  
each step of the pathway [1]. Signal transduction 
proceeds through a series of binding/dissociation events, 
many of which involve enzymatic reactions, such as  
phosphorylation or ubiquitination. The input control of 
enzymes can determine when, where and by what the  
events are activated; output control determines the 
downstream partners on which the enzymes act once 
activated [2]. In eukaryotes, signaling is directed and 
regulated in a modular manner through mechanisms 

such as peripheral docking sites, modular interaction  
and scaffolding, and adapter domains [2]. Scaffold and 
adapter domains regulate cell functions by assembling 
specific catalytic elements with their upstream and  
downstream partners. By using these modular strategies, 
not only can catalytic activities be regulated allosterically, 
but functional upstream and downstream partners can 
also be selected allosterically [2]. The role of scaffolds 
includes regulating signaling responses to recruit catalytic 
components, as well as wiring signaling components  
together, and optimizing the amplitude and dynamics of  
the response by controlling and coordinating the behavior  
of the components [3]. Signaling is the means through  
which communication governs cellular activities [1], and 
is an inherently dynamic process; proteins are therefore 
a major vehicle in receiving, translating and transmitting 
these signals.
 
Protein molecules exist in a range of conformational states 
and ensembles of conformations (or substates) [4,5]. 
The distribution of these states is dynamic, and changes 
with conditions such as ligand concentration, protein 
binding state, pH, ionic strength and post-translational  
modification state [6-9]. In nature, the distribution 
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of these 'conformational ensembles' is modulated to 
enhance functionality [7-9]. Thus, while a given protein  
conformation may not be optimal for binding a specific 
ligand, other preceding events (eg, binding by another 
protein, co-factor or DNA/RNA) or a covalent modification  
(eg, phosphorylation, glycosylation, acetylation or 
ubiquitination) can cause a redistribution of the ensemble, 
such that a higher concentration of the ligand-compatible 
state exists to enable binding [6]. This so-called 
'conformational selection and population shift' is a key 
molecular mechanism in signaling and regulation [7-9],  
and provides an explanation for how cellular conditions can 
result in the altered distribution of various conformations, 
thereby governing subsequent events in cellular pathways 
[10,11]. On the molecular level, this rationale provides 
a mechanistic understanding of protein dynamics in 
signal transduction mechanisms. Dynamics implicates 
conformational ensembles [12], generally with low barriers 
between the substates that can be overcome by allosteric 
events; consequently, signal transmission is governed by 
allostery [10,11].

Signaling proteins are multi-modular; to transmit a signal 
through a pathway at the single-molecule level, information 
must be communicated between the relevant sites on the 
protein molecular surface. Signaling proteins are typically 
'hub' proteins positioned at the crossroads of pathways. 
Because these hub proteins are capable of binding to  
many proteins, they generally present shared binding 
sites. Within this general signaling framework, this review 
focuses on 'hot-spot' residues and their application to  
drug discovery.

Protein-protein interfaces, hot spots and drug 
discovery
Protein-protein interactions (PPIs) are critical in the vast 
majority of biological processes. Cellular dysfunction 
via faulty non-native interactions is the cause of many  
diseases, including cancer and neurological disorders  
[13,14]. Of the traditional drugs on the market,  
approximately 50% target GPCRs and 25% target kinases 
[15,16], all of which possess specific substrate binding 
pockets or channels on their surfaces. A drug that will 
compete with a GPCR or kinase agonist can alter the 
distribution of the ensemble allosterically, and thus affect 
the signals and functions of the cell. The popularity of  
GPCRs and kinases as drug targets is attributable to the 
presence of agonist-binding small cavities on protein 
surfaces that make the design of complementary  
molecules easier. In contrast, protein interactions are 
mediated by interfaces, which are large and flat regions  
on the protein surface that have generally not been  
considered druggable [17,18]. However, studies have  
revealed that drugs can target protein-protein interfaces 
[19,20], and the potential of key contact hot spot residues 
[21] that contribute most of the binding free energy in the 
interface has become increasingly apparent. A hot spot  
was initially defined as a residue buried in the interface  
that, when mutated to alanine, leads to a dramatic  
decrease in binding free energy (∆∆Gbinding). The structural 

properties of hot spots on a hormone-receptor interface  
were revealed in a pioneering study by Clackson and  
Wells [21]. These properties are now considered to be 
typical of hot spots [22,23], and a hot-spot residue is 
defined if the ∆∆Gbinding is > 2 kcal/mol [22-25]. Bogan and 
Thorn [22] highlighted the importance of the exclusion 
of bulk solvent, achieved either by burying a residue in 
a deep pocket of an interaction partner or by shielding it 
with the surrounding contact residues. Hot spots tend 
to cluster in complementary tightly packed hydrophobic 
regions across the interface [21,25]. Thus, it is not  
surprising that although residues surrounding the hot 
spots do not have a significant energy contribution, these 
residues are structurally conserved [25]. As expected, the 
amino acid composition of hot spots differs from those  
amino acids in their surroundings [26]. Hot spots are  
typically tryptophan, arginine and tyrosine residues,  
whereas leucine, serine, threonine, valine [22,26] and 
methionine [22] rarely exist as hot spots; conversely, 
however, a computational study has suggested that 
methionine is frequently a hot spot [27].

Interfaces may contain single or multiple (up to three) 
hot spot clusters, termed hot regions [25,28,29].  
Two studies by Reichmann et al identified such a 
modular interface organization [30,31]. Hot spots 
within the hot regions contribute cooperatively, in a  
non-additive manner, to the affinity of protein-protein and,  
similarly, protein-nucleic acid and protein-small-molecule 
associations [25,31]. The contribution of the hot regions 
is also cooperative; thus, tight binding is not only the  
outcome of the large interface size, but also the 
result of connectivity between hot regions. Energetic 
cooperativity between hot regions was demonstrated using  
combinatorial mutagenesis and surface plasmon resonance 
binding analysis [32].

Hot spots have been considered in the design of 
small inhibitor drugs that mimic PPIs, and the 
therapeutics field has begun to progress toward the 
discovery of small inhibitors [13,20,26,33-36] that  
compete with the original partner for binding to 
hot spots and exhibit substantially higher efficiency 
and affinity than the natural partner [37]. Allosteric 
drug development has increased in recent years, as  
demonstrated for the GPCRs [38,39]. An allosteric drug 
binds to a protein, causes a change in protein shape, 
and is capable of subtly altering its responsiveness to a  
natural ligand. However, as discussed in the following  
sections, hot spots can serve as drug design targets 
in signaling proteins from an ensemble multi-partners 
standpoint.

An overview of protein dynamics
In the cell, proteins exist as ensembles of conformations 
(substates) of their native states that are in dynamic 
equilibrium. The distributions of these conformations 
are determined by statistical thermodynamics and are  
separated by barriers, the height of which defines the 
timescale for conformational exchanges. Proteins that 
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are flexible have low barriers, allowing interconversion  
between the different states. For disordered proteins, the 
barriers are also low, and the population of each state  
is small and difficult to observe experimentally [40].  
This description of biological macromolecules is based  
on the energy landscape theory [5], in which perturbations 
at any site in the protein structure, such as binding events, 
mutations or covalent post-translational modifications,  
do not lead to new conformations, but to a shift in the 
distribution of the ensemble. Because all conformations  
pre-exist, binding events in the cell proceed via a 
conformational selection of the most geometrically and 
chemically favored conformer, even if it has a higher  
energy [7-11]. Binding stabilizes this conformer, and 
the binding event is followed by a shift of the population  
toward these conformers. This phenomenon is the origin 
of the allosteric effect [11]: the perturbation that occurs  
during the binding of the effector at the allosteric site 
propagates in the structure, leading to conformational 
changes [10,11,41-44]. The changes can be minor [44],  
but can also be amplified, leading to the selection of  
different ligands [41,45]. Because signaling molecules 
are usually hubs, they typically present shared binding 
sites. The binding of each protein partner will cause 
a distinct redistribution of the ensemble, and thus 
different proteins affect the second binding site in  
different manners.

Shared binding sites in signaling molecules 
with hot spots 
Given their key location in cellular pathways, signaling 
molecules are frequently sought as drug targets.  
As noted, drug design efforts increasingly consider hot 
spots, and studies have demonstrated that drug-like  
small molecules bind to hot spots on the surfaces involved  
in PPIs with substantially higher efficiencies and affinities 
than the natural protein partner, resulting in competitive 
inhibition (reviewed in reference [37]). This finding raises 
several issues, such as the potential flexibility of the hot 
spots and their environment, to what extent the local  
conformation of the hot spots is likely to change upon the 
binding of different partners, and whether the hot spots 
consist of the same residues regardless of the identity  
of the binding protein. Examples of shared binding sites  
in signaling proteins are provided in the following  
sections, with details of the hot spots identified in p53,  
a well-studied signaling protein. Some investigators 
have suggested that different residues can serve as hot 
spots to bind partner proteins [28], and that mobility of 
hot spots is restricted (ie, these residues are fairly rigid) 
[46-48]. Together, these findings provide an encouraging 
outlook for the ability of hot spot targeting to lead to  
'ready-made' or pre-organized motifs on signaling  
proteins prior to the binding and specific targeting of  
specific PPIs.

Examples of shared binding sites 
Hub proteins have crucial roles in signaling pathways, as 
they are able to interact with different binding partners 
at different times through the same interface, and 

simultaneously through different binding regions [49-51]. 
Well-studied examples of such hubs, with shared binding  
sites for interactions occurring at different times, are 
discussed in the following sections.

p53 DNA-binding domain binding partners
The crystal complex structures of the p53 DNA-binding 
domain (p53_DBD) interacting with various binding  
partners have been determined, including with p53-binding 
protein (53BP)1 (Protein Data Bank [PDB] identifier: 1GZH; 
Figure 1A), 53BP2 (PDB identifier: 1YCS; Figure 1B),  
SV40 (PDB identifier: 2H1L), and another p53_DBD  
molecule for dimer formation (PDB identifier: 2GEQ). 
Additionally, computational interacting partners have 
been predicted for this domain [49], by using the PRISM 
server [52,53] (Figures 1C and 1D). All experimental and 
computational partners were observed to bind p53_DBD 
through only four different binding regions, one of which  
is highlighted in Figure 1.

When the complex structures of p53 with multiple 
partners that bind to p53 through the same region  
(PDB identifiers: 1GZH and 1YCS) are structurally 
aligned using the MultiProt server, the root mean square  
deviation (RMSD) for the α-carbon atoms, with 197 residues 
aligned, was calculated to be 0.75 Å [54]. Similarly, the 
structural alignment of the interfaces of the complexes 
yielded a low RMSD value of 0.89 Å. These results indicate 
that p53_DBD does not undergo a large conformational 
change when binding to different partners through the  
same region. However, the predicted hot spots of p53 
partners differ [55]. The structures of p53_DBD with  
53BP1 and 53BP2 (Figures 1A and 1B, respectively) illustrate 
the interface movement and conformational change 
upon binding to different partners, and demonstrate that  
p53_DBD uses similar interfaces to bind both 53BP1 and 
53BP2, with only minor conformational changes. However, 
only one of the three hot spot residues (Arg248) on the  
p53_DBD interface partner is used in both complexes.

H-Ras binding partners
Another example of a protein with a shared binding site 
is the G-protein H-Ras, which binds to different partners 
through the same interface region (Figure 2). Ras proteins 
are central to the signaling pathways that control cell 
growth and differentiation. These proteins act as molecular 
switches: they are inactive in a guanosine diphosphate 
(GDP)-bound form when the cell is resting, and are  
activated to a guanosine triphosphate (GTP)-bound form 
in response to stimuli and phosphorylation by receptor  
protein tyrosine kinases. The activity of Ras proteins 
depends on their conformational state, which is regulated  
by the binding of guanine nucleotide exchange factors  
(GEFs) and GTPase-activating proteins (GAPs). 

GAPs inactivate Ras by enhancing GTP hydrolysis, resulting 
in the GDP-bound state. In contrast, GEFs, such as Son 
of sevenless 1 (Sos1), activate Ras by promoting GTP 
binding. The structures of the H-Ras/p120GAP complex [56]  
(PDB Identifier: 1WQ1; Figure 2A), and the H-Ras/Sos1 
complex [57] (PDB identifier: IBKD; Figure 2B) have been 
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solved; for H-Ras, 6 and 13 hot spots, respectively, have 
been predicted, 4 of which are common in both complexes 
[55]. When the Ras structures in the two complexes are 
aligned using a visualization tool [58], their conformations 
are observed to differ remarkably in each complex: a 
loop region, which is partially included in both of the 
interface regions, moves significantly upon binding of the  
two different partners, p120GAP and Sos1 (Figure 2). 

The restricted mobility of hot spots 
Critical residues at protein-protein interfaces, termed 
'anchor' residues, are typically buried deep within a  
groove on the ligand/receptor, and are pre-organized in 
ready-to-bind motifs prior to binding [46,59]. Because 

anchor residues are responsible for the specificity of  
protein-protein recognition, these residues strongly  
correlate with conserved hot spot residues [48], and are 
observed to be structurally conserved across different 
homologs [46]. Molecular dynamic (MD) simulations 
have confirmed that these key residues in the core of an  
interface are less mobile with respect to the surrounding 
peripheral residues [47]. The dynamic behavior of hot 
spot residues has also been simulated and, similarly, 
has demonstrated that these residues exhibit restricted 
mobility [48]. These results are promising for both  
protein docking and drug design, and are expected to 
help in engineering interfaces [60-63]. To identify and 
design small-molecule ligands that bind receptors, protein  

Figure 1. The shared binding site of the DNA-binding domain of p53.

(A) The structure of the p53 DNA-binding domain (p53_DBD) and p53-binding protein (53BP)1 complex (Protein Data Bank [PDB]  
identifier: 1GZH; [93]). (B) The structure of the p53_DBD/53BP2 complex (PDB identifier: 1YCS; [94]). The hot spots, depicted with ball  
and stick representations (purple for p53_DBD and green for both 53BP1 and 53BP2), were computationally predicted [55]. The hot spots  
for the p53_DBD/53BP1 complex include Arg181, Met243 and Arg248 in p53_DBD, and Asp1833, Tyr1846, Leu1847 and Leu1848 in 53BP1. The 
experimental hot spots for the p53_DBD/53BP2 complex include His179, Arg248 and Arg249 in p53_DBD [94], and the computational 
hot spots include Tyr469, Trp498 and Tyr509 in 53BP2. (C) The predicted structure of the p53_DBD/caspase-3 (CASP3) complex [49].  
(D) The predicted structure of the p53_DBD/c-Abl tyrosine kinase complex [49]. All of the structures in this figure were created with  
visual molecular dynamics [58].
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docking and MD simulations have been applied in  
combination [64]. In structure-based rational drug design, 
a large library consisting of drug-like molecules is initially 
screened using docking assays to reduce the number of 
leads. Detailed free energy calculations are then conducted 
using MD simulations to provide an approximate affinity 
between a molecule and a target protein. This procedure  
is computationally expensive, and hot spots can 
facilitate this structure-based drug design in two ways:  
(i) the region to be docked can be predicted by the  
presence of hot spots; and (ii) the comparatively less  
flexible nature of the hot spots could be exploited by 
rigid docking and MD simulations. Protein docking could 
be improved by selecting the dominant conformation of  
hot spot side chains in the MD simulations rather than 
using an unbound X-ray conformation [46], and also 
by considering the core interface residues and the  
surrounding residues separately [47]. A recent study on 
peptide-protein complexes indicated that peptide-bound 
proteins do not exhibit large conformational changes  
[65]. Thus, the computational resources can be dedicated 
to the flexibility of the peptide rather than the protein.  
The rigidity of the proteins might be explained from an 
entropic cost perspective: the entropic cost as a result  
of binding is minimized in this manner to overcome  
the entropic cost of the peptide itself.

When a hub protein binds to two or more partner  
proteins using a similar binding site, the interaction can 
either use the same or different hot spots in order to  
bind the different partners. Hot spots are extracted 
in the presence of a partner both experimentally and 
computationally; thus, it is not surprising that hot spots  
can be partner-specific (Figures 1 and 2). Hot spot  
specificity can exist even if the different partners bind  
at the same site, as the binding surfaces of the various 
partners are likely to differ. Two conformations of the 
same protein bound to two different partners are distinct 
and, in solution, the pre-existing ensemble contains both 
conformations, as well as a broad range of additional  
states that might correspond to other bound states. In 
all examples described in this review, the hot spots are 
expected to be less flexible compared with the rest of the 
interface residues.

Hot spots as drug targets
Clackson and Wells suggested a strategy to design 
small inhibitors to mimic small functional epitopes,  
without consideration of the entire PPI surface 
[21]. Bogan and Thorn enhanced this strategy 
by suggesting that the small drug should have  
a hydrophobic ring for occluding the bulk solvent from the 
target hot spot [22], and therefore mimic large molecular 
interfaces, such as those discussed in reference [66].  

Figure 2. The structures of two different H-Ras complexes.

The H-Ras G-protein is inactivated or activated by binding to different partners through slightly different interfaces, and a remarkable  
change in the conformation of H-Ras is observed upon binding. The binding to the two different partners occurs via different hot spots.  
The interface regions are depicted in purple for H-Ras and in green for p120GAP (A) and Son Of sevenless 1 (Sos1) (B), and the  
corresponding colored balls depict the hot spots on each interface. The hot spot residues for the H-Ras/p120GAP complex (Protein Data  
Bank [PDB] identifier: 1WQ1; [56]) were computationally predicted as Ile21, Tyr32, Ile36, Tyr40, Gln61 and Tyr64 for H-Ras, and Arg749, Arg789, Thr971,  
Leu902, Cys906, Leu910 and Gln938 for p120GAP [55]. For the H-Ras/Sos1 complex (PDB identifier: IBKD; [57]), the hot spot residues are  
Ile21, Gln25, Tyr32, Leu56, Ala59, Gly60, Gln61, Tyr64, Met67, Asp69, Gln70, Tyr71 and Val103 for H-Ras, and Trp809, Leu822, Ile825, Leu833, Val875, Asn879,  
Tyr912, Phe929, Phe930, Leu934, Leu938 and Phe1010 for Sos1 [55].
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These theories have contributed to the development of  
small competitive inhibitors, and further studies have 
highlighted the critical role of the hot spot residues  
involved in signaling cascades as potential therapeutic 
targets for the design of small molecules (reviewed in 
references [14,67,68]), as well as inhibitory peptides 
[65,69,70]. These competitive inhibitors are designed to 
bind the active site of their targets with higher affinity  
than the biological partners of the target. In contrast, 
allosteric inhibitors function by binding an allosteric site  
of a protein that is distinct from the active or functional 
site, resulting in a reduction in the affinity of the 
protein for a substrate that binds at the active site. The 
decrease in the binding affinity of the protein target to its  
substrate is caused by a conformational change that  
occurs upon inhibitor binding. Cell surface receptors 
have been documented to undergo large conformational  
changes [1], and thus can be targeted by allosteric  
inhibitors [20], which act on the receptors by causing a 
conformational change and changing the affinity of ligand 
binding. Cell surface receptors (eg, lymphocyte function-
associated antigen 1 [LFA1]), hormones (eg, nerve  
growth factor [NGF]) and enzymes (eg, nitric oxide [NO] 
synthase) that function through oligomerization are 
therefore good candidates for allosteric small-molecule 
inhibitor design.

The discovery of small drugs that disrupt a large  
protein-protein interface is a challenging process [37]. 
Because PPIs typically lack small partners, drug design 
cannot be initiated from a known, small, natural ligand 
[20,37]. It is also difficult to differentiate between actual 
and artificial binding [20]. Additionally, protein-protein 
interface inhibitors are not always identified via HTS,  
which is an important source for drug discovery; few  
approved drugs, such as biopharmaceuticals (eg, mAbs)  
and hormone polypeptides, bind to protein-protein 
interfaces [37]; and small-molecule libraries are often 
only of a small scale [20]. Despite these difficulties, 
significant improvement in the design of small 
drugs to inhibit PPIs has occurred. Some examples  
of drugs that compete with the natural partner of a  
protein for binding to hot spots and drugs that  
allosterically inhibit their target's natural interactions are 
presented in the following sections.

Competitive inhibitors and hot spot binding 
IL-2 ligands 
The cytokine IL-2 plays an important role in the activation  
of T-cells and, thus, in immune disorders. Ro-26-4550 
(Figure 3) was the first biophysically characterized inhibitor 
of a cytokine-receptor interaction (IL-2/IL-2 receptor  
[IL-2R]α), and enabled the initial demonstration that 
hormone-receptor binding could be inhibited by a small 
molecule binding at hot spots of the receptor [71].  
SP-4206 and SP-4160 (both Figure 3) were discovered to 
bind IL-2 (PDB identifiers: 1PY2 and 1QVN, respectively) 
with high affinity, and to block the formation of the  
natural complex of IL-2 with IL-2Rα (PDB identifier: 1Z92). 
The same three hot spots of IL-2 (Phe42, Tyr45 and Glu62)  
are involved in both receptor and SP-4206 binding [72].

B7-1 ligands 
B7-1 proteins are surface proteins of APCs that modulate 
T-cell activation and thus have key roles in the regulation  
of the immune system against an antigen. The binding of  
B7-1 to CD28 or CTL antigen-4 (CTLA4) increases or  
decreases T-cell activation, respectively. Two small 
molecule ligands that act as competitive antagonists of  
B7-1 interactions with both CD28 and CTLA4 complexes 
have been identified by HTS [73]. Both of the inhibitors  
bind reversibly to the receptor-binding hot spot of human 
B7-1, with high specificity and selectivity [73].

Bcl ligands 
Inhibition of the PPIs of Bcl-2 is an important strategy  
in anticancer therapeutics [13]. Small-molecule ligands 
of Bcl-2 and Bcl-XL that inhibit the binding of anti- or  
pro-apoptotic factors, such as BAK, have been discovered, 
the most well-characterized of which is ABT-737  
(Abbott Laboratories; Figure 3). ABT-737, a dual inhibitor  
of the anti-apoptotic proteins Bcl-2 and Bcl-XL that binds 
these proteins with high binding affinity, was discovered  
by NMR-based HTS of a chemical library (indicated as 
compound 2 in reference [74]). In tumor growth inhibition 
therapies, the use of this inhibitor in combination with  
other cancer drugs resulted in a significant increase in the 
delay of tumor growth [74].

H/Mdm2 ligands
The human double minute 2 (Hdm2), similarly to its  
mouse homolog (Mdm2), appears to be a 'perfect' drug 
target in cancer therapies because of its binding to 
the tumor suppressor p53 [75]. Drugs that block the 
binding of Hdm2 will enhance the tumor suppressor 
activity of p53. Alanine-scanning of the short segment of 
Mdm2 that constitutes the p53-binding region yielded  
three hot spot residues, Phe19, Trp23 and Leu26 [76].  
Inhibitors of the Mdm2-p53 complex, including the  
Nutlin family of compounds, were identified through HTS  
and medicinal chemistry methods. The strongest inhibitor 
from this family is Nutlin-3 [77] (Figure 3), and several 
Nutlin-3 analogs have also been identified, including 
imidazoline compounds such as Nutlin-2 (Figure 3) [77].  
The structures of various Mdm2 and Nutlin-3 analog 
complexes have been solved with NMR spectroscopy 
[78], including a complex between Mdm2 and Nutlin-2  
(PDB identifier: 1RV1; Figure 4A). Another potent Mdm2 
inhibitor has been identified, and the structure of the 
complex between a benzodiazepinedione-based inhibitor 
(compound 1; Figure 3), and Mdm2 was solved with  
X-ray crystallography [79] (PDB identifier: 1T4E;  
Figure 4B). A comparison of these two inhibitor-Mdm2 
complex structures with the Mdm2-p53 complex [80]  
(PDB identifier: 1YC; Figure 4C) reveals that the small 
inhibitors occupy similar regions within the interface as  
the p53 side chains [13,37]. These inhibitors bind to  
Mdm2 with a greater affinity than p53 [37]. The hot spots  
on Mdm2 were identified using the HotPoint prediction  
server [55].
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Figure 3. The structures of small-molecule inhibitors of protein-protein interactions.
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PI3K ligands
PI3K is significantly involved in intracellular signaling 
pathways and has a vital role in various cellular functions, 
including cell survival, growth and proliferation. Many 
isoforms of PI3Ks are considered drug targets in disorders 
such as inflammatory diseases and heart disease. The  
first subnanomolar inhibitor identified to inhibit PI3K was 
the fungal metabolite wortmannin [81] (Figure 3). This  
small inhibitor covalently binds a conserved lysine  
residue of PI3K in an irreversible manner [81]. Many PI3K 
inhibitors, which are derivatives of wortmannin that are 
specifically targeted to different PI3K isoforms, have now 
been identified and several have demonstrated promising 
results as therapeutic agents [82].

Allosteric inhibitors and hot spot binding
LFA1, a cell surface protein present primarily on immune 
cells, has two allosteric binding sites as well as the 
active site, and binds to ICAM1 in order to mediate 
cell-cell adhesion and T-cell activation [83]. The  
conformational changes in LFA1 regulate ICAM1 and LFA1 
interaction, and the inhibition of this interaction plays 
an important role in the treatment of immunological  
disorders. Using HTS, the fungal metabolite lovastatin [84] 
and BIRT-377 [85] have been identified as low-micromolar 
and nanomolar allosteric inhibitors of this interaction, 
respectively. The inhibitors bind to LFA1 at the allosteric 
sites, cause conformational changes in its structure and 
inhibit the binding of ICAM1 to the active site. Lovastatin 
is used to reduce cholesterol levels by inhibiting the  
human LFA1/ICAM1 interaction [84]. The other allosteric 
inhibitor of LFA1, BIRT-377, non-covalently binds to LFA1  
in order to prevent its interaction with ICAM1 [85].

NO synthases are multidomain enzymes that generate  

the signaling NO radical, which is involved in vascular  

health and neuron signal transmission. The excessive 
production of NO leads to inflammatory and autoimmune 

diseases [86]. Two molecules, PPA250 and BBS-2, have  

been identified to inhibit the function of NO synthase 

allosterically, in the low nanomolar range, during protein 
synthesis by disrupting dimerization [86,87], and have 

been demonstrated to be useful in animal models of  

chronic arthritis [86].

The binding of the NGF hormone to neuronal cells can 
cause cell death, depending on the expression levels of  

two cell-surface receptors: TrkA (pro-growth) and p75NTR 

(pro-apoptotic) [88]. The hot spots of these receptors 

differ, and thus NGF can bind simultaneously to both 

receptors [89]. A small non-peptide molecule, Ro-08-2750, 
was suggested to cause a conformational change in NGF 

by binding to the NGF dimer in order to either selectively 
block p75NTR binding at low concentrations or block  

binding to both receptor molecules at high concentrations 

[90]; thus, this compound was proposed to act as an  

allosteric inhibitor. Another selective small inhibitor,  

PD-90780, was demonstrated to bind NGF and cause 

inhibition of the NGF-p75NTR interaction, but not the  

NFG-TrkA receptor interaction [91]. A small inhibitor,  
Y-1036, that binds both NGF and brain-derived neurotrophic 

factor (BDNF) was recently identified [92]. This inhibitor 

not only demonstrated inhibition for both the NGF-p75NTR 

and NGF-TrkA interactions, similar to the two allosteric 

inhibitors noted, but also for the BDNF-p75NTR and  

BDNF-TrkB interactions [92]; thus, this molecule acts as  

a multipotent inhibitor. 

Figure 4. Structures of Mdm2 complexed with p53 and its inhibitors.

The inhibitor-Mdm2 (mouse double minute 2) complex structures occupy similar regions within the interface as p53 side chains.  
(A) The structure (Protein Data Bank [PDB] identifier: 1RV1) of Mdm2 (blue) binding to Nutlin-2 (yellow) [78]. (B) The structure  
(PDB identifier: 1T4E) of Mdm2 (blue) binding to a benzodiaepinedione-based compound (yellow; compound 1, Figure 3) [79].  
(C) The structure (PDB identifier: 1YCR) of a complex between Mdm2 (blue) and a p53-derived peptide (yellow) [80]; hot spots are  
depicted with ball and stick representation in red for Mdm2 and green for the p53-derived peptide. The hot spots of the p53-derived  
peptide (Phe19, Trp23 and Leu26) were determined experimentally [76], whereas the hot spots for Mdm2 (Leu57 and Ile61) were  
computationally predicted [55]. 
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Conclusion
Proteins present broad ensembles of conformational states, 
and signaling pathways make use of these ensembles.  
Signals propagate through changes in conditions, 
such as binding events, changes in post-translational 
modification states, and movements into different cellular  
compartments. Any such change will alter the distribution  
of the ensemble and, as protein function depends on 
molecular recognition, such changes in the distributions 
of the ensemble conformations and their dynamic 
properties will lead to alternative preferred binding events 
that propagate the signal through the cellular network.  
Key molecules in the transmission of signals are termed  
hub proteins; these hubs can bind a large number of  
partners (tens and even hundreds) via shared interfaces. 
Such hubs are typically positioned at cellular crossroads, 
and therefore frequently provide sought-after drug targets. 
Because drug design aims to interfere with erroneous 
cellular events in disease, the strategy often targets  
PPIs, either by interfering directly with PPIs or by 
enhancing weak PPIs by binding to an allosteric region  
(eg, a cavity), thus affecting subsequent interactions.  
While protein-protein binding sites are typically large and 
flat, residue hot spots exist that contribute in a dominant 
manner to binding energetics. These hot spots have 
been demonstrated to be promising drug targets. The 
observations highlighted in this review suggest that the  
hot spots are partner-specific and, even if the ensemble  
shifts upon the binding of other molecules elsewhere,  
appear to retain their pre-organized conformations.  
Further data are required to validate these early 
indications and, in particular, to elucidate the partner- 
specific hot spots.
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