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Lead optimization 

Hit-to-lead 

Drug Discovery and Development Process 

The average length of time from target 

discovery to approval of a new drug currently 

averages about 13 years, the failure rate 

exceeds 95 percent, and the cost per 

successful drug exceeds $1 billion. 
 

Francis S. Collins, NIH Director 

http://www.rsc.org/chemistryworld/Issu
es/2012/January/ColumnInpipeline.asp 

Drug resistance 

Scaffold hopping 

http://www.ncats.nih.gov/research/reengineering/timeline.html
http://www.ncats.nih.gov/files/translational_science_07062011.pdf
http://www.ncats.nih.gov/files/translational_science_07062011.pdf


Plan 

1. Modularity of structures, interactions networks  promiscuity of 
drugs that target a given modular domain  lack of selectivity  
importance of site specificity in defining pathways that are affected 

 

2. Designing drugs that target specific sites; effect of conformational 
flexibility, unraveling structural dynamics and its functional 
significance 

 

3. Polypharmacology: learning from experiments and computations; 
new strategies for mapping the space of chemical compounds and 
targets, drug repurposing 
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Annual Rev Biochem 2006 

Diversity and complexity of phenotypes in humans  
 

arise from the variety of combinations of proteins and domains 

working as modular machines, or  as networks of interactions 



Structural modularity 

• The ability of a large molecule to be separable into multiple domains, or 

to be composed of multiple subunits 

 

• Structural modularity often entails functional modularity allowing 

transfer of function between diverse molecular systems  



Signaling proteins have developed a number of strategies 

for controlling their input and output connectivities 



PPI network modularity 

• The ability of a protein-protein interaction  (PPI) networks to be 

separable into multiple modules 

 

• PPI modularity also entails functional modularity allowing transfer of 

function between diverse cellular pathways 



                                              Oltvai & Barabasi, Science 298, 763-764, 2002.   

    

PPI network modularity 

Life’s complexity pyramid 



Promiscuity of drugs 

 Suppose you target a modular domain: you simultaneously target 

many proteins that contain the same domain (e.g. SH2 domain, 

ATPase domain, etc), which in turn affects many pathways. The 

drug is not selective enough.  

 

 



SMART (Simple modular architecture research tool) DB for extracting information on modular domains (a total of 1,009 

domains) (Letunic, Doerks & Bjork, Nucl Acids Res 40, D302-305, 2012).  (http://smart.embl.de/)   
 

80,000 + PDB structures, 1,200 distinct folds 

Abundance of selected modular domains in eukaryotes 

http://smart.embl.de/


Example: combinatorial inhibition of multiple CDKs  
(and related Ser/Thr kinases) 

 
Drug 

CDKs Inhibited 

Flavopiridol (Alvocidib) 1, 2, 4, 6, 7, 9 

Olomoucine 1, 2, 5 

Roscovitine 1, 2, 5 

Purvalanol 1, 2, 5 

Paullones 1, 2, 5 

Butryolactone 1, 2, 5 

Thio/oxoflavopiridols 1 

Oxindoles 2 

Aminothiazoles 4 

Benzocarbazoles 4 

Pyrimidines 4 

Dinaciclib(*) 1, 2, 5, 9 

CDKs are anti-cancer targets, involved in cell cycle 

regulation; however, many CDKs are involved in other 

pathways (e.g. glucose homeostatis, viral infection) and 

disruption of these CDK-mediated pathways may have 

undesirable side-effects. 

(*) Dinaciclib (SCH7272965): A novel and potent CDK inhibitor” Parry et al. (2010) Mol Cancer Therapeutics 9, 2344-53 

Multitargeted nature of CDK inhibitors! 

http://en.wikipedia.org/wiki/Alvocidib


Two drugs, same targets, different side effects:  

Importance of selectivity 

Parry et al. (2010) Molecular Cancer Therapeutics 9, 2344-2353 

SCH 727965 specifically inhibits the 

phosphorylation of retinoblastoma tumor 

suppressor protein, while flavopiridol affects 

a broad range of Ser/Thr and Tyr kinases   

 

poor therapeutic index 



Inhibitor                        Target Proteins                       

How does size of inhibitor affect selectivity? 

Protein promiscuity and its implications for biotechnology. Nobeli I, Favia AD, Thornton JM. Nat Biotechnol.29:157-67  (2009) 

http://www.ncbi.nlm.nih.gov/pubmed/19204698
http://www.ncbi.nlm.nih.gov/pubmed/19204698
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Protein promiscuity and its implications for biotechnology. Nobeli I, Favia AD, Thornton JM. Nat Biotechnol.29:157-67  (2009) 

http://www.ncbi.nlm.nih.gov/pubmed/19204698
http://www.ncbi.nlm.nih.gov/pubmed/19204698


Protein Promiscuity 

 Many signaling enzymes are involved in multiple 
pathways, and  

 

 Depending on the targeted surface region, the 
interactions with different (or multiple) upstream or 
downstream partners/substrates may be affected, 

 

 which in turn would impact different (or multiple) 
pathways, and may result in toxic effects 



S cerevisiae MAPKKs serve different functional roles despite high degree of  

sequence similarity 

Humans have ~ 500 protein 
kinases, that share a 
conserved catalytic domain 
of 250-300 residues but 
have different functions 

(divergent evolution) 

Angela P. Won, Joan E. Garbarino, Wendell A. Lim 

Proc Natl Acad Sci 108, 9809-9814 (2011) 

Same structure, different 

amino acids 



Many MAPKs have analogous D-box motifs, including mammalian MAPKs p38, JUNK, ERK, etc 

Significance of targeting a specific site,  

not only a target protein 
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Old view 

Fisher lock-and-key mechanism of docking 



Possible mechanisms of protein-substrate binding 

Lock-and-key (Emil Fischer, 1895) 

Induced fit (Koshland, 1958)  

PSTI 
 
Trypsinogen 
(bound) 
 

 

PSTI 

 

 

 

 

 

  Trypsinogen 

       (unbound) 

 Li, Keskin et al.  (2004)  JMB 344, 781  

“complementary pockets” 



MKP-1 VHR 

A problem:  

Hard to discriminate between different binding compounds/poses for a given target if the 

surface does not present suitable pockets 

"Structurally Unique Inhibitors of Human Mitogen-activated Protein Kinase Phosphatase-1 Identified in a 

Pyrrole Carboxamide Library."Lazo et al (2007) J Pharmacol Exp Ther.  

Shape complementarity is essential to identifying binding poses 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17538006&ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


cMET and Crizotinib 

Increases solubility 



New view 

   It is critically important to consider target flexibility (structural 

dynamics) so as to design selective, potent drugs 



Optimization of interactions facilitated by the flexibility of side chains appears to 

be a major determinant of binding pose selected by high affinity compounds 

Conformational Flexibility - Local optimization of interactions 



Structural changes beyond local rearrangements 

N-lobe 

C-lobe 

Cyclin 

CDK2 (bound) 

 

CDK2 undergoes domain movements upon binding cyclin.  

N-lobe 

C-lobe 

Cyclin 

CDK2 (bound) 

CDK2 (unbound) 
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Are all targets druggable? 

Lead optimization 

Hit-to-lead 

Drug resistance 

Scaffold hopping 

Mechanism of action 

Druggability 

http://www.ncats.nih.gov/research/reengineering/timeline.html


Druggable Genome 

Hopkins and Groom, Nat Reviews Drug Disc, 2002  

All disease modifying genes are not druggable 

+430 kinases 
+70 kinases 

+600 GPCRs 

+100 GPCRs 

+25 PTPs 

+80 PTPs 

Precedence based analysis 



Druggable or not? 

Is this protein druggable? 

If so, how druggable is it  

      (what is maximal affinity)? 

What is this protein? 

MDM2 is a negative feedback regulator of 

the p53 tumor suppressor. 

 

Active site druggability: 

 Best known Kd (2e-) 0.6 nM 

 Simulation (2e-) 0.3-2.0 nM 



Lfa1 is a leukocyte cell surface glycoprotein that promotes 
intercellular adhesion and binds intercellular adhesion 
molecule 1 
 
Active site druggability: 
 Best known Kd 18.3 nM 
 Simulation  0.03-0.5 nM 

Druggable or not? 



Kinesin Eg5 has a druggable allosteric 
site. eg5 has a role in cell division and 
is an anti-cancer target. 
 
Druggability: 
 Best known Kd  0.2 nM 
 Simulation  0.3 nM 

Druggable or not? 



Druggability from Experiments 

X-ray crystallography 

• protein structure is solved in presence 

of small organic molecules 

NMR screening 

• compounds from a fragment-library 

are screened as mixtures of 20-30 

compounds, druggability is calculated 

from chemical shift perturbations 

Elastase 

Mattos and Ridge, Nat Biotechnology, 1996 

Hajduk et al., J Med Chem, 2005 



Structure-Based Druggability 

• Probe Docking 
– isopropanol, acetone, ethane, benzene, etc 

Brenke R et al. Bioinformatics 2009;25:621-627 



Cheng, A. C. et al. (2007). Nature biotechnology, 25(1), 71–5. 

Structure-Based Druggability 



Druggability simulations 

binding site 

Initial state 

10,000 frames 

Simulation trajectory 
MDM2 

Isopropanol  
(observed in 57% of drugs) 

Isopropylamine (+1) 
(25%) 

Acetamide  
(21%) 

Acetate (-1) 
(21%) 

Bakan &  Bahar, J Chem Theory Comput. 8:2435-2447, 2012 



eg5 Kinesin Simulations 

252 
(70%) 

32 
(10%) 

32 
(10%) 

32 
(10%) 

7200 
20 per probe 
(not shown) 

eg5 and an allosteric inhibitor 
eg5 structure immersed in probes and water 

eg5 has a role in cell division and is an anti-cancer target 

Bakan &  Bahar, J Chem Theory Comput. 8:2435-2447, 2012 



Bakan &  Bahar, J Chem Theory Comput. 8:2435-2447, 2012 

eg5 kinesin druggability 



eg5 Druggable Sites 

Tubulin binding  
site (0.3 nM) 

Allosteric 
site (0.3 nM) 

3rd site (47 nM) 
Best Kd

 0.2 nM 
Prediction 0.3 nM 

- 

+ + 

- 

Bioorg. Med. Chem. Lett. 2007, 17, 5677-5682 

38 Bakan &  Bahar, J Chem Theory Comput. 8:2435-2447, 2012 



Other Test Cases 

p53 

J Med. Chem. 2009, 52, 7970-7973 

MDM2 p53 site 
Best Kd

 0.6 nM 
Prediction 0.3 nM 

- 

- 

- 

- 
- 

Bioorg. Med. Chem. Lett. 2003, 13, 3947-3950 

PTP1B catalytic site 
Best IC50  2.2 nM 
Prediction 0.3 nM 

Bound 
Unbound 

Biochemistry 2004, 43, 2394-2404 

LFA-1 allosteric site 
Best IC50  0.35 nM 
Prediction 0.03 nM 

Adenine/ribose 
pocket  

allosteric 
pocket 

A 

+ 

J Med. Chem. 2010, 53, 2973-2985 

p38 MAPK active site 
Best IC50  0.05 nM 
Prediction 0.01 nM 

39 



Structural variability  adaptability to multiple 
substrate-binding 



RESEARCH ARTICLES 

Recognition Dynamics Up to Microseconds Revealed from an RDC-Derived 

Ubiquitin Ensemble in Solution 
Oliver F. Lange, Nils-Alexander Lakomek, Christophe Farès, Gunnar F. Schröder, Korvin F. A. Walter, Stefan Becker, Jens Meiler, 

Helmut Grubmüller, Christian Griesinger, Bert L. de Groot 

• It has been challenging to access the motions on nanosecond-

to-microsecond time scales.  

 

• a structural ensemble of ubiquitin is generated, refined against 

residual dipolar couplings (RDCs), comprising solution dynamics 

up to microseconds.  

 

• The ensemble covers the complete structural heterogeneity 

observed in 46 ubiquitin crystal structures, most of which are 

complexes with other proteins.  

 

•  Conformational selection, rather than induced-fit, explains 

the molecular recognition dynamics of ubiquitin.  

 

• A large part of the solution dynamics is concentrated in one 

concerted mode, which accounts for most of ubiquitin's 

molecular recognition heterogeneity and ensures a low entropic 

complex formation cost.  

Lange et al (2008) Science 320, 1471 - 1475  

Reference 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1544146


A single collective mode allows for the selection of 

optimal interaction with the substrate 

The conformational changes observed in x-ray structures are well described within the first five principal components. Although the number of 

degrees of freedom is reduced from 1839 to only 5, all x-ray structures can be described up to a backbone RMSD of 0.45 ± 0.04 Å.  

https://sslvpn.pitt.edu/content/vol320/issue5882/images/large/,DanaInfo=www.sciencemag.org+320_1471_F5.jpeg


Allosteric changes in conformation 

Biomolecular machinery, signaling events and many other activities 

entail 

… and drugs need to be designed for 

 

‘moving targets’  

 

or  

 

‘intermediate states’  

 

that are sampled during biological 

function 

  



Many proteins are  

molecular machines 

GroEL (chaperonin) 

Glutamate transporter 

Satellite tobacco mosaic virus 

ANM server   (Eyal et al  Bioinformatics 2006) 



Elastic Network Models in Structural Biology 

I. Construction of EN models at 

hierarchical levels of resolution using 

PDB or cryo-EM data 
 

II. Analyzing their dynamics of using 

normal mode analysis (NMA) and 

methods of graph theory,  
 

III. Using the results for refining structures, 

flexible docking, domain parsing, steered 

MD  
 

IV. Accumulation of results in DBs, 

comparative analysis of family members; 

extract conserved dynamic patterns.   

Bahar & Rader (2005) Curr Opin Struct Bio 15, 586-592  



Intrinsic dynamics is functional 

open closed 

tense (T) relaxed (R) 

Experiments Theory 

T R transition of Hb intrinsically 

favored by global dynamics 

Xu, Tobi &  Bahar (2003) J. Mol.  

Biol.  333, 153;  Mouawad & Perahia 

(1996) J. Mol. Biol 258, 393. 

E coli adenylate kinase dynamics: 

comparison of elastic network 

model modes with mode-coupling 

(15)N-NMR relaxation data. Temiz 

NA, Meirovitch E, Bahar I. (2004)  

Proteins 57, 468.  

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15382240&ordinalpos=30&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15382240&ordinalpos=30&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


Dynamics inferred from known structures 
 

      A. Comparison of static structures available in the PDB for the same protein in 

different form has been widely used as an indirect method of inferring dynamics.  

 

B. NMR models provide information on fluctuation dynamics 

Bahar et al. J. Mol. Biol. 285, 1023, 1999.   

Zhang, Tanaka, et al. 1995  



Bakan & Bahar, Proc Natl Acad Sci 2009 



+ 

Induced fit Pre-existing equilibrium Conformational selection 

Emerging Picture 



Comparison of predicted structures  
with X-ray crystallographic structure (green) 

Energy minimized 1uea                       NMA-driven 1uea 

Predicted 
(magenta)  Predicted 

(yellow)  



Important targets: membrane proteins 

Simulations of membrane proteins in the 
presence of explicit water and lipid molecules 

CNS Synaptic signaling involves many receptors, channels, transporters currently 
serving as drug targets 



Plan 

1. Modularity of structures, interactions networks  
promiscuity of drugs that target a given modular domain  
lack of selectivity  importance of site specificity in 
defining pathways that are affected 

 

2. Designing drugs that target specific sites; effect of 
conformational flexibility, unraveling structural dynamics 
and its functional significance 

 

3. Polypharmacology: learning from experiments and 
computations; new strategies for mapping the space of 
chemical compounds and targets, drug repurposing 

 

 

 



Nobeli et al., Nature Biotechnology (2009) 



Strategies 

Targeting multiple sites on a target that we would like to (completely) 

inhibit 

 

Targeting multiple proteins on a pathway that we would like to 

(completely) inhibit 

 

 



Two target sites on HIV-1 RT 

Two hinge-bending centers on RT  

 

(1) near the NNRTI binding site, involving residues 

107-110, 161-165, 180-188 and 219-231, and  

 

(2) At the interface between the RNase H domain  

and the p66 connection: residues 363-366, 

394-408, 410-423 on p66 and 424-429 and 

504-512 on Rnase H 

Combination antiretroviral therapy: 

simultaneous blocking of HIV RT, gag, and 

integrase + host CCR5 receptor 

Temiz & Bahar (2002) Proteins 49, 61-70.  



Gong et al (2011) Chem Biol Drug Des 77, 39-47 

Temiz & Bahar (2002) Proteins 49, 61-70.  

 499 – 520 

2nd site confirmed to be the drug binding site for an inhibitor of RNase H activity! 



GNF-2 binds to the myristate-binding site of Abl, leads to changes in the 

structural dynamics of the ATP-binding site!  



Targeting wild-type and mutant Bcr-Abl 

tyrosine kinase by simultaneously 

inhibiting 

 

- the ATP binding site (by 

Imatinib/Gleevec)  

- the myristate pocket (by GNF-2) 

Evidence for GNF-2 binding to the myristate pocket of Abl. HSQC 

spectrum of Abl/imatinib with (red) and without (black) GNF-2 (top) shows 

chemical shift changes induced by ligand binding. Mapping of chemical shift 

changes to structure (PDB 1OPK8 bottom) identifies the myristate pocket as 

the GNF-2 binding site. Sizes of spheres are proportional to the magnitude of 

chemical shift changes. b, Same as a except myristic acid used instead of 

GNF-2. 

 

Background: Two recently approved drugs nilotinib 

(AMN107)1 and dasatinib (BMS-354825) 2,3 address the 

majority of imatinib resistance mutations, but fail to 

suppress the activity of the mutant T315I 

See also Fabro et al. 

Biophys Biochim Acta 2011 

Inhibition of myristate pocket, in addition to ATP-binding site 

http://www.ncbi.nlm.nih.gov/pubmed/12654251
http://www.ncbi.nlm.nih.gov/pubmed/15710326
http://www.ncbi.nlm.nih.gov/pubmed/17853901
http://www.ncbi.nlm.nih.gov/pubmed/15256671


Imatinib (a.k.a. Gleevec, Glivec, STI-571) 

Imatinib was developed for chronic myelogenous leukemia 

(CML), but was also used for gastrointestinal stromal tumors 

(GISTs) and some other diseases. 

Bcr-Abl tyrosine kinase  



Understanding Imatinib Resistance 

IC50 ~200 nM IC50 > 10,000 nM 

6 out of 9 cases of advanced stage CML 
with imatinib resistance carries this 
mutation 



Imatinib vs Nilotinib (AMN107) 

Novartis, approved in 2003 Novartis, approved in 2001 

Cancer Cell. 2005 Feb;7(2):129-41. 



Nilotinib, not any better for T315I 

` 

British Journal of Cancer (2006) 94, 1765–1769. 

nM 



Dasatinib occupies a different part of the pocket 

Cancer Res. 2006 Jun 1;66(11):5790-7. 

Dasatinib 
Bristol Myers Squibb,  
approved in 2011 

Imatinib 

Imatinib 

Dasatinib 



Ponatinib vs. Imatinib 



Ponatinib is potent against T315I 

` 



 --------   25 Å ------  

A challenge: to bridge between molecular & cellular dynamics 

Molecular events 

 
● Limited to small systems (one 

macromolecule) or short times (~ ns) 

● Dependent on force field 

● Solvent effect – a problem 

Subcellular/cellular events 

? 

 
● Simple mass-action kinetics 

● No spatial-structural realism 

● Lack of data for model parameters 

 



 --------   25 Å ------  

? 
Hanah & Weinberg, 2002 

And physiological responses 

A challenge: to bridge between molecular & cellular dynamics 



BCI hyperactivates  
FGF signaling 

Fibroblast growth factor binding activates the 
MAPK pathway, leading to cell proliferation, 
organ development. Dusp6 serves as an 
attenuator/regulator by inhibiting ERK  

Experiments with transgenic zebrafish embryo showed that FGF 
signaling is enhanced in the presence of BCI  

5000 compounds screened at the UPDDI HTS 
screening facility 

Molina G,* Vogt A,* Bakan A,* Dai W, Queiroz de Oliveira P, Znosko W, Smithgall TE, Bahar I, Lazo JS, 

Day BW, Tsang M. Nat Chem Biol, 2009, 9, 680-7. 
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Experiments with transgenic zebrafish embryo showed that FGF 
signaling is enhanced in the presence of BCI  

5000 compounds screened at the UPDDI HTS 
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In vitro experiments showed that BCI inhibits 
ERK2 dephosphorylation by Dusp  

Molina G,* Vogt A,* Bakan A,* Dai W, Queiroz de Oliveira P, Znosko W, Smithgall TE, Bahar I, Lazo JS, 

Day BW, Tsang M. Nat Chem Biol, 2009, 9, 680-7. 



BCI hyperactivates  
FGF signaling 

Fibroblast growth factor binding activates the 
MAPK pathway, leading to cell proliferation, 
organ development. Dusp6 serves as an 
attenuator/regulator by inhibiting ERK  

Experiments with transgenic zebrafish embryo showed that FGF 
signaling is enhanced in the presence of BCI,  

In silico analysis clarified the mechanism of 
interaction between BCI and DUSP 

Molina G,* Vogt A,* Bakan A,* Dai W, Queiroz de Oliveira P, Znosko W, Smithgall TE, Bahar I, Lazo JS, 

Day BW, Tsang M. Nat Chem Biol, 2009, 9, 680-7. 

BCIdocking.ppt


BCI hyperactivates  
FGF signaling 

Fibroblast growth factor binding activates the 
MAPK pathway, leading to cell proliferation, 
organ development. Dusp6 serves as an 
attenuator/regulator by inhibiting ERK  

In silico analysis clarified the mechanism of 
interaction between BCI and DUSP 

Zebrafish embryos treated with BCI have enlarged hearts! 

Molina G,* Vogt A,* Bakan A,* Dai W, Queiroz de Oliveira P, Znosko W, Smithgall TE, Bahar I, Lazo JS, 

Day BW, Tsang M. Nat Chem Biol, 2009, 9, 680-7. 



BCI is not an Active-Site Inhibitor 

MKP-3 

OMFP 

%
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NSC95397 

BCI 

In vitro OMFP assay 



MKP Conformations for Focused Docking 

Anisotropic Network Model 
ANM provides directions of intrinsic 
fluctuations that correlate with functional 
motions 

Molecular Dynamics 

Atilgan et al. (2001) Biophysical Journal, 80, 505.  



BCI and MKP-3 Interactions 



Inhibition of MKP-3 Activation 

R
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1. OMFP (no activity) 

2. OMFP+MKP3  
(low activity) 

3. OMFP+MKP3+ERK 
(high activity) 

4. OMFP+MKP3+ERK+BCI 
(inhibition of activation) 

Experimental testing of allosteric inhibition 



Druggability of BCI site 

BCI EC50 ~10 μM  

Druggability  
3 μM  

76 



Druggability of MKP3 Catalytic Domain 

BCI site: 3 μM 

A new allosteric site 
with druggability 
index of 0.6 nM 

Purple clouds correspond 4x or more 
enrichment in isopropanol density 77 



nM Allosteric Site 

MKP-3 in isopropanol and water MKP-3 in water 

78 



MKP-3 Crystal Contacts 

0.2 nM affinity ANCHOR server calculations 
(http://structure.pitt.edu/anchor) 

-4.7 kcal/mol 
-3 kcal/mol 

-3.1 kcal/mol 

-2.5 kcal/mol 

0.6 nM 

79 

http://structure.pitt.edu/anchor


Andrew Hopkins  

“promiscuous drugs & polypharmacology”  

 

•Drug promiscuity can be beneficial when the targets are on the same pathway, but is potentially harmful when 
targets are on separate pathways. 

AROMATIC CENTER

HYDROPHOBIC1

HYDROPHOBIC2

H-BOND DONOR

H-BOND ACCEPTOR

AROMATIC CENTER

HYDROPHOBIC1

HYDROPHOBIC2

H-BOND DONOR

H-BOND ACCEPTOR



Viewing all known drug-protein target associations 

Yildirim et al, Nat. Biotech., 2007 

Circle/square sizes are proportional to the number of connectors 
 
 

FDA-approved drugs (circles)  
 target proteins (rectangle) 



From drug-target associations  
to PPI networks 

Yildirim et al, Nat. Biotech., 2007 



Hopkins AL, Mason JS, Overington JP (2006) Can we rationally design promiscuous 

drugs? Curr Opin Struct Biol. 16:127-36  

Nodes: the 44 known targets of asthma drugs 
 
Edges: the drugs that bind them; all share links 
with at least one other target. 
 
Targets are colored by gene family: yellow: 
aminergic GPCR, orange: peptide GPCR 
 
Color of edges denote the strength of the 
chemical  links that are below an affinity of 
1uM.; light blue 1-10 compounds, to black > 
1,000 compounds 

An alternative clustering of proteins in the chemical space: 

Proteins that bind the same chemical compounds 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Hopkins AL"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Mason JS"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term="Overington JP"[Author]&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus


Drug target identification by comparing adverse effect 
(phenotypic) similarity of compounds 

Network of drugs predicted to 
have common protein targets 
 
424 drugs (nodes) from 1018 pairs 
with strong side-effect similarity and 
above 25% probability of sharing a 
protein target (edges; width is 
proportional to probability) 

 
Predicted drug-target relations  
around the anti-ulcer drug, 
rabeprazole; green; validated 
experimentally; red, not valid 

Campillos et al, Science, 2008 



Need for developing new methods for 

exploring target-ligand/drug space 



Drug Repurposing 

By mining data rapidly acccumulating in databases 

Types of available databases for 

drug-target associations: 

 

1. Literature-curated DBs 

2. Calculated DBs (e.g., STITCH) 
 

Confidence levels expressed by the thickness of the edges 



Drug Repurposing 



(Ligand) Similarity Ensemble Approach (SEA):  Proteins 

clustered based on the similarities of their ligands. 

New targets for old drugs 

Keiser et al. (2009) Nature  462, 7260. 



Mapping of complete set of FDA approved drugs and their targets

Extracted from DrugBank (Sept 2010).

Drug Promiscuity: Need for Systemic Analysis 



Active Learning by Probabilistic Matrix Factorization Method 

Murat Can Cobanoglu, work in progress 



Comparison of functional and structural 
similarities of DAT drugs within clusters deduced 
from PMF of target-drug associations in 
DrugBank. (A) largest interconnected network 
between FDA-approved drugs (blue) and their 
targets (red). The highlighted cluster includes the 
dopamine transporter (DAT) (light green) at the 
center, along with closely associated targets and 
drugs. (B) A small portion of the overall (1,024 x 
1,024) drug-drug similarity map,  focusing on the 
cluster of drugs highlighted in A (cyan box) and its 
nearest neighbors. Darker colors mean high 
similarity,  based on interaction patterns reported 
in DrugBank. The cluster contains 27 drugs, 16 of 
them reported to target DAT, and others having 
similar phenotypes (e.g. classified as anti-anxiety 
agents). (C) Examination of the same subset of 
drugs as in B, color-coded according to their 3D 
structural similarity. (D) Example of drugs (orange 
bars along the axes) that target DAT but have 
different 3D fingerprints.   

 

 

 

 

 

 

 

 

 

 

 

Latent variables capture therapeutic action similarities when 

3D similarity metrics cannot 

Murat Can Cobanoglu, work in progress 



Latent variables capture therapeutic function similarity 

between different drug clusters  

Latent Variable Similarity

3D Similarity

a) b)

c)

Murat Can Cobanoglu, work in progress 



A Role for Computational Biology 
Nobeli et al., Nature Biotechnology (2009) 
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