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ABSTRACT
The horizon of drug discovery is currently expanding to target and modulate protein–
protein interactions (PPIs) in globular proteins and intrinsically disordered proteins
that are involved in various diseases. To either interrupt or stabilize PPIs, the 3D
structure of target protein–protein (or protein–peptide) complexes can be exploited
to rationally design PPI modulators (inhibitors or stabilizers) through structurebased molecular design. In this review, we present an overview of experimental and
computational methods that can be used to determine 3D structures of protein–protein
complexes. Several approaches including rational and in silico methods that can be
applied to design peptides, peptidomimetics and small compounds by utilization of
determined 3D protein–protein/peptide complexes are summarized and illustrated.
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Protein–protein interactions (PPIs) are at the very basis of function in biological systems
as they essentially connect the players that are involved and perform important roles in
virtually all biological pathways, including signal transduction, immune recognition,
transmembrane transport, cell–cell interactions, post-translational modification and
maintenance of cellular organization.1 Inevitably, reflecting their pivotal importance, PPIs
are involved in the etiology of numerous diseases, for example, cancer, infectious diseases,
inflammatory diseases, neurodegenerative diseases and autoimmune diseases.2–6 Despite
the recognized importance of proteins as target for pharmacotherapy, PPIs per se have long
been neglected as potential drug targets for targeting by drug-like inhibitors, mainly due
to the supposedly undruggable flat and large interfaces between the protein partners in
the protein–protein complexes. PPI interfaces vary from 1000 to 3000 A2 whereas typical
binding pockets in proteins are comparatively small (around 300–1000 A2).7–9 However,
the PPI research field is undergoing rapid development and receives growing interest as
evidenced by the fact that during the last 20 years novel peptides, peptidomimetics and
small compounds have been increasingly discovered and developed to inhibit or stabilize
PPIs.7,10–13 The number of PPI modulators is likely to increase, considering that only a small
proportion of the PPIs from the estimated 650,000 different protein–protein complexes
identified in the human interactome have been targeted through drug discovery.9,14 Thus,
there are still vast numbers of PPIs that have not yet been explored and targeted for
drug development. Not only well-defined protein–protein surfaces are being targeted,
recently, the horizon of drug discovery research field has been expanded to target also
unstructured proteins that play essential roles in PPIs. Development of novel inhibitors
binding to intrinsically disordered proteins (IDPs) or intrinsically disordered protein
regions (IDPRs) such as in C-Myc15,16, amyloid-β peptide17 and histone18 are examples to
prove the concept of IDPs and IDPRs as being druggable and promising targets. Another
example is compound MSI-1436 which binds to the disorder C-terminus of PTP1B.
This compound is now entering clinical trial phases for treating breast cancer, obesity
and diabetes19,20 confirming the principle of concept that targeting disordered proteins
is feasible. Therefore, development of small compounds or peptides to target either the
interfaces or the unstructured parts of protein binding partners, in order to interrupt or
stabilize PPIs, represents a promising future trend in drug discovery research.
Although inhibitors and stabilizers of PPIs can bind at the proximal subpockets at the
interface such as in the case of 14-3-3 protein21 and it seems that they likely have common
features for binding and interacting with protein–protein complexes, recent studies
have shown that small molecule stabilizers possess different physiochemical properties
than inhibitors.11,22 Nevertheless, despite the heterogeneity in the small molecules
themselves, similar common approaches can be applied to develop PPI modulators,
being either inhibitors or stabilizers. PPI modulators can be subdivided in two different
75
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Figure 1. Different strategies to modulate protein-protein interactions. Modulation of PPIs by interactions of
inhibitors (iPPI) or stabilizers (sPPI) at the orthosteric or allosteric pocket of the protein–protein complex.2,23,24
PPI: Protein–protein interaction; iPPI: Inhibitor PPI; sPPI: Stabilizer PPI.

classes, depending on the type of interface involved. Modulation of PPIs can be done
by development of compounds binding at an orthosteric interface (a pocket located
between the interfaces of two proteins) or at an allosteric pocket (a distant pocket from the
interface of two interacting proteins)2,23,24 as shown in Figure 1. Orthosteric modulators
regulate PPIs either by functioning as inhibitors PPI (iPPI) to disrupt PPIs to prevent
complex formation between two proteins or, on the other hand stabilizers PPI (sPPI),
they have different roles by functioning as molecular glue to connect and stabilize two
proteins which can consequently promote the function of protein heteromers. In contrast,
allosteric modulators control PPIs by binding at the allosteric pocket which subsequently
can induce a conformational change of the binding proteins, resulting in the prevention
(iPPI) or enhancement (sPPI) of PPIs. Targeting allosteric pockets is attractive, as large
molecules may not be required for binding an allosteric pocket in order to change the
protein conformation but this strategy still remains a nontrivial task.24,25 In contrast, the
orthosteric protein interface provides interaction information of the proteins involved
which can be more readily utilized to rationally design orthosteric modulators mimicking
these critical interactions.24
Next to a division based on the property of the interfaces, PPIs can also be divided into
different structural classes depending on the type of binding partner involved. Thus, we
can distinguish PPIs formed by complexation of two globular proteins, by binding of a
single peptide chain, disordered proteins or unstructured protein regions to a globular
protein or by peptide–peptide complexes (as shown in Figure 2)26, with the molecular
76

shapes of interfaces and interactions between the binding partners being different for
these classes. For example, interfaces between globular proteins are mostly flat and large
and interactions at such interfaces are mainly hydrophobic, which typically is driven
by a ring of polar residues around the interface. A mixture of hydrophobic and polar
interactions and water molecules at interface is also another type of interactions at the
interface between two globular proteins.26–28 On the other hand, interactions between two
unstructured peptides such as IDPs or IDPRs are predominantly driven by electrostatic
interactions.29,30 Thus, identification of these PPI structural classes can be helpful to design
specific types of inhibitors or stabilizers for particular PPIs. Development of compounds
to modulate PPIs can be done by using different drug discovery approaches such as
phenotypic screening31, target-based (or high-throughput) screening and structure-based
design.24 In this review, we will focus mainly on structure-based design approaches as
we have applied this method to successfully identify and develop novel inhibitors for
different classes of PPIs.32–38
Structure-based PPI modulator design relies on knowledge of the 3D structure of the
complex of target molecules, where, for example, a protein–protein complex structure
will provide information on detailed atomistic interactions between the interfaces of
two proteins. This information can be utilized to rationally design small compounds,
peptides or peptidomimetics to inhibit or stabilize PPIs. Therefore, whether the aim is
to develop inhibitors or stabilizers for PPIs, identification of a targeted complex is a first
and crucial step toward success in structure-based molecular design for PPIs. Several
methods ranging from a simple and inexpensive method such as molecular docking
to the advanced technologies like cryo-electron microscopy (cryo-EM)39–41 can be
applied for this purpose. In this review, we present an overview of recent methods and
technologies that are applied to identify protein–ligand or protein–protein complexes.
This includes both experimental and predictive in silico methods. Moreover, an overview
will be given of computational and rational methods employed to design compounds
(peptides, peptidomimetic and small compounds) that should either inhibit or stabilize
PPIs. Finally, examples will be given for the various classes of PPI modulators where novel
inhibitors or stabilizers which were successfully developed by specific incorporation of
3D structures of protein–protein or protein–ligand/peptide complexes providing insight
into key important interactions at interface which can be used for rationally design and
development of bioactive PPI modulators.
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Figure 2. Examples of different types of protein–protein interactions based on protein structure.
(A) Trimeric complex of TRAF2 in complex with peptide (PDB code 1CA9) and molecular surface of PPI
derived from different structural classes. (B) Globular protein–globular protein complex. (C) Globular protein
with peptide. (D) Peptide with peptide (more details can be found from this review26).

EXPERIMENTAL & COMPUTATIONAL METHODS TO
IDENTIFY PROTEIN-PROTEIN COMPLEXES
Experimental methods
Structural information of protein–protein complexes is fundamental in the rationalized
design of PPI modulators which may have potential therapeutic properties. The structural
information on the target of interest can be obtained from either experimental or
computational methods. The determined protein–protein complexes can assist the designer
to reach a better understanding of the required and essential interactions at the atomic level
of PPIs and this knowledge can then be utilized to design and develop PPI modulators.
78

The structure of protein–protein (or protein–ligand/peptide) complexes, which can be
determined by experimental methods at high-resolution, often provides such detailed
information to designers, thus identifying the major contributors of the PPI to be inhibited
or to be stabilized. Among different experimental methods, x-ray crystallography is a
powerful technique that can be employed to solve the 3D structure of protein–protein
complexes. However, distinguishing the true protein–protein interface from artefactual
crystal contacts is a significant and nontrivial challenge.42 Each partner of the protein–
protein complex appears to form different interfaces with the neighboring molecules in
the crystal.42 In addition, besides the mentioned crystal contacts, also nonphysiological
conditions for crystal formation may result in observation of biologically irrelevant PPIs,
which can mislead the PPI modulator design.43 Recently, x-ray free-electron lasers, the
use of which causes diminished radiation damage to the macromolecules of interest, are
increasingly used to determine the 3D structure of protein–protein complexes. X-ray freeelectron lasers employs femtosecond x-ray pulses which allows the observation of rapid
transitional changes of the structure upon ligand binding.44 However, these methods have
some limitations especially for using to provide structural insights for complexes which
are formed between IDPs. In such cases, circular dichroism and NMR spectroscopy are
better suited as they allow the investigation of structural changes that occur upon complex
formation.30 NMR spectroscopy can be also used to unravel structural properties and key
residues for binding of weak PPIs (Kd >mM).45 Finally, mass spectrometry (MS) offers
a great variety of different strategies to investigate the structural properties of protein–
protein complexes46, such as by hydrogen-deuterium exchange MS to investigate the PPIs
in protein–protein complexes47, where surface labeling is readily done with D2O-based
buffers.48 Surface residues which are accessible to exchange, and thus not involved in
complex formation, are labeled with D2O and will obtain a higher corresponding m/z
position over time.48 Am/z position comparison of complex and unbound proteins points
out which residues are involved in complex formation.48
The latest advances in cryo-EM allow researchers to solve the 3D structure of protein–
protein complexes which have a molecular mass lower than 250 kDa with a resolution
from 3 to 5 Å.49,50 Cryo-EM is an increasingly popular method for structural studies of
large protein complexes. Within the past years, cryo-EM has undergone rapid technological
development and became capable of acquiring near-atomic level structures, which makes it
suitable for use in drug discovery (besides the established methods of x-ray crystallography
and NMR). Cryo-EM allows study of proteins in their near-native (frozen-hydrated) state
as well as investigation of larger and more complex systems or samples possessing multiple
conformational or compositional states.51,52 This may be beneficial, as inhibitor-binding
pockets are often flexible in various protein conformations and prediction of hot-spots
using computational techniques still remains a challenging task. The cryo-EM technique
has been being continuously developed and improved and can now go beyond its earlier
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technical limitations. Breakthroughs came with the determination of 3D structures with
resolutions lower than 2 Å and the significant reduction in the lower molecular weight
limit for samples that can be studied by cryo-EM have allowed this technique to be
applied for various types of proteins, for example, membrane-embedded proteins and
protein–ligand complexes.53,54 Currently, the cryo-EM technique has increasingly and
widely been applied for molecular and structural biology study and was recently used to
study PPIs such as the PRMT5-MEP50 complex (molecular weight around 450 kDa).55
The obtained complex structure (resolution at 3.7 Å) shows several properties and details
in agreement and consistent with the previous published x-ray structures (resolutions
ranging from 2.1 to 2.9 Å) further supporting single particle cryo-EM as a high potential
technique that can be applied to study human drug discovery targets.55 Moreover, cryo-EM
can be combined with computational methods, for example molecular dynamics (MD)
simulations, to scrutinize molecular mechanisms and interaction networks of complex
systems such as has been done for ErmBL-stalled ribosomes with erythromycin (an
antibiotic drug), a complex that is being studied in the context of antibiotic drug resistance.
Results derived from MD simulations based on the cryo-EM structures provide insight
into their fundamental mechanism which can be useful for further drug development.56
Despite the suitability of cryo-EM in molecular and structural biology studies, its
application in drug discovery, either for lead identification or lead optimization has not
been yet reported.40 However, as supported by the promising results that are discussed
above, and with the current rapid technological improvement of cryo-EM, the method
is expected to be applied and considered as a powerful tool in structure-based drug
design already in the very near future.40 Furthermore, the combination of low-resolution
experimental structures derived from cryo-EM and computational techniques like MD
simulations as described above can be combined and used for the study of PPIs and for
structure-based drug design.

Computational approaches
However, obtaining atomic level information on PPIs may not always be possible due
to inaccessibility to previously mentioned methods while experimental determination
of protein–protein complex can in addition be laborious and costly. In such cases, use of
in silico methods can help to overcome these limitations for predicting a likely binding
mode between two proteins. Protein–protein docking is a versatile tool to study the
biologically relevant interactions between two or more proteins-of-interest. Molecular
docking programs such as HADDOCK57, ICM-Pro58, ZDOCK59 and HDOCK60 to name
just a few can be employed to generate possible binding modes between two proteins.
Molecular docking generally provides several possible docking solutions and docking
solutions are then often ranked by their corresponding docking score. The top-ranked
docking pose is usually selected as the most likely, native-like, structure and used for further
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investigation for PPIs. However, the scoring functions are built to be fast and informative,
they do not entirely correlate with biochemical affinity values61 and docking scores are
often not completely indicative of a most likely biologically relevant structure. Thus,
selecting a likely binding pose selection based on scoring functions can be misleading.61
This obstacle can be overcome by correct utilization of available biochemical knowledge
of the protein-of-interest and/or good use of available structural bioinformatics methods.
For example, key residues of a particular PPI derived from NMR spectroscopy62,63, or
from hydrogen-deuterium exchange MS data64 can be exploited in combination with
docking solutions to identify a likely binding mode between two proteins. Moreover,
essential residues playing important roles in PPIs of an investigated complex can also
be obtained from site-directed mutagenesis experiment and the derived information
can be used for assisting to build 3D computational models of protein–protein or
antibody–antigen complexes.65,66 Alternatively, a combination of MD simulations and
binding free energy (BFE) calculations (shown in Figure 3), which represents a more
accurate approach than simple docking and scoring function, can be used together with
experimental data, which can be derived from different methods as mentioned above,
to assist designers to distinguish false-positive docking poses from native-like poses.67,68
These methods can in addition reveal structural insight into such key residues of the
PPIs from identified protein–protein complex and to a certain extent are able to include
time-dependent considerations, like flexibility, into the process.34,69 MD simulations on
these protein–protein complexes can drive the biomolecular complex to an energetically
lower conformation which is more physically and biologically relevant to intermolecular
interactions.70 BFE calculation methods can be used to distinguish native-like docking
poses from false-positive docking solutions.34,68 Several methods for BFE exist, and one
such method, molecular mechanics/Poisson–Boltzman (generalized Born) surface area
(MM/PB(GB)SA)71 is a fast and inexpensive approach as compared with other BFE
methods, e.g., free energy perturbation and thermodynamic integration. A likely binding
pose should be associated with the lowest BFE, implying a thermodynamically favorable
conformation, and should also be the pose of which stays overall stable throughout the
length of an MD simulation, allowing only small root mean square deviation fluctuations.
BFE decomposition per residue (shown in Figure 3) or in silico alanine scanning are both
powerful methods which can exploit the major interacting residues between binding
partners. Both of these methods can indicate the type of present interaction and its
contribution to the total BFE. Especially in silico alanine scanning can emphasize the
effect of sterical and electrostatical changes due to an exchange of the wild-type side chain
to an alanine side chain.34,63,71
In conclusion, obtaining protein–protein or protein–ligand/peptide complexes, either by
computational or experimental methods can allow the identification of residues that are
responsible for complex formation (shown in Figure 3). Molecular modelers can harvest
81
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such data and information, in other words, key residues, secondary structure, length
and composition of the protein binding partners, and approximated surface area from
the determined complexes to design peptides or peptidomimetics for modulating PPIs
as will be discussed in the next section.

Peptides & peptidomimetics
Peptides are linear polymers of 2–50 amino acids linked together by amide bonds. In
the human body, many peptides such as insulin, oxytocin and cyclosporin are active72‑74
making synthetic and designer peptides attractive molecules for use in drug discovery.
Furthermore, in analogy to conventional (small molecule) drugs which often mimic the
substrate of an enzyme, peptides could mimic the binding epitope in PPIs, making them
attractive molecules in this context.75 This often makes the region of the binding partner
that is involved in PPI with the target a useful starting point in the development of PPI
modulators. Peptides extracted from such binding regions may further be subjected to
in silico or in vitro alanine scanning.76 This technique involves sequentially changing
each residue in a peptide (via synthesis) or in a protein (via site-directed mutagenesis) to
alanine. This technique is useful in identifying ‘hot-spot’ residues, which contribute most
to protein–peptide complex formation.77 Peptides, however, have several disadvantages,
mainly due to their poor bioavailability. Peptides are often large and charged and therefore
poorly or not at all absorbed following oral application. Once in the bloodstream, they
are rapidly degraded by peptidases and are rapidly cleared from the body.78 Furthermore,
the large flexibility of peptides implies that there is an entropy penalty upon folding and
binding. However, if a certain peptide has unwanted properties for a given application,
it can still function as a starting point for the development of peptidomimetics. These
are molecules that mimic the structure and function of a certain peptide, but do not
have their inherent disadvantages.79 Peptidomimetics are historically divided into three
classes.80 Type I are the backbone mimetics. Type II peptidomimetics are the functional
mimetics, which are nonpeptidic molecules that have a similar function to the parent
peptide, but are not structurally related. Type III are the topological mimetics, which are
molecules with a nonpeptidic scaffold, but which make the same interactions.

In silico techniques for the discovery & design of therapeutic peptides
Many steps for identifying and optimizing therapeutic peptides or peptidomimetics
are amenable to in silico techniques. Like with small molecules, peptide-based drug
discovery can be divided to ligand- and target-based approaches. Ligand-based techniques
include multiple sequence alignments of known binding peptides or PPI epitopes to
derive information about interacting amino acids. Generation and scoring of peptide
conformations into a binding pocket of target proteins can be done using MD simulations
or protein–peptide docking tools.81 Target-based approaches can generally be divided into
three stages: binding site detection, docking and affinity prediction. In the context of
82
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Figure 3. Schematic representation of generic approach to identify a likely binding mode of protein–
protein complex which is then served as a starting structure for inhibitor design. Protein–protein
docking generates several decoys along with the likely native structure during the exploration of the PPIs
space. Molecular dynamics simulations can further investigate the likelihood of each docking result to form
the complex-of-interest by further shifting the structures to relatively lower energy landscapes. Use of energy
decomposition per residue from BFE calculations points out the PPIs at residue level and provides required
information for the design of peptides. BFE of designed peptides can be further improved by introducing
single point mutation which may lower the BFE to perform better inhibition or stabilization.
BFE: Binding free energy; MD: Molecular dynamics; PPI: Protein–protein interaction.

PPIs, the binding site is often determined by the binding interface between two proteins
which can be identified by use of various experimental or computational methods as
discussed in the previous section. In addition, several databases of protein–peptide
interactions or several online tools can be used to search for binding hotspots between
protein and peptides (more details can be found in this review81). The second step involves
finding a likely binding pose for the peptide onto the protein. Peptide–protein docking
methods can be used for this purpose. These methods can be divided in three classes,
namely template-based methods, local- and global-docking methods.82 In template-based
docking, a known complex is provided to the docking program. Based on this template,
83
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the program attempts to find a likely binding mode for the complex under investigation.82
In local docking, the user specifies the binding site and the program attempts to dock a
peptide at the specified location on the surface of a target structure. Various specialized
programs for protein–peptide (or protein) docking exist for this objective as described
above, and also small-molecule molecular docking programs, for example, AutoDock
Vina83, Gold84, Glide85 and Surflex-Dock86 have been used for this purpose. Although
these programs have some success for peptides of up to three amino acids, they are not
suitable for longer chains.82 In global docking, no information about the binding site
is provided a priori. Thus, the docking programs use different algorithms to investigate
suitable binding spots and consequently attempt to dock peptides onto those identified
binding spots.82 There are two approaches for affinity prediction: sequence-based and
structure-based prediction. In sequence-based affinity prediction, the amino acids are
converted to abstract amino acid property descriptors after which machine learning is used
to estimate activity.87 In the structural approach, the 3D structure of the protein–peptide
complex is used. Various techniques are used to estimate binding affinity, such as combined
quantum mechanics/molecular mechanics, semi-empirical Poisson‑Boltzmann/surface
area, and empirical conformational free energy analysis.88 Although, these methods can
be time consuming, which may limit their use in screening applications, these methods
can be applied in subsequent optimization steps to predict binding affinity of optimized
or designed peptidic compounds. Several research groups including ours have successfully
applied BFE such as MM/PBSA or MM/GBSA to estimate binding affinity of designed
peptides which can significantly reduce the amount of peptides that will be synthesized
and tested experimentally.34,89‑91

From peptides to peptidomimetics
Once a functional peptide has been discovered that has the capacity to modulate a given
PPI, such a peptide may provide a structural basis for the design of a peptidomimetic.
Use of peptidomimetics can then offer the advantages of the peptide modulator but it
has less of the known disadvantages that were discussed above for use of peptides. Many
strategies exist for deriving peptidomimetics from peptides, and an example of this is
illustrated in Figure 4 and 5. Type I peptidomimetics can be derived by gradually changing
a bioactive peptide. The least drastic change to the original peptide is the inclusion of nonnatural amino acids92 into the peptide sequence. Slightly more invasive is the cyclization
of the linear peptide, which makes the peptide more rigid and thereby often less prone
to degradation.93–95 One strategy for cyclization is the linking of two amino acids.75,96–98
This method can be used to induce secondary structure and to provide more rigidity for
the peptide. The prime example of this approach is stapling of peptides to stabilize their
α-helical form (see an example in Figure 5).99 The introduction of rigidity or reduction
in flexibility can have a positive effect on the thermodynamics (i.e., entropy) of binding
of the ligand to its binding partner. Retro-inverso peptides refer to the use of D-amino
84
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In addition to the rational design and modification of peptides into stable peptidomimetic
as discussed above, various in silico strategies exist for the design and discovery of
peptidomimetics. These techniques are especially useful for the discovery of type II and
type III peptidomimetics. De novo approaches use a nonpeptide template for fitting
fragments into the binding site of the target protein and then attempt to connect these
fragments together.103 In a sequence-based approach, features of small molecules are
mapped onto amino acids, allowing them to be screened against a peptide target.104
Pharmacophoric approaches, either peptide-based or receptor-based, can also be employed
to search for novel peptidomimetics.104 In the receptor-based approach, pharmacophore
features are generated based on the target structure, whereas peptide structures or any
available peptide–protein complexes may be utilized to generate pharmacophore models
for the peptide-based approach. A last example of in silico methods used for the design
and development of peptidomimetics are geometry-based approaches which attempt
to discover molecules that have similar geometric features as the parent peptide.104 In
addition, a combination of the pharmacophoric and geometric methods can also be used
to screen for peptidomimetics.105

From protein–protein/peptide complex 3D structures to novel modulators
of PPIs
The drug discovery and development process is a time consuming process that generally
requires a high financial investment. Rapid in silico methods like molecular docking
or combinations of short MD simulations with BFE calculations (which require less
computational time and cost) can, however, significantly accelerate the drug design process
and reduce the cost of the overall drug discovery. These approaches can be applied at
different steps, for example, in the identification of a 3D structure of a protein–protein
complex step and/or for design of modulators (inhibitors or stabilizers) for PPIs. Here,
we present examples where the availability of 3D structures of protein–protein/peptide
complexes and in silico methods play a significant role in the development of modulators
for PPIs.
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acids instead of the naturally used L-amino acids. The sequence of the original peptide
is then reversed to orient the residues in the same way as for the L-amino acid peptide.
Retro-inversion often improves stability, since proteases are less prone to recognize
the D-amino acids.100 Peptoids refer to peptidomimetics in which the amino acid side
chains are attached to the amide nitrogen instead of the α carbon.101,102 In peptoids, the
sequence is also reversed to keep the residues in the same orientation with respect to the
backbone carbonyls. Peptoids have no backbone stereo centers and are more flexible than
peptides. Finally, small molecules might be identified that capture the pharmacophoric
and functional features of a parent peptide.

Chapter 4

Figure 4. Examples of strategies to convert proteinogenic natural amino acid peptides into peptidomimetics.

Targeting globular proteins
PPI inhibitors: iPPIs
Cancer therapy
Tumor suppressor p53 plays a crucial role in protection from tumor development. During
carcinogenesis, p53 is negatively regulated by MDM2 overexpression which results in
a loss of its function.106 The x-ray structure of the p53-MDM2 complex (PDB code
1YCR) reveals that p53-MDM2 interactions are mediated by a 15-residue α‑helical
domain of p53 that includes three amino acid residues (Phe19, Trp23 and Leu26) on
p53 that are critical for MDM2 binding.107 This knowledge allows for the design of
inhibitors to interrupt p53-MDM2 interactions, which became an attractive approach
in the development of cancer treatments based on reactivation of p53. Although most
of the p53-MDM2 inhibitor design strategies utilize alternative approaches108, simple
peptidomimetics and peptide-derived compounds are recently becoming popular. For
example, the α-helical transactivation domain of p53 was used to provide a starting
peptide from which optimized peptides could be derived. Peptidic inhibitors should
retain its α-helical structure and preserve the key residues for interaction with MDM2
(as displayed in Figure 5). Therefore, the concept of ‘peptide stapling’, is applied to this
α-helical stretch of p53 by linking side chain of two non-natural amino acid residues
together in order to keep α-helical conformation of the peptide as shown in Figure 5. By
doing this, stabilized α-helix of p53 (SAH-p53) peptides were designed and optimized
by stapling the p5314-29 sequence at different positions. The most potent peptide exhibits
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high binding affinity with an improved cellular permeability property that is better than
that of the unmodified p53 peptide and also exhibits a dose-dependent inhibition of
osteosarcoma cell (SJSA-1) viability (EC50 = 8.8 μM).99 Moreover, the structure of the
α-helix of p53 can also be utilized to identify small compounds to interrupt p53-MDM2
interactions (as shown in Figure 5). For instance, Ding et al.109 have searched for chemical
moieties that can mimic the indole ring, a side chain of Trp23 which is a key residue for
interacting with MDM2. The oxindole ring which can perfectly mimic the side chain
of Trp was identified and applied for substructure search for compounds containing the
oxindole ring. Subsequent molecular docking was employed to investigate the binding
between the identified compounds and also to assist in the modification and optimization
of small-molecule inhibitors of the p53-MDM2 complex. By doing so, a potent smallmolecule inhibitor was developed that can inhibit the interaction with an associated Ki
value of 86 nM. These studies are excellent examples to demonstrate that protein–protein
complexes and structure-based approaches can be exploited to design and develop highly
potent inhibitors (either peptides or small compounds) to interrupt PPIs.
Another example of a protein family widely studied in the context of PPI modulator
development is the Bcl-2 protein family which has important roles in regulation of
programmed cell death. Also here represents a good example for which the novel PPI
modulators are designed and developed based on available 3D structures of protein–protein
complexes.110,111 The Bcl-2 family consists of pro-apoptotic and anti-apoptotic proteins
that interact with each other to form heterodimers. Anti-apoptotic proteins of the Bcl-2
family, which are Bcl-2, Bcl-XL, Mcl-1, Bcl-B, Bcl-w and A1/Bfl1, are overexpressed and
often altered in tumor cells. Thus these proteins represent potential targets for cancer
therapy. The hydrophobic groove of these anti-apoptotic proteins binds to the BH3
domain consisting of a 15-amino acid conserved sequence.112 This information and the
availability of BH3 domains–anti-apoptotic protein complexes are a good starting point
and can be used for designing small compounds or peptides mimicking BH3 domain
based on interactions between the BH3 domain and anti-apoptotic proteins. Some of
these newly developed molecules have now entered clinical trials as shown in Table 1.

Therapy of inflammatory disorders
Inflammatory responses are regulated by different pathways such as via interactions between
chemokines and their specific receptors, for example, CXCL8–CXCR1 interactions89 or
through a recently discovered mechanism via ligation of a CCL5–HNP1 heterodimeric
complex with CCR5.35 These two cases are excellent examples where in silico methods can
play important roles for the study of PPIs and the possible translation of the structural
knowledge to design peptidic inhibitors. To experimentally determine the 3D structure of
a CXCL8–CXCR1 complex either by x-ray crystallography or cryo-EM is laborious, and
at present no x-ray complex structures of the CCL5–HNP1 complex are available in the
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Figure 5. An example of exploitation of protein–protein complex for development of different types of inhibitors. Peptidic/peptidomimetic or small-compound
inhibitors. The 3D structure of MDM2-p53 complex (PDB Code 1YCR) can be utilized for (A) peptide design or (B) small-compound inhibitor design. MDM2 is
shown as green cartoon, molecular surface of MDM2 is displayed as white and α-helix of p53 is illustrated in magenta. (A) The α-helix of p53 is used as a template
to build a stapled peptide (orange cartoon). (B) Indole ring of Trp from p53, which is a key residue for binding with MDM2, was applied for substructure search and
the oxindole core structure was identified and subsequently used for structure-based design and optimization. By doing this way, novel small-compound inhibitors
for MDM2 were developed.
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Table 1. Example of small compounds or peptides targeting different protein targets in the Bcl-2
protein family.
Approach Name
GX-15-070
(obatoclax)

Structure

References
[113]

Cl

Bcl-2, Bcl-XL, Bcl-w

[114]

Cl

Bcl-2, Bcl-XL, Bcl-w

[115]

Bcl-2

[116]

Mcl-1

[117]

Bax activator

[118]

Bcl-2, Bcl-XL,Mcl-1,
Bcl-w

[119]

Bcl-2, Bcl-XL,Mcl-1,
Bcl-w

[120]

O
HN
N
H

N

ABT-737
O

N

H
N

O

N
N
H
N

S
O

N

ABT-263
(navitoclax)

F

F
O

O

S

H
N

N

O

O

F
O
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S

Structure-based design

Target
Bcl-2, Bcl-XL,Mcl-1,
Bcl-w

N
N
H
N

S

S
O

ABT-199
(venetoclax)

O

O

Cl
HN
N
O

O
H
N

N

O

N
O

S
O

MIM1

N

H
N
O

O

HO

HO

N
OH

High-throughput screening

BAM7

N

O

N
H

N

S

O

N

N
N

S

N

AT-101
R-(-)-gossypol

O

OH

OH

HO

OH
OH

HO

O

Apogossypol
OH

OH
HO

HO

OH
OH

These inhibitors were identified and developed by using different approaches, for example, structure-based
design by mimicking interactions between the BH3 domain and anti-apoptotic proteins or high-throughput screening method.
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Protein Data Bank.121 Therefore, alternative fast and inexpensive in silico approaches (i.e.,
combination of molecular docking, MD simulations and BFE calculations) were utilized
to identify a likely binding mode of the CXCL8–CXCR189,122 and of the CCL5–HNP1
complex.34 Subsequently, the identified complexes were exploited to design peptides that
can interrupt CXCL8–CXCR1 and CCL5–HNP1 interactions. For example, from the
derived CXCL8–CXCR1 complex several peptides were designed based on the N-loop
of CXCL8 which is the main part that interacts with the N-terminus of CXCR1. The
most potent peptidic inhibitor binds to the CXCR1-derived peptide exhibiting KD at
micromolar level (252 μM) and this derived peptide also shows additionally activity in
vivo by inhibiting monocyte adhesion and transmigration.89 Likewise, a series of peptides
based on the HNP1 sequence that bind to CCL5 was rationally designed and the binding
affinity of individual peptides to CCL5 was in silico predicted.34 By doing this way, only ten
peptides from more than a billion possible candidate peptides were selected and synthesized
and in vitro tested. The most potent inhibitor called ‘SKY peptide’ was chosen and then
tested for its inhibitory activity in vivo and a mouse model of myocardial infarction.
Results reveal that inhibition of CCL5-HNP1 interactions by ‘SKY’ peptide can inhibit
monocyte adhesion and reduce myocardial macrophage accumulation.35 These studies
demonstrate that in silico methods can be efficiently used to determine protein–protein
complexes and rationally design inhibitors that have a potential for further development
as anti-inflammation drugs. Furthermore, a combination of NMR study, MD simulations
and BFE calculations can be utilized to identify a heterodimeric complex of different
chemokine pairs, for example, CCL5–CXCL4, CCL5–CCL17 and CCL5–CXCL12
heterodimer. The derived complexes provide structural information such as on the type
of interactions. Also these complexes can be analyzed via computational methods to
identify key interacting residues at the interface that can be exploited to design stable and
specific peptidic inhibitors to prevent complex formation of chemokine heterodimeric
pairs. These inhibitory peptides are active not only in vitro, but they also show inhibitory
activity in different animal models of inflammatory diseases.33,123

PPI stabilizers: sPPIs
Some of the most extensively studied proteins for the development of PPI stabilizers are
the 14-3-3 proteins which are a family of conserved regulatory molecules that can bind
to different partners and are involved in many cellular functions such as apoptosis, cell
cycle regulation and signal transduction.124 Fortunately, x-ray structures of the 14-3-3
proteins in complex with different binding partners are available from the Protein Data
Bank allowing molecular modelers to use these structures for rational design of selective
stabilizers for different protein–protein complexes.22,125,126 For instance, recently, MD
simulations were applied to investigate the interaction networks of human 14-3-3 sigma
in complex with TASK-3 peptide and the stabilizer Fusicoccin A (PDB code 3P1O).
The derived results from the MD simulations provide insight into key interactions of
90

Rational modulator design by exploitation of protein–protein complex structures

Human calcium-activated K+ channels (KCa) of the small- (SK) and intermediateconductance (IK) K+ channel types are reported to be involved in several diseases, such as
cancer, autoimmune disorders, neurodegenerative disease and vascular inflammation.128
Similar to the work on 14-3-3 mentioned above, the availability of x-ray structures of
SK2 (calcium-activated K+ channel 2) with Ca2+-bound calmodulin (CaM) and the
stabilizers (1-EBIO and PHU) were applied for the development of novel stabilizers
(NS309, CyPPA and DCEBIO). Due to the poor solubility of NS309 and CyPPA and
the difficulty to co-crystallize a complex with these compounds bound to it, researchers
were inspired to perform molecular docking and MD simulations instead to examine
the binding of these compounds with the SK2-CaM complexes.129 The derived results
were utilized for further development of stabilizers with improved binding affinity and
selectivity. This shows that in such cases where co-crystallization of protein complexes
has some limitations, in silico methods can provide an alternative for rational modulator
design and protein–protein–ligand interaction study.

Targeting IDPs/IDPRs to interrupt PPIs
A major challenge in targeting IDPs and IDPRs is the limitation of experimental and
computational methods used to completely characterize the heterogeneous conformations
and to identify transient druggable pockets or binding sites of IDPs/IDPRs and how to
exploit these structures through drug discovery.130 However, computational methods
such as different enhanced MD simulations techniques or coarse-grained simulations can
be used to investigate dynamic motions, flexibility, secondary structures and transient
pockets of IDPs/IDPRs.131–135 One of the most studied disordered PPIs and promising
cancer drug targets is the c-Myc–Max complex.136–139 In their monomer conformation,
both c-Myc and Max are IDPs but upon complex formation they fold into a secondary
structure to form a stable heterodimer. Two different strategies can be utilized to develop
inhibitors for the disruption of c-Myc–Max interactions (as displayed in Figure 6). The
first approach is called ‘Trap mode’ in which the unfolded c-Myc conformation is used
as a target to search for compounds that can bind this nonfunctional conformation and
that prevents it from binding with the Max protein140 (as shown in Figure 6). Jin et al.15
and Yu et al.16 have applied replica exchange MD simulations to examine the folding and
conformational changes of the c-Myc370–409 peptide and have used different conformations
extracted from replica exchange MD for virtual screening. They have identified novel
small compounds binding the c-Myc370–409 peptide that show inhibitory activity at the
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the complex which were then utilized to rationally design PPI stabilizers. As suggested
by MD simulations, the novel PPI stabilizers which show additional interactions with
the identified key residues exhibit significantly improved potency.127 This study clearly
demonstrates the robustness of the combination of 3D structures and in silico approaches
for the rational design of PPI modulators.
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Figure 6. Different approaches for development of inhbitors to prevent C-Myc–Max complex formation.
The ’Trap mode’, inhibitors were developed to bind the unfolded conformation of C-Myc protein whereas
the ’Competitive mode’, inhibitors were designed to compete the binding of Max protein with the folded
confomation of C-Myc protein.140,147

micromolar level in in vitro assays that also inhibiting the growth of c‑Myc-overexpressing
cells.16 Another strategy to develop modulators to interrupt c‑Myc–Max interactions is
called ‘Competitive mode’ and with this strategy the stable dimeric c-Myc–Max complex is
utilized to rationally design compounds to inhibit c‑Myc–Max interactions (as also shown
in Figure 6). Since experimental 3D structures of c-Myc–Max complexes are available
from the PDB, this approach has more advantages and it is theoretically easier since the
inhibitor design is based on the properties and interactions of the complex. Different types
of inhibitors, for instance stapled Max-derived peptides, peptidomimetics, a mutant of the
C-terminal region of MYC (termed OMOMYC)141,142 are developed and designed based
on the c-Myc–Max complex.140,143 Several clinically relevant disordered proteins such as
Aβ, EWS-Fli1, STAT3, HIF-1 and β-catenin are currently being targeted for development
of new drugs and extensive computational methods can be applied to investigate binding
pocket and protein conformations or to screen for novel inhibitors.140,144–146
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During the last 20 years, there has been a rapid growth in the amounts of modulators
(inhibitors or stabilizers) that are able to target PPIs. This development is a clear indication
that PPIs are claiming their position in drug discovery and development research. The
realization that such flat surfaces at the PPI interface and unstructured parts of IDPs/IDPRs
can be targeted by peptides or small compounds has sparked increasing interests by drug
researchers and modelers to explore these structures, which used to be considered as not
druggable. Certainly, currently prescribed drugs are not limited to only small compounds.
Several peptides have already been approved by the responsible authorities or are now
entering the clinical stages of development.74,78 Furthermore, peptides can be utilized
as a starting structure to develop peptidomimetics or small compounds with improved
solubility and cell permeability properties. Therefore, modulations of PPIs by peptides
represent a trend that receives rapidly increasing interest from the drug discovery research
field. Targeting the unstructured parts of IDPs/IDPRs which are involved in PPIs is now
becoming another trend in the research field of drug discovery and development. This
trend is fueled by smart use of several technologies, for example, circular dichroism- or
NMR-spectroscopy or in silico methods such as MD simulations that can be applied to
investigate protein secondary structure and presence of transient binding pockets for the
IDPs/IDPRs studied. These additional data can be utilized for development of inhibitors.
Several studies as discussed here have shown that the identified protein–protein complexes
either from experimental or computational approaches can be used to design inhibitors
or stabilizers to modulate PPIs. Moreover, several PPI modulators are now entering the
clinical stages. Therefore, these are clear evidences to prove that PPIs represent promising
drug targets and protein–protein complexes can be useful for using as starting structures
to design peptides, peptidomimetic or small compounds to modulate PPIs.

FUTURE PERSPECTIVE
Determination of 3D structures of target protein–protein complexes is the key step to
success in structure-based molecular design for PPIs. Experimental methods (e.g., x‑ray
crystallography and NMR spectroscopy) and computational methods (e.g., molecular
docking and MD simulations) can be used for this purpose. The high performance of
computers and MD simulation packages nowadays enable us to perform simulations
on specialized processors, GPUs, which can significantly speed up and accelerate
calculations.148,149 Therefore, MD simulations can now be routinely employed to investigate
protein dynamic motions, conformational changes and detailed atomistic interactions at
the interface of protein–protein complexes and also to identify the presence of transient
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druggable pockets in IDPs/IDPRs. This derived information can be exploited to rationally
design PPI modulators. Moreover, fast and accurate BFE methods have been applied to
predict binding affinity of compounds and several studies have demonstrated that this
approach can be applied for this purpose. Thus, BFE methods can be used to (relatively)
estimate binding affinities for prioritizing compounds prior to their synthesis and
experimental testing of their biological activity. Taken together, computational methods
represent a powerful tool that can be applied together with experimental methods for
the study of PPIs and for molecular design applications. These in silico methods are
now increasingly used in medicinal and pharmaceutical chemistry research to guide and
support experimentalists.
Cryo-EM technology is currently rapidly emerging in the biomedical research field and
it has been applied to study the molecular structure of different protein classes. Even
though the application of this method in structure-based drug design has not yet been
well described and widely used, the groundbreaking determination of 3D structures
of low-molecular-weight therapeutic proteins with high resolutions by means of cryoEM technique is indicative of the clear promise this technique holds for application in
structure-based molecular design in the near future. Not only high resolution cryo-EM
structures, but also low resolutions cryo-EM structures can serve as a basis to perform
extensive MD simulations, so as to study structural and dynamic properties of proteins
and to investigate PPIs. For such cases in which determination of 3D structures of
complexes either by x-ray crystallography or cryo-EM technique is difficult to achieve,
NMR or mass spectrometry can also alternatively be employed to scrutinize key residues
for PPIs. The derived results can be combined with in silico approaches to determine 3D
complexes as described above.
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