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• Importance of protein-protein interactions as drug targets
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• Rational drug design: Technologies to analyze protein-protein 
interfaces

• Protein Painting

• Example applications of Protein Painting



Targeting protein–protein interactions

• Pharmaceutical R&D undergoes a decline of 

productivity as the number of new drugs approved 

by the FDA regularly decreases

• The origin of diseases lies in a complex network of 

biological interactions that need to be understood 

not only at a clinical level, but also at phenotypic 

and molecular levels using a wide range of ‘omics’ 

approaches (gene, RNA, protein, metabolism, etc.)

https://doi.org/10.1016/j.crci.2015.12.004



• Protein-protein interactions are the 
functional events that drive all biologic 
systems at the subcellular and 
extracellular level (e.g. gene expression, 
cell growth, proliferation, nutrient uptake, 
morphology, motility, intercellular 
communication and apoptosis)

PROTEIN-PROTEIN INTERACTIONS: INTRODUCTION



CHARACTERISTICS

• Universality: structural proteins, molecular machines 
such as ribosome or RNA polymerases, membrane multi 
sub-unit channels or receptors.

• Specificity: PPI are mediated by specific domains. 
Random collisions happen by Brownian motion in the 
aqueous solutions inside and outside of cells

• Physical properties: weak and transient, “non-obligate” 
vs. strong and permanent

• Number of interactions: predicted ~100,000 
interactions in the human body. PDB contains 8597 
heteromer structures for Homo sapiens. 



TYPES OF PROTEIN-PROTEIN INTERACTIONS (PPI)

Obligate PPI 

Usually permanent. The 
protomers are not found 
as stable structures on 
their own in vivo

Obligate heterodimer 
Human cathepsin D

Non-obligate PPI

Weak 
(electron transport 
complexes) 
Kd=[A][B] / [AB]

K d ~ mM - µM

Intermediate (antibody-
antigen, TCR-MHC-peptide, 
signal transduction PPI), 
K d ~ µM - nM

Strong 
(require a molecular trigger to 
shift the oligomeric
equilibrium) 
K d ~ nM - fM

Transient

Non-obligate transient 
homodimer, Sperm lysin
(interaction is broken and 
formed continuously)

Bovine G protein dissociates 
into G α and G β γ subunits 
upon GTP, but forms a stable 
trimer upon GDP



FEATURES OF PROTEIN-PROTEIN INTERACTIONS

• Forces that mediate protein-protein 
interactions include electrostatic 
interactions, hydrogen bonds, the van der 
Waals attraction and hydrophobic effects. 

• Area of PPI interfaces for which inhibitors 
have been discovered varies between 
1,000–6,000 Å2 

• It is postulated that hydrophobic forces 
drive protein-protein interactions and 
hydrogen bonds and salt bridges confer 
specificity.



DEFINITION OF INTERFACES
• An interface is the region 

between two polypeptide 
chains not covalently linked 

• Residue selection is based on 
how close this residue is to 
residues of the second chain. If 
two residues (one from each 
chain) are in contact, they are 
interacting residues 

• Residues in the vicinity of 
interacting residues are nearby 
residues. They provide the 
structural scaffold of the 
interfaces



FEATURES OF PROTEIN-PROTEIN 
INTERACTIONS

• Shape: 83-84% of interfaces are more or less flat. The interfaces are approximately 
circular areas on the protein surface in both permanent and non-obligate 
complexes. 

• Complementarity (“fitting surface shape”). Interfaces in homodimers, enzyme-
inhibitor complexes, and permanent heterocomplexes are the most 
complementary, whilst the antibody-antigen complexes and the non-obligate 
heterocomplexes are the least complementary. 

• Secondary structure: In one study the loop interactions contributed, on average, 
40% of the interface contacts. In another study (involving 28 homodimers), 53% of 
the interface residues were a-helical, 22% beta sheets, and the rest coils.



Amino acid composition

• Interfaces have been shown to be more hydrophobic
than the exterior but less hydrophobic than the interior 
of a protein. In one study, 47% of interface residues 
were hydrophobic, 31% polar and 22% charged. 

• Permanent complexes have interfaces that contain 
hydrophobic residues, whilst the interfaces in non-
obligate complexes favor the more polar residues. 

• Site-directed mutagenesis showed that in many cases a 
large majority (i.e. > 50%) of interface residues can be 
mutated to alanine with little effect on Kd: i.e. the 
functional epitope is a subset of the structural 
epitope.

J Mol Biol, 204:155-64



Hot spots

Human growth hormone (in green ribbon) and 

extracellular domain of its receptor (on the surface 

with gray and light green color)

• “Hot-spot” residues: residues which 

largely contribute to the binding affinity. 

• Preference for Trp, Tyr and Arg. To a 

lesser extent, the polar residues Asp and 

His are also enriched.

• Structurally conserved.

• Hot spots interact cooperatively and tend 

not to be distributed evenly over the 

interface but group within tightly packed 

local clusters.



Alanine scanning

• Residues in a target protein are 
systematically substituted for alanine at 
selected positions by site-directed 
mutagenesis, expressed, and binding 
energy is calculated. 

• Substitution with alanine residues 
eliminates side-chain interactions without 
altering main-chain conformation or 
introducing steric or electrostatic effects, 
so is often the preferred choice for testing 
the contribution of specific side-chains 
while preserving native protein structure.

• DDGbind > 2 kcal/mol
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Protein-Protein Interactions (PPI) are the drug targets 
of the future:
◦ Identification of protein-protein interaction hotspots is key in 

the development of drugs targeting protein interactions. 

Problem 1: PPI were thought to be undruggable
◦ Large interaction area; flat and featureless

◦ Lack of catalytic sites

◦ Hard to target with small molecules

Problem 2: Current methods to identify PPI are 
laborious or lack adequate sensitivity and specificity
◦ tomography/crystal structure analysis

◦ crosslinking (CL)

◦ hydrogen deuterium exchange

◦ step-wise mutation or genetic tagging

PROTEIN-PROTEIN INTERACTIONS: CHALLENGES



Protein-protein interaction modulation

Immunosuppressant 

Rapamycin is a direct protein-

protein stabilizer.

Rapamycin / FKBP12 

complex binds to mTOR and 

inhibits its catalytic activity

Angew. Chem. Int. Ed. 2012, 51, 2012 – 2018



Example protein-protein interaction 
inhibitor drugs 

The first (medium-sized) small molecule against a PPI 

target was launched in 2016 to treat Chronic lymphocytic 

leukemia (CLL). The drug, called Venetoclax, inhibits the 

protein BCL2 which is part of an “anti-apoptosis” complex.

Adalimumab is a best selling biologic drug for the 

treatment of Rheumatoid arthritis and other 

immune and inflammatory conditions. 

Adalimumab blocks the interaction between 

TNFalpha and its receptors.



X ray crystallography

doi:10.1042/BST0361438

doi:10.1038/525172a

• Most popular method to obtain high-

resolution structural information on 

protein–protein complexes, and it 

yields the most detailed structural 

information about the interaction 

• Requirement for the complex to 

crystallize 

• A crystal structure does not define a 

unique protein–protein interface.

• ‘Crystal contacts’ are responsible for 

the packing of the protein molecules 

in the crystal lattice

• Combine crystallographic studies 

with complementary structural and 

functional methods.



X ray crystallography

doi:10.1042/BST0361438

doi:10.1038/525172a



Nuclear magnetic resonance (NMR)

• Nuclear Overhauser effect (NOE) is an 

interaction between two nuclei, usually 

two hydrogen atoms, that arises if the 

nuclei are sufficiently close in space 

(usually less than 6–7 A)

• In cases where the PPI is weak 

(Kd>100mM), NMR is essentially the 

only approach that allows the 

determination of high-resolution 

structures 



Nuclear magnetic resonance (NMR) 

doi:10.1042/BST0361438

doi:10.1038/525172a



Theoretical and computational prediction 
of hot spots

Curr Pharm Des. 2012; 18(9): 1255–1265.

• Energy-based Computational Methods: 
virtual alanine scanning

• Requires the complex structure as input 
and accurate estimation of free energy



• Docking results of small organic probes 
are used to discover hot spots

• Molecular probe distribution on the 
protein surface allows for discovery and 
characterization of potential ligand 
interaction sites

• Energetic, structural, and evolutionary 
determinants are unified into a common 
probabilistic framework

Theoretical and computational prediction of 
hot spots

Carbonic anhydrase I (PDB 2CAB). The 

pocket nearest to the center contains 19 

docked probes. 

Curr Pharm Des. 2012; 18(9): 1255–1265.



• Molecular Dynamics-based Methods 
provide an atomic level of hot spot 
prediction

• Molecular dynamics simulates the natural 
motion of the molecular system. The 
energy provided in a molecular 
dynamics procedure allows the atoms to 
move and collide into neighboring atoms.

• Classical Mechanics

• Quantum mechanics

• Anchor residues, which are residues that 
have limited mobility, strongly correlate 
with conserved hot spot residues

Theoretical and computational prediction 
of hot spots

Curr Pharm Des. 2012; 18(9): 1255–1265.



• Machine Learning-based Methods to 
elucidate structural patterns that are 
indicative of hot spots (e.g. residue’s 
intermolecular atomic contacts, hydrogen 
bonds, interface points, and chemical types)

• These structural features return a binary 
answer as to whether a residue is a hot spot 
or not, and a confidence score with each 
prediction.

Theoretical and computational prediction 
of hot spots

Curr Pharm Des. 2012; 18(9): 1255–1265.



Cryo EM

• Preservation of biological specimens at near native condition within a thin amorphous ice film allows direct 

observation on a low dose transmission electron microscope operating at liquid nitrogen temperature or below 

• One of the most powerful tools to solve the structure of bio-molecules at near-atomic resolution

• Does not require three-dimensional (3D) crystals

• Organic macromolecules can be observed directly in multiple conformations in their native conformation.

• Lower molecular weight and resolution limitation are challenges for cryoEM

doi:10.1042/BST0361438

doi:10.1038/525172a



Cryo EM



Structural mass spectrometry

Crosslinking

• Crosslinking chemistry is combined with mass 

spectrometry (MS): specific residues that are 

crosslinked will remain linked after denaturation 

and protease cleavage to create peptide 

fragments for MS analysis.

• Crosslinker molecules do not access the interface 

region of a protein–protein contact area. 

• False positives or covalent linkage artifacts within 

the fragment population, which can decrease the 

confidence level of positive hits.

• Cross linking reaction time: 2 hours

Dailing et al. 10.1586/14789450.2015.1079487



Structural mass spectrometry

Hydrogen–deuterium exchange workflow

• Deuterium is used to transiently label 

amides in the protein backbone. Solvent 

accessible backbone amides become 

deuterated, whereas backbone amides 

are protected from deuterium labeling.

• Interaction regions are identified by a 

small

• 1.0073 Da shift in peptic fragment 

peptide mass

• Deuteration requires pH 2

Dailing et al. 10.1586/14789450.2015.1079487



NEW TECHNOLOGY: PROTEIN PAINTING
Protein 

Painting is a 
method to 

uncover 
protein-
protein 

interfaces 
using dye 
chemistry 
and mass 

spectrometry

Luchini et al Nature Communications 2014 5:4413, Dailing et al. Expert Rev Proteomics, 2015; 12(5): 457–467,
Gunther et al  Immunity 2017 47(3), 2017, Haymond et al The Journal of Biological Chemistry, submitted. 



NEW TECHNOLOGY: PROTEIN PAINTING

• Non covalent coating of proteins with small molecular 
dye probes

• Proteins are allowed to interact in solution and in 
native conditions

• Treatment duration is few minutes

• Resolution of paint molecule is 3 amino acids. For 
interacting protein partners, average resolution of the 
method is 4.5 amino acids

• Output is amino acid sequence of interface areas

• Standard mass spectrometry instruments and analysis 
software



THE PROTOCOL: PROTEIN PAINTING
• Painting step takes 5 minutes, and requires no specialty or unique equipment.

(1 min)



Dyes block trypsin cleavage sites
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HOW DOES PROTEIN PAINTING WORK?

Dyes bind multiple locations in <5 min

Dyes remain bound to protein after 
denaturation, reduction, and alkylation

Mass spec detects only interface peptides

• Discovery of a set of organic dyes that bind near protein trypsin cleavage sites with very high affinity.

Amanda Haymond Alessandra Luchini

Specific 
binding is 
linearly 
related to 
protein size!



HOW DO PROTEIN PAINTING DYES BIND?
• Dyes bind without changing native 

protein structure, and stabilize in the 
presence of urea denaturization

Hydrophobic aryl anchors at 
opposite ends secure high 
affinity binding

Protocol with mixture of several dyes 
used for high affinity coverage of all 
protein surfacesProtein 

Secondary 
Structure 
measured 
by Circular 
Dichroism



DUAL FUNCTION OF IL-1RAcP

• In order to bind their respective receptors, both IL-1β
and IL-33 recruit IL-1 Receptor Accessory Protein (IL-
1RAcP) as a co-receptor to form a ternary signaling 
complex

• Finding: IL-33 and IL-Iβ recruit IL-1RAcP differently, 
using separate hot spots:  potentially allowing for 
therapies targeting IL-Iβ vs IL33

Inflammatory signals in the tumor microenvironment 
have been shown to promote tumor growth and 
metastasis

Gunther, et.al. Immunity, 47(3), 2017.

• Using protein painting, we determined the 3-
WAY interaction between IL-1RAcP and the IL-
1β/IL-1R1 and the IL-33/ST2 complexes



Arg286

Thr291
Arg208

Asp54

2.49

3.65

Introduce 
cyclized motifs 
into peptide 
sequence to 
enhance 
stability, binding 
affinity, and 
target specificity

IL-1RACP MULTIVALENT ARG286 PEPTIDE  
INHIBITOR BLOCKS THE COMPLEX

NF- B
SAPK JNK
MAPK
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MAPK
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Protein Painting Maps the Epitope of 7B8D7 Mab 
recognizing ARG 286 and abolishes IL-1β signaling in 
cells (Luchini Nat. Comm. 2016)

Mikell Paige  Angela Dailing

Free energy of binding 
used to confirm Arg286 
is most significant 
binding hotspot via 
independent molecular 
dynamics simulations



TARGETING PHOSPHOPEPTIDE BINDING  
DOMAINS BY PROTEIN PAINTING IN BRCA1

• Targeting BRCA1 phosphopeptide
recognition site with a peptide inhibitor: 
strategy for PARP inhibitor sensitization

• Phosphopeptides mimics can be unstable as 
phosphoryl groups are frequently cleaved

• Non-phosphopeptides that bind to 
phosphopeptide binding sites present a way 
to target these sites more effectively 

Lys1702

Arg1649

Arg1726

Collaboration with Dr. Matthew Hartman from VCU

White, et.al. ACS Chem Biol. 2015 May 15; 10(5): 1198–1208

Protein Painting Identifies the TX peptide binding site



HIPPO PATHWAY SIGNALING

The Hippo pathway governs growth 
migration and differentiation, tumor 
suppressor or tumor promoter

YAP2: Key Hippo transcription factor that governs upregulation of pro-

growth pathways. We have discovered a candidate hotspot with ZO-1.

ZO-1: Tight junction protein 1 that acts as a scaffold for tight junction 

architecture. We have discovered 8 candidate hotspots with YAP2. 

Protein Painting user interface to 
compare hotspots with protein 
domains and interacting partners



HIPPO PATHWAY SIGNALING

K458

R187

K629

K702

• Only limited partial crystal structures are available for ZO-1 and YAP2, despite the importance of 
mechano-sensing in Hippo pathway regulation.  

Mechanosensing: 
YAP migrates from 
the nucleus to the 
cytosol as cell 
density increases

Aragona, et.al. Cell 154 (5) 2013.

Hotspots discovered by protein painting: 



BAF NUCLEOSOME REMODELING 
COMPLEX

Tang et.al. 2010. Prog Biophys Mol Biol. 102 (2-3). 

Mashtalir, et.al (2018) Cell. 175 (5). 

• The human SWF/SNF Family chromatin remodeling 
complex (BAF) repackages DNA around 
nucleosomes to allow access to transcription-
binding domains

• The BAF complex is assembled from 29 genes, 
some of which are mutated in 20% of all human 
tumors. (Kadoch, et.al. 2013 Nat Genet 45(6)

Collaboration with Dr. Cigall Kadoch at Dana Faber Cancer Institute

Most Solvent-Accessible 
Subunits determined by 
Protein Painting: 

ACTB (Act)
ACTL6A (A6)
SMARCB1 (B)
SMARCE1 (E)

Our results confirm 
previous data and 
will be used to help 
generate better 
models of the 
complex for drug 
development efforts. 

Mass 
spectrometry 
sequence 
coverage 
closely 
matches 
predicted 
maximum for 
difficult 
proteins



• PD-1 is a T-Cell receptor that recognizes PD-
L1, a ligand normally expressed on healthy 
tissue to prevent auto-immunity. 
Upregulation of PD-L1 on tumor cells allows 
the tumor to evade the immune system. 

• Blocking this interaction with antibody drugs 
is a huge field; $6.2 billion in 2017 for all PD-
1/PD-L1 antibodies1

• The next generation of these inhibitors are 
small molecules or peptidomimetics: orally 
stable, small drugs with more conventional 
pharmacokinetics, better tumor penetration, 
and lower cost. 

1. https://markets.businessinsider.com/news/stocks/pd-1-pd-l1-inhibitors-market-report-2017-sales-of-the-pd-1-pd-l1-therapy-class-have-
grown-from-84m-in-2014-to-6-292m-in-2016-1012901702

PROTEIN PAINTING IDENTIFIES AN ESSENTIAL INTERACTION 
HOT-SPOT FOR PD-1/PD-L1 • A small molecule inhibitor recognizing this hot spot 

abolishes the complex formation 

Rachel Carter     Douglass Dey



SMALL MOLECULE DISRUPTS PD1/PD-L1

Inhibitor 1 is a beta-loop that 
hydrogen-bonds to protein 
painting hit K78 of PD-1

90° 90°

Inhibitor 1 binding site overlaps with 
pembrolizumab (Keytruda) binding site 

Binding site of pembrolizumab 
shown in dark blue

Binding site of Inhibitor 1 
shown in cyan

Future Work: Peptidomimetic or small 
molecule analogs of Inhibitor 1 that disrupt 
PD-1 / PD-L1 complex

KeytrudaPD-1



• Structure based rational design of novel drugs promises to increase efficiency of drug 
development process, decrease drug development time and cost, and increase success 
rate.

• Protein painting is a technology that identifies protein-protein interaction hotspots 
while maintaining proteins in the native environment

• Using Protein Painting, we have identified candidate hotspots for key cancer-related 
complexes IL-1β/IL-1R1/IL-1RAcP, YAP2/ZO-1, BRCA1, PD-1/PD-L1, and BAF complex

CONCLUSIONS



Dyes block trypsin cleavage sites
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HOW DOES PROTEIN PAINTING WORK?

Dyes bind multiple locations in <5 min

Dyes remain bound to protein after 
denaturation, reduction, and alkylation

Mass spec detects only interface peptides

• Discovery of a set of organic dyes that bind near protein trypsin cleavage sites with very high affinity.

Amanda Haymond Alessandra Luchini

Specific 
binding is 
linearly 
related to 
protein size!



HOW DO PROTEIN PAINTING DYES BIND?
• Dyes bind without changing native 

protein structure, and stabilize in the 
presence of urea denaturization

Hydrophobic aryl anchors at 
opposite ends secure high 
affinity binding

Protocol with mixture of several dyes 
used for high affinity coverage of all 
protein surfacesProtein 

Secondary 
Structure 
measured 
by Circular 
Dichroism



DUAL FUNCTION OF IL-1RAcP

• In order to bind their respective receptors, both IL-1β
and IL-33 recruit IL-1 Receptor Accessory Protein (IL-
1RAcP) as a co-receptor to form a ternary signaling 
complex

• Finding: IL-33 and IL-Iβ recruit IL-1RAcP differently, 
using separate hot spots:  potentially allowing for 
therapies targeting IL-Iβ vs IL33

Inflammatory signals in the tumor microenvironment 
have been shown to promote tumor growth and 
metastasis

Gunther, et.al. Immunity, 47(3), 2017.

• Using protein painting, we determined the 3-
WAY interaction between IL-1RAcP and the IL-
1β/IL-1R1 and the IL-33/ST2 complexes



Arg286

Thr291
Arg208

Asp54

2.49

3.65

Introduce cyclized 
motifs and amino acid 
substitution to 
enhance stability, 
binding affinity, and 
target specificity

IL-1RACP MULTIVALENT ARG286 PEPTIDE  
INHIBITOR BLOCKS THE COMPLEX

NF- B
SAPK JNK
MAPK

NF- B
SAPK JNK
MAPK

d

IL-1RAcP

IL-1RI

IL-1

Arg286pe

Protein Painting Maps the Epitope of 7B8D7 Mab 
recognizing ARG 286 and abolishes IL-1β signaling in 
cells (Luchini Nat. Comm. 2016)

Free energy of binding 
used to confirm Arg286 
is most significant 
binding hotspot via 
independent molecular 
dynamics simulations Mikell Paige  Angela Dailing

Arg286 
Peptide



TARGETING PHOSPHOPEPTIDE BINDING  
DOMAINS BY PROTEIN PAINTING IN BRCA1

• Targeting BRCA1 phosphopeptide
recognition site with a peptide inhibitor: 
strategy for PARP inhibitor sensitization

• Phosphopeptides mimics can be unstable as 
phosphoryl groups are frequently cleaved

• Non-phosphopeptides that bind to 
phosphopeptide binding sites present a way 
to target these sites more effectively 

Lys1702

Arg1649

Arg1726

Collaboration with Dr. Matthew Hartman from VCU

White, et.al. ACS Chem Biol. 2015 May 15; 10(5): 1198–1208

Protein Painting Identifies the TX peptide binding site



HIPPO PATHWAY SIGNALING

The Hippo pathway governs growth 
migration and differentiation, tumor 
suppressor or tumor promoter

YAP2: Key Hippo transcription factor that governs upregulation of pro-

growth pathways. We have discovered 3 candidate hotspots with ZO-1.

ZO-1: Tight junction protein 1 that acts as a scaffold for tight junction 

architecture. We have discovered 8 candidate hotspots with YAP2. 

Protein Painting user interface to 
compare hotspots with protein 
domains and interacting partners



HIPPO PATHWAY SIGNALING

R187

• Only limited partial crystal structures are available for ZO-1 and YAP2, despite the importance of 
mechano-sensing in Hippo pathway regulation.  

Mechanosensing: 
YAP migrates from 
the nucleus to the 
cytosol as cell 
density increases

Aragona, et.al. Cell 154 (5) 2013.

Hotspots discovered by protein painting: 

R42



BAF NUCLEOSOME REMODELING 
COMPLEX

Tang et.al. 2010. Prog Biophys Mol Biol. 102 (2-3). 

Mashtalir, et.al (2018) Cell. 175 (5). 

• The human SWF/SNF Family chromatin remodeling 
complex (BAF) repackages DNA around 
nucleosomes to allow access to transcription-
binding domains

• The BAF complex is assembled from 29 genes, 
some of which are mutated in 20% of all human 
tumors. (Kadoch, et.al. 2013 Nat Genet 45(6)

Collaboration with Dr. Cigall Kadoch at Dana Faber Cancer Institute

Most Solvent-Accessible 
Subunits determined by 
Protein Painting: 

ACTB (Act)
ACTL6A (A6)
SMARCB1 (B)
SMARCE1 (E)

Our results confirm 
previous data and 
will be used to help 
generate better 
models of the 
complex for drug 
development efforts. 

Mass 
spectrometry 
sequence 
coverage 
closely 
matches 
predicted 
maximum for 
difficult 
proteins



• PD-1 is a T-Cell receptor that recognizes PD-
L1, a ligand normally expressed on healthy 
tissue to prevent auto-immunity. 
Upregulation of PD-L1 on tumor cells allows 
the tumor to evade the immune system. 

• Blocking this interaction with antibody drugs 
is a huge field; $6.2 billion in 2017 for all PD-
1/PD-L1 antibodies1

• The next generation of these inhibitors are 
small molecules or peptidomimetics: orally 
stable, small drugs with more conventional 
pharmacokinetics, better tumor penetration, 
and lower cost. 

1. https://markets.businessinsider.com/news/stocks/pd-1-pd-l1-inhibitors-market-report-2017-sales-of-the-pd-1-pd-l1-therapy-class-have-
grown-from-84m-in-2014-to-6-292m-in-2016-1012901702

PROTEIN PAINTING IDENTIFIES AN ESSENTIAL INTERACTION 
HOT-SPOT FOR PD-1/PD-L1 • A small molecule inhibitor recognizing this hot spot 

abolishes the complex formation 

Rachel Carter     Douglass Dey



SMALL MOLECULE DISRUPTS PD1/PD-L1

Inhibitor 1 is a beta-loop that 
hydrogen-bonds to protein 
painting hit K78 of PD-1

90° 90°

Inhibitor 1 binding site overlaps with 
pembrolizumab (Keytruda) binding site 

Binding site of pembrolizumab 
shown in dark blue

Binding site of Inhibitor 1 
shown in cyan

Future Work: Peptidomimetic or small 
molecule analogs of Inhibitor 1 that disrupt 
PD-1 / PD-L1 complex

KeytrudaPD-1



• We have developed a technology that 
identifies protein-protein interaction hotspots 
while maintaining proteins in the native 
environment

• Using our technique, we have identified 
candidate hotspots for key cancer-related 
complexes IL-1β/IL-1R1/IL-1RAcP, YAP2/ZO-1, 
BRCA1, PD-1/PD-L1, and BAF complex

• Immediate future work will be devoted to 
expanding the proteases used with the 
technique, expanding the dye selection used 
for each future painting experiments, and 
biologically validating Hippo pathway 
hotspots. 

CONCLUSIONS

Example Publications under IMAT R33CA206937 : 

Luchini et al Nature Communications 2014 5:4413

Gunther et al  Immunity 2017 47(3), 2017

Paris et al Science Translational Medicine 2017 9:420

Araujo et al Nature Communications 2018 9:1

US Patent 2018:  Binding Domain Mapping 10,126,304

Haymond et al: under submission at JBC, 2018 George Mason University 
Center for Applied Proteomics and Molecular Medicine



Class Project
Two page collaborative outline from each group, 
addressing the following prompts:

1. Describe a current disease which has an unmet 
diagnostic or treatment need

2. Develop a plan to utilize a scientific technology we 
discussed that could help solve the diagnostic or 
treatment need

3. Develop a plan to test your solution in a clinical 
setting

4. Outline ethical issues regarding surrounding the 
proposed scientific experimentation or clinical trial

Type 3 Secretory System 
(T3SS): Utilized by 
enteropathic E.coli to deliver 
Shiga toxins to host cells


