
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12551-022-01028-3

REVIEW

Protein binding sites for drug design

Janez Konc1   · Dušanka Janežič2 

Received: 12 October 2022 / Accepted: 1 December 2022 
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Drug development is a lengthy and challenging process that can be accelerated at early stages by new mathematical 
approaches and modern computers. To address this important issue, we are developing new mathematical solutions for 
the detection and characterization of protein binding sites that are important for new drug development. In this review, 
we present algorithms based on graph theory combined with molecular dynamics simulations that we have developed for 
studying biological target proteins to provide important data for optimizing the early stages of new drug development. A 
particular focus is the development of new protein binding site prediction algorithms (ProBiS) and new web tools for mod-
eling pharmaceutically interesting molecules—ProBiS Tools (algorithm, database, web server), which have evolved into a 
full-fledged graphical tool for studying proteins in the proteome. ProBiS differs from other structural algorithms in that it 
can align proteins with different folds without prior knowledge of the binding sites. It allows detection of similar binding 
sites and can predict molecular ligands of various types of pharmaceutical interest that could be advanced to drugs to treat 
a disease, based on the entire Protein Data Bank (PDB) and AlphaFold database, including proteins not yet in the PDB. All 
ProBiS Tools are freely available to the academic community at http://​insil​ab.​org and https://​probis.​nih.​gov.
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Introduction

In developing new drugs and vaccines, the pharmaceutical 
industry is increasingly turning to molecular modeling, a 
field in science with potential to shorten the drug discovery 
process, which studies the properties of molecules by recre-
ating them as models on computers (Martinez-Mayorga et al. 
2020). In this paper, we will describe our newly developed 
molecular modeling tools that enable studying of protein 
binding sites, which are the targets of most drugs, and enable 
the prediction of their biochemical functions, and ligands 
that could be potentially used as drugs. The research ques-
tions addressed by these tools are important for the entire 

pharmaceutical industry, since the rational development of 
new drugs is only possible if the properties of protein bind-
ing sites and their ligands are known and well characterized.

In recent decades, researchers have made discoveries that 
have revolutionized our understanding of cell structure and 
function, most notably the fact that proteins are capable of 
mutual communication and adapt their functions to current 
conditions in the cell (Phizicky and Fields 1995; Jones and 
Thornton 1996). Proteins have been found to form protein 
complexes by binding temporarily or permanently to each 
other or to other ligands. The binding occurs at a site on the 
protein surface called a binding site. Interactions between 
proteins are crucial for the functioning of biological systems, 
as they influence the function of proteins and ensure their 
self-regulation.

Protein binding sites can form complexes with small mol-
ecules, such as receptor ligands and enzyme substrates, or 
with large molecules, such as nucleic acids, peptides, and 
other proteins, the nature of the binding being determined 
by the specific physicochemical properties of their surfaces 
(Fig. 1). The prerequisite for two proteins to interact is a 
complementary pattern of interactions on their surfaces or 
binding sites, so that, the proteins are attracted to each other 
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(Weiner et al. 1982). In modeling protein interactions, the 
surface plays an important role, while the interior of the pro-
teins plays a lesser role, since only the surface amino acids 
contribute to the attractive bonds with which the protein 
binds to its partners (Schmitt et al. 2002).

The binding sites for small molecules, nucleic acid pro-
teins, ions, and certain water molecules change slowly dur-
ing evolution (Abrusán and Marsh 2018) and are conserved 
in the structures of related proteins found in the Protein Data 
Bank (PDB) (Berman et al. 2003; Kinjo et al. 2017). If we 
know the structure of a protein but not its binding sites, we 
can find binding sites on that protein by comparing it to the 
approximately 190,000 known structures in the PDB; simi-
larities found between the structure studied and those from 
the database generally coincide with the binding sites on 
those proteins, and if the function of similar proteins in the 
database is known, the comparison also allows us to predict 
the function of the proteins studied (Konc et al. 2013).

Many computational tools have been reported for binding 
site analysis and prediction (Kinoshita et al. 2002; Kinoshita 
and Nakamura 2005; Salentin et al. 2015; Jakubec et al. 2022), 
some of which are based on clique-finding algorithms (Ren 
et al. 2010; Chartier and Najmanovich 2015), and conserva-
tion of hot-spot structure may be insufficient for detection 
(Cukuroglu et al. 2012; Chen et al. 2012). Phylogenetic protein 

sequences have been used to detect the conservation of sur-
face residue sequences (Glaser et al. 2003). Other traditional 
approaches take advantage of the fact that the 3D structure is 
evolutionarily more conserved than the residue sequence. The 
function of a protein can be determined by finding at least one 
structurally similar protein whose function is already known 
in the PDB. These methods compare the overall 3D shape of 
proteins or protein folds.

We have developed protein binding site tools (ProBiS) 
consisting of web servers, databases, and protein and ligand 
binding site prediction algorithms, all based on a graph theo-
retic algorithm, a fast and improved maximum clique algo-
rithm that we developed in 2007 (Fig. 2) (Konc and Janezic 
2007). The ProBiS Tools have been independently validated 
and are widely used in pharmaceutical research (Ehrt et al. 
2016, 2018; Fu et al. 2016; Vankayala et al. 2017; Ramatenki 
et al. 2017; Bancroft et al. 2019). One such application is the 
development of novel biological drugs, where a combina-
tion of ProBiS structure comparison and molecular dynam-
ics simulations was used to reduce unwanted side effects of 
an antibody-based drug, ipilimumab, without compromising 
its stability or increasing its immunogenicity (Lešnik et al. 
2020). The ProBiS algorithm compares local physicochemi-
cal and geometric properties of protein surface structures to 
identify common amino acid motifs independent of protein 
folding (Konc and Janežič 2010). This algorithm is unique 
because it does not require the binding site on the protein 
to be known in advance, but instead compares the entire 
surface of the protein in question to the surfaces of other 
proteins and identifies similar binding sites based on the 

Fig. 1   Binding site and different possible ligands on a protein

Fig. 2   A maximum clique problem. Maximum clique (red) is the 
largest fully connected subgraph within a graph
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detectable local surface similarities. An extension of this 
algorithm, the ProBiS-ligands web server (Konc and Janežič 
2014), predicts the interactions and positions of ligands with 
a given protein based on the detection of similarities within 
protein binding sites in the PDB. Ligands that bind to similar 
binding sites identified by this algorithm are transferred to 
the query protein binding site by rotating and translating 
their coordinates based on the superposition of binding sites, 
with each group of ligands of the same type representing a 
predicted binding site.

In the following sections, we provide an overview of the 
development of ProBiS Tools and present examples of their 
capabilities.

What is ProBiS?

The ProBiS algorithm is computer software that allows the 
prediction of binding sites and the corresponding ligands for 
a given protein structure (Konc and Janežič 2010). It was 
originally developed in 2010 and has since been expanded 
into several ProBiS web servers and databases, all under the 
name ProBiS Tools that:

•	 enable rapid determination of binding sites for the entire 
PDB

•	 are, to the best of our knowledge, currently the only tools 
that can accurately determine the type of ligand for a 
predicted binding site

•	 are currently the only ones that allow the determination 
of binding sites and ligands for AlphaFold proteins not 
yet included in the PDB (Varadi et al. 2022).

What is maximum clique algorithm?

A maximum clique problem is an NP-hard problem for 
which there is most likely no polynomial solution. A maxi-
mum clique algorithm finds the largest fully connected sub-
graph (a clique) in an undirected graph, i.e., the one with the 
most vertices. We have developed an algorithm for finding 
a maximum clique in an undirected graph that is up to 100 
times faster than the best comparable algorithm (Konc and 
Janezic 2007; Depolli et al. 2013; Reba et al. 2022).

Protein graphs

Proteins can be represented as protein graphs (Konc and 
Janežič 2007, 2010; Depolli et al. 2013). In protein graphs, 
the vertices have spatial coordinates, and they are located at 
the geometric centers of the functional groups of the amino 
acids of the protein surface. The vertices are labeled with 

five different colors corresponding to the five physicochemi-
cal properties, i.e., acceptor, donor, π-π-stacking, aliphatic, 
and acceptor–donor, of the protein surface amino acids at the 
resolution of the functional groups. Two vertices ui and uj of 
a protein graph G are adjacent, i.e., an edge (ui, uj) ∈ E(G) 
exists between them if the distance (ui, uj) is less than 15 Å.

How can a maximum clique detect the local 
similarity of two proteins?

A pair of protein graphs can be compared by finding a 
maximum clique, i.e., the clique with the most vertices, 
in their product graph, where the maximum clique repre-
sents the superposition that aligns the most vertices of the 
compared protein graphs (Konc and Janežič 2007, 2010; 
Depolli et al. 2013). The protein product graph of two pro-
tein graphs G1 and G2 is defined by the set of vertices V(G1, 
G2) = V(G1) × V(G2). Each vertex of the protein product 
graph (ui, vi) consists of two subvertices: a subvertex from 
the first protein graph (ui ∈ G1) and a subvertex from the 
second protein graph (vi ∈ G2). In general, a protein prod-
uct graph has x × y vertices if the respective protein graphs 
have x and y vertices; however, we reduce its size by con-
sidering as product graph vertices only those where the two 
subvertices have identical colors, i.e., identical physico-
chemical properties, and similar neighborhoods. We con-
nect two protein product graph vertices (ui, vi) and (uj, vj), 
where (ui, uj) ∈ E(G1) and (vi, vj) ∈ E(G2), by inserting an 
edge between them if |distance(ui, uj) − distance(vi, vj)| is 
less than 0.5 Å, which means that the distances between 
the respective first and second subvertices in both protein 
graphs must be nearly equal. A maximum clique in the pro-
tein product graph constructed in this way represents the 
largest similarity between the two compared protein graphs 
in terms of physicochemical and geometric properties and 
allows us to identify pairs of similar binding sites and other 
similar surface regions in proteins independent of their pro-
tein folds.

ProBiS Tools development

We have developed new methodological solutions for the 
prediction and study of protein binding sites and their 
ligands based on graph theoretical approaches combined 
with molecular simulations (Fig. 3). These are:

MaxCliqueDyn algorithm  We have developed a new algo-
rithm for finding a maximum clique in an undirected graph 
(http://​insil​ab.​org/​maxcl​ique), in which we have improved 
approximate coloring algorithm that is used by the maxi-
mum clique algorithm to provide bounds to the size of 
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the maximum clique (Konc and Janezic 2007). We then 
extended this algorithm to include dynamically varying 
bounds to adapt the maximum clique search to the type of 
input graph (Depolli et al. 2013; Reba et al. 2022). We show 
that by applying tighter, more computationally expensive 
upper bounds on a fraction of the search space, it is possible 
to reduce the time to find the maximum clique. This result-
ing algorithm is significantly faster (between 10 × and 100 ×) 
than comparable algorithms.

ProBiS algorithm  The ProBiS algorithm (http://​insil​ab.​org/​
probis-​algor​ithm) enables local structural matching of entire 
protein surface structures against a large database of protein 
structures in a reasonable amount of time (Konc and Janežič 
2007, 2010). The comparison includes geometry and phys-
icochemical properties and is performed at the amino acid 
functional group level. The algorithm compares the query 
protein to each of the database proteins, using the maximum 
clique algorithm (Konc and Janezic 2007; Depolli et al. 

Fig. 3   Timeline of ProBiS Tools development
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2013), which allows it efficiently to detect the largest simi-
lar subgraphs of compared protein graphs. For each pairwise 
comparison of the query protein with a database protein, the 
algorithm generates multiple local alignments of the surface 
regions found in both proteins; no attempt is made to align 
the proteins globally, and similar folding is not a require-
ment for a relationship between the two proteins. Because 
no assumptions are made about the localization of binding 
sites prior to comparison, ProBiS can discover new binding 
sites and suggest ligands that might host these binding sites. 
Due to the high computational cost, the comparison of such 
a number of proteins on a local level and in such a short time 
has not been possible before, even with high-performance 
computers.

ProBiS‑ligands web server  The ProBiS-ligands web server 
(http://​probis.​cmm.​ki.​si) predicts the binding of ligands to 
a protein structure (Konc and Janežič 2014). Given a pro-
tein structure or binding site, ProBiS-ligands first identify 
template proteins in the PDB that have similar binding sites. 
Based on the superimpositions of the query protein and the 
similar binding sites found, the server then transfers the 
ligand structures from these sites to the query protein. Such 
ligand prediction supports many activities, such as drug 
repurposing (Štular et al. 2016). In addition to identifying 
protein ligands, the ProBiS-ligands web server can also be 
used to accurately identify structurally similar binding sites 
in protein structures or structural evolutionary conservation 
values.

ProBiS‑CHARMMing web server  Unlike the ProBiS web 
servers, ProBiS-CHARMMing (https://​probis.​nih.​gov) is 
hosted at the National Institutes of Health, Bethesda, MD, 
USA (Konc et al. 2015). ProBiS-CHARMMing provides 
all the features of the ProBiS web servers, plus molecular 
modeling capabilities, and allows minimization of predicted 
ligands and their binding sites and calculation of their inter-
action energies. This is achieved by integrating ProBiS with 
the CHARMMing web server at https://​charm​ming.​org 
(Miller et al. 2008; Brooks et al. 2009). The main strength 
of the ProBiS CHARMMing web server is that it is able to 
remove steric clashes between predicted ligands and pro-
teins, which can be the cause of unrealistic models, and also 
remove the lack of energy-based scores to assess the strength 
of ligand binding. The web interface also facilitates the crea-
tion of CHARMM-friendly protein–ligand systems, includ-
ing CHARMM input scripts for further modeling. The server 
can be used to predict energy-minimized holo protein struc-
tures, that is, protein–protein, protein-small molecule, and 
protein-ion complexes with unliganded (apo) protein struc-
tures as queries, and provides an interactive environment 
where users can explore the predicted protein–ligand com-
plexes and calculate and compare their energy properties.

GenProBiS  The GenProBiS web server (http://​genpr​obis.​
insil​ab.​org) links sequence variants to protein structures 
and also to protein–protein, protein-nucleic acid, protein-
compound, and protein-metal ion binding sites (Konc et al. 
2017). This server enables intuitive visual exploration of 
extensive mapped variants, such as human cancer-associ-
ated somatic missense mutations and nonsynonymous sin-
gle nucleotide polymorphisms from 21 species, within pre-
dicted binding site regions for approximately 80,000 PDB 
protein structures. It also enables the discovery of potentially 
deleterious sequence variants and the development of new 
hypotheses for drug discovery, e.g., to explain the sensitiv-
ity of a particular drug to a specific mutation in a protein 
binding site.

ProBiS H2O  We have developed the ProBiS H2O plugin 
for PyMOL (http://​insil​ab.​org/​probis-​h2o) that allows 
rapid identification of conserved water ligands in a protein 
structure or protein binding site using experimental protein 
structures from the PDB or a set of custom protein struc-
tures available to the user (Jukic et al. 2017). Identifying 
conserved water sites in protein structures is a challenging 
task that has applications in molecular docking and protein 
stability prediction. Using a protein structure, binding site, 
or single water molecule as a query, ProBiS H2O collects 
similar proteins from the PDB and performs local or binding 
site-specific superimpositions of the query structure with 
similar proteins using the ProBiS algorithm. It collects the 
experimental water molecules from similar proteins and 
transfers them to the query protein. The transferred water 
molecules are clustered according to their mutual proxim-
ity, identifying discrete sites in the query protein with high 
water conservation.

ProBiS H2O MD  The ProBiS H2O MD plugin (http://​insil​
ab.​org/​probis-​h2o-​md) is an extension of the ProBiS H2O 
approach and allows the identification of conserved waters 
as ligands from molecular dynamics trajectories of proteins 
in water (Jukič et al. 2020). It uses snapshots of a protein in 
water from a MD trajectory to identify conserved water sites 
and allows visualization of the identified conserved water 
sites on a protein.

ProBiS‑Dock database  This is a web server and interactive 
web repository of small ligand–protein binding sites (http://​
probis-​dock-​datab​ase.​insil​ab.​org) for drug design of more 
than 1.4 million small ligand–protein binding sites in the 
PDB, which allows these binding sites to be ranked accord-
ing to their druggability (Konc et al. 2021). A new drug-
gability score is used to measure the suitability of a bind-
ing site for drug development. It is defined as the extent to 
which the binding site is currently used in drug develop-
ment, as reflected by the proportion of PDB structures of this 
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and similar binding sites bound with ligands with druglike 
properties. The druglike nature of a ligand is measured by 
the molecular complexity of the ligand, which takes into 
account the elemental composition and the number of rings 
in the compound’s structure. This helps screen out binding 
sites that bind to small molecules with simple structures 
that could bind nonspecifically to many proteins and favors 
binding sites that bind to molecules that are similar to most 
existing drugs. Another unique feature of the database is the 
division of ligand binding site into compound (substrate-
competitive) and cofactor (cofactor-competitive), which 
may be particularly suitable for drug design, where typi-
cally inhibitors against a substrate or against a cofactor are 
developed.

ProBiS‑Dock algorithm  ProBiS-Dock (http://​insil​ab.​org/​
probi​sdock) is a hybrid multitemplate homology algorithm 
for flexible docking enabled by protein binding site com-
parison (Konc et al. 2022). It is a small molecule docking 
(and inverse docking) approach based on predicted binding 
sites that enables flexible docking of small ligands to flexible 
protein binding sites. The ProBiS-Dock algorithm can be 
used in drug development for new drug candidate discovery, 
drug repositioning, and off-target effects. It complements 
the ProBiS-Dock Database in the sense that its input, the 
prepared binding sites, can be obtained from that database. 
The algorithm treats small molecules and proteins as fully 
flexible entities and allows conformational changes in both 
after ligand binding. A new scoring function is described 
that consists of a binding site-specific scoring function (Pro-
BiS-Score) and a general statistical scoring function. This 
allows the scoring function to adapt to each protein binding 
site in the PDB. ProBiS-Dock enables rapid docking of small 
molecules to proteins and has been successfully validated in 
silico against standard benchmarks. It enables the search for 
new active ligands by leveraging existing knowledge in the 
PDB. The potential of the software for drug discovery has 

been confirmed in vitro by the discovery of new inhibitors 
of human indoleamine 2,3-dioxygenase 1, an enzyme that is 
an attractive target for cancer therapy (Dolšak et al. 2021).

ProBiS‑Fold web server  This web server and database 
(http://​probis-​fold.​insil​ab.​org) enables annotation of human 
structures from the AlphaFold database (Varadi et al. 2022) 
with no corresponding structure in the PDB to discover new 
druggable binding sites (Konc and Janežič 2022). It con-
tains predictions of binding sites and their corresponding 
ligands from the whole human structural proteome (Fig. 4). 
The predicted binding sites are divided into protein, peptide, 
nucleic acid, small molecule, further subdivided into com-
pound (for substrate/agonist competitive ligands) and cofac-
tor (for cofactors and cofactor-competitive ligands) binding 
sites, conserved water, metal ion, and glycan-binding sites 
according to the type of ligand they bind. In contrast to our 
previous approach, peptide ligand binding sites are detected 
separately from protein binding sites because peptides are 
an important new class of drugs that are distinct from pro-
teins. For ion and water ligands, only biologically relevant 
metal ions and conserved water molecules are considered. 
Conserved water molecules are those found in more than 
10 PDB structures bound to a similar motif and have a high 
conservation score greater than 0.6. Biologically relevant 
metal ions are those found in more than 10 PDB structures 
at the same location. A total of 149,960 binding sites were 
predicted for the entire human structural proteome. Impor-
tantly, binding sites were identified on protein structures for 
small molecules that do not have a corresponding structure 
in the PDB; 573 of these binding sites are highly druggable 
and 921 other sites are druggable as judged by our drug-
gability score. These represent a novel pool of binding sites 
for previously unknown protein structures that could enter 
pharmaceutical pipelines. ProBiS-Fold is an extension of 
the ProBiS-ligands (Konc and Janežič 2014) and the Pro-
BiS-CHARMMing web interface (Konc et al. 2015) for 

Fig. 4   ProBiS-Fold web server as an extension of ProBiS-Dock Database with AlphaFold DB
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prediction and optimization of ligands in protein binding 
sites, as well on a recent addition, the GenProBiS web server 
(Konc et al. 2017) and in particular, it is an extension of the 
ProBiS-Dock Database (Konc et al. 2021) with protein mod-
els from the recently developed AlphaFold database (Jumper 

et al. 2021; Varadi et al. 2022) which provides open access to 
protein structure predictions for the human proteome and 20 
other key organisms (DeepMind, Google, https://​alpha​fold.​
ebi.​ac.​uk) is thus opening up completely new possibilities 
for drug research on virtually the entire human proteome as 

Fig. 5   ProBiS-Fold web server results page shows a 3D view of 
a predicted binding site (blue surface) for the SARS-CoV-2 spike 
protein (gray cartoon) on a human angiotensin-converting enzyme 
2 (ACE2) protein model from the AlphaFold database (model con-
fidence-colored cartoon). Binding site residues on ACE2 are CPK-

colored sticks. The list of predicted ligands for this binding site is 
below the viewer. Links to all the different predicted binding sites 
(protein, compound, cofactor, glycan, metal ion, and peptide) for the 
ACE2 protein are on the left

1419Biophysical Reviews (2022) 14:1413–1421

https://alphafold.ebi.ac.uk
https://alphafold.ebi.ac.uk


1 3

well as on proteomes of other species. The ProBiS-Fold web 
server enables the characterization of binding sites for novel 
protein targets and greatly increases the number of potential 
protein targets that could be used in drug discovery.

Using ProBiS-Fold, we can predict binding sites for 
protein structures predicted by AlphaFold, which may or 
may not already have a structure in the PDB. The predicted 
binding sites are classified by the type of ligand they bind, 
and the server also allows construction of complexes of the 
protein with predicted ligands. An example of the output is 
shown in Fig. 5, in which angiotensin-converting enzyme 2 
was used as a query and for which ProBiS-Fold predicted 
the ligand of the spike protein of SARS-CoV-2 and a cor-
responding binding site.

Conclusions

We have developed ProBiS Tools for protein binding site 
detection and ligand prediction and characterization. The 
newly developed ProBiS-Fold web server is the latest addi-
tion to the suite of tools. It annotates the AlphaFold human 
protein structure database of more than 24,000 predicted 
protein structures with ligand binding sites and sites for post-
translational modifications, and 3D structures of ligands that 
bind to these sites, using a structure-based, comparative 
approach, and for the first time makes it possible to examine 
structures in the AlphaFold Database for which there is no 
corresponding structure in the PDB and to predict in detail 
where the binding sites are located, to which ligands they 
bind, and whether the binding sites are suitable for drug 
development. It can show the reliability of the AlphaFold 
structure, especially at the binding sites. As a world first, the 
binding sites are categorized into protein, peptide, nucleic 
acid, small molecule (substrate and cofactor competitive), 
metal ion, conserved water, and glycan types, depending on 
which ligands they bind. All of our past, present, and future 
web servers and tools are freely available to academic users 
at http://​insil​ab.​org and at https://​probis.​nih.​gov.
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