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Modification Strategies for Undruggable Targets: Target ID 
and druggability

have led to a continued underrepresentation in large-scale proteo-
mic studies21. Indeed, the inherent difficulties of surface target ID 
have inspired the development of several elegant surface-specific 
methods that hinge upon the use of stoichiometric activated elec-
trophiles22–24, single-electron transfer events25,26, or specific oxi-
dizable residues27. However, we reasoned that the development of 
a general cell-surface mapping technology that could overcome 
these challenges through signal amplification would have signifi-
cant implications for the identification of novel membrane targets 
– one of the most fruitful landscapes in drug discovery28. 

With this goal in mind, we set out a list of criteria that would 
be required from such a target ID platform: (a) labelling must occur 
catalytically (as opposed to stoichiometric labelling) in order to 
overcome low native protein abundance; (b) labelling must occur 
rapidly with minimal diffusion from the ligand binding site in an 
unbiased, residue agnostic manner; (c) labelling should be mini-
mally invasive to the cellular environment and maintain native pro-
tein function; and (d) the labelling manifold must be compatible 
with both an aqueous environment and biomolecules. The success-
ful realization of these goals would result in a general platform for 
illuminating small molecule ligand-target interactions including 
binding site and protein interactome mapping, and critically, mem-
brane target ID.  

We recently disclosed a novel platform for the elucidation of 
cellular microenvironments using photocatalyst-antibody conju-
gates, termed µMapping29. By localizing the generation of short-
lived (t1/2 ~ 4 ns) reactive carbenes from diazirines around an irid-
ium photocatalyst-antibody conjugate, we were able to achieve 
high-resolution labelling of extracellular microenvironments, iden-
tifying previously unknown constituents of the oncogenic PD1–
PDL1 interactome. Based upon this advance, we questioned 
whether the µMapping technology could be translated towards 
small-molecule cell-surface target ID. We envisioned that a photo-
catalyst-ligand conjugate could be localized to a target biomolecule 
via a ligand binding event. Irradiation of the photocatalyst-ligand 
conjugate with blue light would promote the photocatalyst into its 
triplet excited state, which could undergo subsequent Dexter en-
ergy transfer with a proximal diazirine, thus returning the photo-
catalyst to its ground-state. Rapid extrusion of nitrogen from the 
excited diazirine would lead to the formation of a singlet carbene 
(following spin equilibration)30. We reasoned that the highly reac-
tive carbene intermediate would afford high selectivity for cross-
linking with the target protein, as its inability to diffuse through 
solution would disallow insertion events with unassociated, spec-
tator biomolecules (Scheme 1c). Crucially, the catalytic nature of 
this technology would allow for multiple labelling events of the 
target protein, thereby enhancing target enrichment and deconvo-
lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would 
serve as a platform for profiling of the ligand binding site. This 
proximity-directed labelling approach, applied to GPCR target ID, 
could revitalize receptor deorphanization efforts and ultimately de-
liver novel targets for drug discovery programmes31. 

 To first ascertain the capability of a small molecule-iridium 
conjugate to direct labelling towards a specific protein, we de-
signed a simple two-protein in vitro assay (Scheme 2). We used an 
equimolar ratio of the target protein, bovine carbonic anhydrase 
(CA), and bovine serum albumin (BSA) as a competitor protein. 
Following our hypothesis, irradiation of the mixture of a sulfona-
mide-iridium conjugate 1, which targets CA selectively, and a bi-
otin-tagged diazirine 2, would lead to selective labelling of CA 
over BSA32. Analysis of labelling ratios by immunoblotting with 
streptavidin would provide an indication of both reaction effi-
ciency and selectivity. Cognisant of the effect that the iridium cat-
alyst may play on ligand binding, we prepared the catalyst-ligand 
conjugate with a PEG3 linker to spatially separate the two compo-
nents. Gratifyingly, after irradiation with 450 nm light for 10 
minutes in the presence of biotin-PEG3-diazirine 2, we observed a 
3.3:1 labelling in favor of the target protein CA. In contrast, when 
labelling was performed in the presence of an unconjugated photo-
catalyst (see supporting information), BSA was selectively bioti-
nylated over CA in a ratio of 5:1. Taken together, this comprises a 

 
Scheme 1 | Small molecule target ID for membrane proteins. a, Tar-
get ID campaigns often rely on large data sets derived from screening 
and high throughput experimentation. b, Traditional photoaffinity la-
belling techniques employ the stoichiometric activation of diazirine 
small-molecule conjugates using UV light. c, Our proposal entails the 
photocatalytic activation of diazirines using visible light, giving rise to 
significant signal enhancement, suitable for the target ID of a G protein-
coupled receptor (GPCR) protein in cells, PDB entry 3EML. 
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Druggable Targets – the Human Proteome

Human proteome (~20,000)

>70% lack targetable features = “undruggable”

Conventionally ‘druggable’

The majority of disease drivers lack structural 

features conventionally targeted by small 

molecules or antibodies

Mutated or dysregulated 
in disease

Crazing, L. et al. ACS. Med. Chem. Lett. 2025. 11. ASAP.
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• DNA-repeat expansion occurs throughout neuronal life
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Depends on length of polyglutamine stretch!

CAG triplet repeat expansion disease
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Irreversible aggregates

Not all intrinsically disordered proteins are pathological



Wolynes, P.G., Onuchic, J.N., Thirumalai, D. Science, 1995, 267, 1619–1620.

Investigating Druggability

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

Karplus, M. Nat Chem Biol. 2011, 7, 401–404.



Wolynes, P.G., Onuchic, J.N., Thirumalai, D. Science, 1995, 267, 1619–1620.

Investigating Druggability

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

Karplus, M. Nat Chem Biol. 2011, 7, 401–404.

• Protein–protein interactions (PPIs)

• Protein–nucleic acid interactions



Investigating Druggability

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• Protein–protein interactions (PPIs)

• Protein–nucleic acid interactions

~130,000–650,000 
types of PPIs in the 
human interactome

Lu, H., Zhou, Q., He, J. et al. Sig Transduct Target Ther. 2020, 5, 213–220.
Greenblatt, J. F., Alberts, B. M.,  Krogan, N. J. Cell. 2024,187, 6501–6517.



Investigating Druggability

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• Protein–protein interactions (PPIs)

• Protein–nucleic acid interactions

~130,000–650,000 
types of PPIs in the 
human interactome

Lu, H., Zhou, Q., He, J. et al. Sig Transduct Target Ther. 2020, 5, 213–220.

Disruption of PPIs can 
promote disease states 

Greenblatt, J. F., Alberts, B. M.,  Krogan, N. J. Cell. 2024,187, 6501–6517.



Investigating Druggability

Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures



Investigating Druggability

Undefined binding pockets

• Lack grooves or binding sites

• Flat surfaces

Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures



Investigating Druggability

• The most frequently mutated 
oncogene in cancer

KRAS proto–oncogene

Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures



Investigating Druggability

• The most frequently mutated 
oncogene in cancer

KRAS proto–oncogene

Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• > 30% of all human cancers



Investigating Druggability

• The most frequently mutated 
oncogene in cancer

KRAS proto–oncogene

Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

• Challenging lack of druggable pockets

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• > 30% of all human cancers



Investigating Druggability

Lu, S., Jang, H., Muratcioglu, S., Gursoy, A., Keskin, O., Nussinov, R., Zhang, J. Nat. Chem. Bio. 2022. 18, 596–604

KRAS proto–oncogene

The Ras Initiative

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• The most frequently mutated 
oncogene in cancer

• Challenging lack of druggable pockets

• > 30% of all human cancers



Part 1

Killing Undruggable Targets

• Covalent inhibitors



Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

Ras proteins: Crucial in signal transduction (GTPase)

Molecular switches to signaling networks

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH
O

P

O

OH

ACTIVE
GTP-bound

Investigating Druggability
KRAS: to kill the undruggable



Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

Ras proteins: Crucial in signal transduction (GTPase)

Molecular switches to signaling networks

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH
O

P

O

OH

Ras

ACTIVE

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

GTP-bound

Investigating Druggability
KRAS: to kill the undruggable



Vasta, J. D., Peacock, D. M., Zheng, Q., Walker, J. A., Zhang, Z., Zimprich, C. A., Thomas, M. R., Beck, M. T., Binkowski, B. F., 
Corona, C. R., Robers, M. B., Shokat, K. M. Nat. Chem. Bio. 2022. 18, 596–604

Ras proteins: Crucial in signal transduction (GTPase)

Molecular switches to signaling networks

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH
O

P

O

OH

Ras

↑[ACTIVE]

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

GTP-bound

Investigating Druggability
KRAS: to kill the undruggable



Pacold, M. E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis, C. T., Walker, E. H., Hawkins, 
P. T., Stephens, L., Eccleston, J. F., Williams, R. L. Cell. 2000. 103, 931–944.

• Signaling induces Ras conformational changes

Stabilizing Surface Conformation

• Surface representations of protein states:

• 2 regions change shape: Switch I, and Switch II

Milburn, M. V., Tong, L., Devos, A. M., Brünger, A., Yamaizumi, Z., Nishimura, S. Science. 1990. 247, 939–945.

Active



Pacold, M. E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis, C. T., Walker, E. H., Hawkins, 
P. T., Stephens, L., Eccleston, J. F., Williams, R. L. Cell. 2000. 103, 931–944.

• Signaling induces Ras conformational changes

Stabilizing Surface Conformation

• Surface representations of protein states:

• 2 regions change shape: Switch I, and Switch II

Milburn, M. V., Tong, L., Devos, A. M., Brünger, A., Yamaizumi, Z., Nishimura, S. Science. 1990. 247, 939–945.

Switch I

Switch II

Active



Pacold, M. E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis, C. T., Walker, E. H., Hawkins, 
P. T., Stephens, L., Eccleston, J. F., Williams, R. L. Cell. 2000. 103, 931–944.

• Signaling induces Ras conformational changes

Stabilizing Surface Conformation

• Surface representations of protein states:

• 2 regions change shape: Switch I, and Switch II

Milburn, M. V., Tong, L., Devos, A. M., Brünger, A., Yamaizumi, Z., Nishimura, S. Science. 1990. 247, 939–945.

Switch I

Switch II

InactiveActive



Pacold, M. E., Suire, S., Perisic, O., Lara-Gonzalez, S., Davis, C. T., Walker, E. H., Hawkins, 
P. T., Stephens, L., Eccleston, J. F., Williams, R. L. Cell. 2000. 103, 931–944.

• Switch II binding pocket changes in G12C mutant

Stabilizing Surface Conformation

• Surface representations of protein states:

Switch I

Switch II

Milburn, M. V., Tong, L., Devos, A. M., Brünger, A., Yamaizumi, Z., Nishimura, S. Science. 1990. 247, 939–945.

InactiveActive

exposing nucleophilic cysteine 



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

Investigating Druggability
KRAS: to kill the undruggable

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

• Covalent targeting to drug KRAS(G12C)



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

Investigating Druggability
KRAS: to kill the undruggable

• Covalent targeting to drug KRAS(G12C)

• Drugs designed to target nucleophilic cysteine 12 
(Cys12) located in the hydrophobic switch-II pocket

Cys



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

Investigating Druggability
KRAS: to kill the undruggable

• Covalent targeting to drug KRAS(G12C)

• Optimization of an electrophilic warhead

Cys

• Drugs designed to target nucleophilic cysteine 12 
(Cys12) located in the hydrophobic switch-II pocket



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

Investigating Druggability
KRAS: to kill the undruggable

• Covalent targeting to drug KRAS(G12C)

Cys

NN

N

O

N

N

O

Me

NiPr

Me
OH

F
F

Sotorasib 
LUMAKRAS®

• Optimization of an electrophilic warhead

• Drugs designed to target nucleophilic cysteine 12 
(Cys12) located in the hydrophobic switch-II pocket



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

Investigating Druggability
KRAS: to kill the undruggable

• Covalent allosteric inhibitors to drug KRAS(G12C)

Cys

NN

N

O

N

N

O

Me

NiPr

Me
OH

F
F

Sotorasib 
LUMAKRAS®

Sotorasib binds to the SII-P when KRAS(G12C) 
protein is inactive GDP bound state



Qunaj, L., May, M. S., Neugut, A. I., Herzberg, B. O., Front. Oncol. 2023. 13.

KRAS targeting:

OH
HO

O
N

N

O

HN

NH2

N

P

O

O
OHOH

O
P

O

OH

GDP-bound
RESTING

Investigating Druggability
KRAS: to kill the undruggable

• Covalent allosteric inhibitors to drug KRAS(G12C)

Cys

NN

N

O

N

N

O

Me

NiPr

Me
OH

F
F

Sotorasib 
LUMAKRAS®

Avoids pan RAS inhibition



Covalent binding

Shindo, N., Ojida, A. Bioorg. Med. Chem. 2021. 47, 1–12

• Electrophilic probes are a key component of T cell research

Many immunomodulatory drugs covalently bind cysteine

*in 2024



Covalent binding

Shindo, N., Ojida, A. Bioorg. Med. Chem. 2021. 47, 1–12

• Electrophilic probes are a key component of T cell research

Many immunomodulatory drugs covalently bind cysteine

*in 2024

Brukinsa®

$1.3 billion (USD)*

N N

N

N
H

O

O

O

NH2



Covalent binding

Shindo, N., Ojida, A. Bioorg. Med. Chem. 2021. 47, 1–12

• Electrophilic probes are a key component of T cell research

Many immunomodulatory drugs covalently bind cysteine

*in 2024

Brukinsa®

$1.3 billion (USD)*

N N

N

N
H

O

O

O

NH2

Ibruvica® (Ibrutinib)

NH2

OPh

N
N

N

O

N

N

$4.9 billion (USD)*



Covalent binding

Shindo, N., Ojida, A. Bioorg. Med. Chem. 2021. 47, 1–12

• Electrophilic probes are a key component of T cell research

Many immunomodulatory drugs covalently bind cysteine

*in 2024

Brukinsa®

$1.3 billion (USD)*

N N

N

N
H

O

O

O

NH2

Ibruvica® (Ibrutinib)

NH2

OPh

N
N

N

O

N

N

$4.9 billion (USD)*

Tecfidera®

O

O

O

OMe
Me

$4.2 billion (USD)*



Covalent binding

• How do you identify electrophilic probes?



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

Activity Based Protein Profiling



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

Genome sequencing Predicted proteins 



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

Genome sequencing Predicted proteins 

• Assignment of protein function remains a challenge



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

• Activity-based protein profiling (ABPP) to probe small molecule–protein interactions



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

Target Reporter Group 

Recognition group “warhead”

• Activity-based protein profiling (ABPP) to probe small molecule–protein interactions



Activity Based Protein Profiling

Porta, E. O. J., Steel, P. G. Curr Res Pharmacol Drug Discov. 2023. 5. 100164–100171.

Discovering drug–amino acid interactions

ABPP probes can be tuned towards:

• Cellular potency • Stereochemical selectivity • Site-specificity

Target Reporter Group 

Recognition group “warhead”

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

• Activity-based protein profiling (ABPP) to probe small molecule–protein interactions



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors



SH

Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

• Cys is a nucleophilic amino acid



SH

Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

• Cys is a nucleophilic amino acid

• Sulphenation

S
OH



SH

Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

• Cys is a nucleophilic amino acid

• Sulphenation • Sulphination

S
OH

S
OH

O



SH

Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

• Cys is a nucleophilic amino acid

• Sulphenation • Sulphination • Nitrosylation

S
OH

S
OH

O
S
NO

• Oxidative PTMs enable regulatory behavior 



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

Isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
(isoTOP-ABPP)



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

1. Labelling

I
N
H

O

SH
Target

Isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
(isoTOP-ABPP)



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

Isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
(isoTOP-ABPP)

2. Conjugation

S
N
H

O
N

NN
Target Tag



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

3. Enrichment and Digestion
1. Avidin enrichment
2. Trypsin digest

3. LC/MS analysis
S

N
H

O
N

NN
Target

Isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
(isoTOP-ABPP)



Activity Based Protein Profiling

Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovin, D. A., Mowen, 
K., Baker, D., Cravatt, B. F. Nature. 2010. 468, 790–795

Discovering reactivity profiles of interactors

3. Enrichment and Digestion
1. Avidin enrichment
2. Trypsin digest

3. LC/MS analysis
S

N
H

O
N

NN
Target

Isotopic Tandem Orthogonal Proteolysis-Activity-Based Protein Profiling
(isoTOP-ABPP)

isotopic ratios of the peptides enable quantification in Cys reactivity



Activity Based Protein Profiling

Cravatt, B. F. Isr. J. Chem. 2023. 63, 3–4

Discovering reactivity profiles of interactors

• Activity-Based Protein Profiling (ABPP)

MS Quantifies extent of Cys 
labelling

LC/MS analysis



Activity Based Protein Profiling

Cravatt, B. F. Isr. J. Chem. 2023. 63, 3–4

Discovering reactivity profiles of interactors

• Activity-Based Protein Profiling (ABPP)

MS Quantifies extent of Cys 
labelling

LC/MS analysis

Enables Target ID and SAR



Activity Based Protein Profiling
Discovering interactors

Founded in 2018 

• ABPP in drug discovery

Prof. Dan Nomura



Activity Based Protein Profiling
Discovering interactors

• Reactive binding site
• Library hit

Prof. Dan Nomura



Activity Based Protein Profiling
Discovering interactors

• Reactive binding site
• Library hit

• Activation score enables a rank-prioritization across the proteome

Prof. Dan Nomura



Activity Based Protein Profiling
Discovering interactors

• Reactive binding site
• Library hit

• Activation score enables a rank-prioritization across the proteome

• Proposal: Informs drug discovery Prof. Dan Nomura



Trowbridge, Aaron D.; Seath, Ciaran P.; Rodriguez,-Rivera, Frances P. et al. Proc. Natl. Acad. Sci. 2022, 119 (34).

Small molecule photocatalysis enables drug target identification

have led to a continued underrepresentation in large-scale proteo-
mic studies21. Indeed, the inherent difficulties of surface target ID
have inspired the development of several elegant surface-specific
methods that hinge upon the use of stoichiometric activated elec-
trophiles22–24, single-electron transfer events25,26, or specific oxi-
dizable residues27. However, we reasoned that the development of
a general cell-surface mapping technology that could overcome
these challenges through signal amplification would have signifi-
cant implications for the identification of novel membrane targets
– one of the most fruitful landscapes in drug discovery28.

With this goal in mind, we set out a list of criteria that would
be required from such a target ID platform: (a) labelling must occur
catalytically (as opposed to stoichiometric labelling) in order to
overcome low native protein abundance; (b) labelling must occur
rapidly with minimal diffusion from the ligand binding site in an
unbiased, residue agnostic manner; (c) labelling should be mini-
mally invasive to the cellular environment and maintain native pro-
tein function; and (d) the labelling manifold must be compatible
with both an aqueous environment and biomolecules. The success-
ful realization of these goals would result in a general platform for
illuminating small molecule ligand-target interactions including
binding site and protein interactome mapping, and critically, mem-
brane target ID. 

We recently disclosed a novel platform for the elucidation of
cellular microenvironments using photocatalyst-antibody conju-
gates, termed µMapping29. By localizing the generation of short-
lived (t1/2 ~ 4 ns) reactive carbenes from diazirines around an irid-
ium photocatalyst-antibody conjugate, we were able to achieve 
high-resolution labelling of extracellular microenvironments, iden-
tifying previously unknown constituents of the oncogenic PD1–
PDL1 interactome. Based upon this advance, we questioned
whether the µMapping technology could be translated towards
small-molecule cell-surface target ID. We envisioned that a photo-
catalyst-ligand conjugate could be localized to a target biomolecule
via a ligand binding event. Irradiation of the photocatalyst-ligand
conjugate with blue light would promote the photocatalyst into its
triplet excited state, which could undergo subsequent Dexter en-
ergy transfer with a proximal diazirine, thus returning the photo-
catalyst to its ground-state. Rapid extrusion of nitrogen from the
excited diazirine would lead to the formation of a singlet carbene 
(following spin equilibration)30. We reasoned that the highly reac-
tive carbene intermediate would afford high selectivity for cross-
linking with the target protein, as its inability to diffuse through
solution would disallow insertion events with unassociated, spec-
tator biomolecules (Scheme 1c). Crucially, the catalytic nature of
this technology would allow for multiple labelling events of the
target protein, thereby enhancing target enrichment and deconvo-
lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would
serve as a platform for profiling of the ligand binding site. This
proximity-directed labelling approach, applied to GPCR target ID,
could revitalize receptor deorphanization efforts and ultimately de-
liver novel targets for drug discovery programmes31.

To first ascertain the capability of a small molecule-iridium
conjugate to direct labelling towards a specific protein, we de-
signed a simple two-protein in vitro assay (Scheme 2). We used an
equimolar ratio of the target protein, bovine carbonic anhydrase 
(CA), and bovine serum albumin (BSA) as a competitor protein.
Following our hypothesis, irradiation of the mixture of a sulfona-
mide-iridium conjugate 1, which targets CA selectively, and a bi-
otin-tagged diazirine 2, would lead to selective labelling of CA
over BSA32. Analysis of labelling ratios by immunoblotting with
streptavidin would provide an indication of both reaction effi-
ciency and selectivity. Cognisant of the effect that the iridium cat-
alyst may play on ligand binding, we prepared the catalyst-ligand
conjugate with a PEG3 linker to spatially separate the two compo-
nents. Gratifyingly, after irradiation with 450 nm light for 10
minutes in the presence of biotin-PEG3-diazirine 2, we observed a
3.3:1 labelling in favor of the target protein CA. In contrast, when
labelling was performed in the presence of an unconjugated photo-
catalyst (see supporting information), BSA was selectively bioti-
nylated over CA in a ratio of 5:1. Taken together, this comprises a

Scheme 1 | Small molecule target ID for membrane proteins. a, Tar-
get ID campaigns often rely on large data sets derived from screening
and high throughput experimentation. b, Traditional photoaffinity la-
belling techniques employ the stoichiometric activation of diazirine
small-molecule conjugates using UV light. c, Our proposal entails the
photocatalytic activation of diazirines using visible light, giving rise to
significant signal enhancement, suitable for the target ID of a G protein-
coupled receptor (GPCR) protein in cells, PDB entry 3EML.

Target ID
crucial for clinical 

advancement
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this technology would allow for multiple labelling events of the
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lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would
serve as a platform for profiling of the ligand binding site. This
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liver novel targets for drug discovery programmes31.

To first ascertain the capability of a small molecule-iridium
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high-resolution labelling of extracellular microenvironments, iden-
tifying previously unknown constituents of the oncogenic PD1–
PDL1 interactome. Based upon this advance, we questioned
whether the µMapping technology could be translated towards
small-molecule cell-surface target ID. We envisioned that a photo-
catalyst-ligand conjugate could be localized to a target biomolecule
via a ligand binding event. Irradiation of the photocatalyst-ligand
conjugate with blue light would promote the photocatalyst into its
triplet excited state, which could undergo subsequent Dexter en-
ergy transfer with a proximal diazirine, thus returning the photo-
catalyst to its ground-state. Rapid extrusion of nitrogen from the
excited diazirine would lead to the formation of a singlet carbene 
(following spin equilibration)30. We reasoned that the highly reac-
tive carbene intermediate would afford high selectivity for cross-
linking with the target protein, as its inability to diffuse through
solution would disallow insertion events with unassociated, spec-
tator biomolecules (Scheme 1c). Crucially, the catalytic nature of
this technology would allow for multiple labelling events of the
target protein, thereby enhancing target enrichment and deconvo-
lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would
serve as a platform for profiling of the ligand binding site. This
proximity-directed labelling approach, applied to GPCR target ID,
could revitalize receptor deorphanization efforts and ultimately de-
liver novel targets for drug discovery programmes31.

To first ascertain the capability of a small molecule-iridium
conjugate to direct labelling towards a specific protein, we de-
signed a simple two-protein in vitro assay (Scheme 2). We used an
equimolar ratio of the target protein, bovine carbonic anhydrase 
(CA), and bovine serum albumin (BSA) as a competitor protein.
Following our hypothesis, irradiation of the mixture of a sulfona-
mide-iridium conjugate 1, which targets CA selectively, and a bi-
otin-tagged diazirine 2, would lead to selective labelling of CA
over BSA32. Analysis of labelling ratios by immunoblotting with
streptavidin would provide an indication of both reaction effi-
ciency and selectivity. Cognisant of the effect that the iridium cat-
alyst may play on ligand binding, we prepared the catalyst-ligand
conjugate with a PEG3 linker to spatially separate the two compo-
nents. Gratifyingly, after irradiation with 450 nm light for 10
minutes in the presence of biotin-PEG3-diazirine 2, we observed a
3.3:1 labelling in favor of the target protein CA. In contrast, when
labelling was performed in the presence of an unconjugated photo-
catalyst (see supporting information), BSA was selectively bioti-
nylated over CA in a ratio of 5:1. Taken together, this comprises a

Scheme 1 | Small molecule target ID for membrane proteins. a, Tar-
get ID campaigns often rely on large data sets derived from screening
and high throughput experimentation. b, Traditional photoaffinity la-
belling techniques employ the stoichiometric activation of diazirine
small-molecule conjugates using UV light. c, Our proposal entails the
photocatalytic activation of diazirines using visible light, giving rise to
significant signal enhancement, suitable for the target ID of a G protein-
coupled receptor (GPCR) protein in cells, PDB entry 3EML.
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• The human proteome contains druggable 
pockets with no proximal cysteines
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have led to a continued underrepresentation in large-scale proteo-
mic studies21. Indeed, the inherent difficulties of surface target ID
have inspired the development of several elegant surface-specific
methods that hinge upon the use of stoichiometric activated elec-
trophiles22–24, single-electron transfer events25,26, or specific oxi-
dizable residues27. However, we reasoned that the development of
a general cell-surface mapping technology that could overcome
these challenges through signal amplification would have signifi-
cant implications for the identification of novel membrane targets
– one of the most fruitful landscapes in drug discovery28.

With this goal in mind, we set out a list of criteria that would
be required from such a target ID platform: (a) labelling must occur
catalytically (as opposed to stoichiometric labelling) in order to
overcome low native protein abundance; (b) labelling must occur
rapidly with minimal diffusion from the ligand binding site in an
unbiased, residue agnostic manner; (c) labelling should be mini-
mally invasive to the cellular environment and maintain native pro-
tein function; and (d) the labelling manifold must be compatible
with both an aqueous environment and biomolecules. The success-
ful realization of these goals would result in a general platform for
illuminating small molecule ligand-target interactions including
binding site and protein interactome mapping, and critically, mem-
brane target ID. 

We recently disclosed a novel platform for the elucidation of
cellular microenvironments using photocatalyst-antibody conju-
gates, termed µMapping29. By localizing the generation of short-
lived (t1/2 ~ 4 ns) reactive carbenes from diazirines around an irid-
ium photocatalyst-antibody conjugate, we were able to achieve 
high-resolution labelling of extracellular microenvironments, iden-
tifying previously unknown constituents of the oncogenic PD1–
PDL1 interactome. Based upon this advance, we questioned
whether the µMapping technology could be translated towards
small-molecule cell-surface target ID. We envisioned that a photo-
catalyst-ligand conjugate could be localized to a target biomolecule
via a ligand binding event. Irradiation of the photocatalyst-ligand
conjugate with blue light would promote the photocatalyst into its
triplet excited state, which could undergo subsequent Dexter en-
ergy transfer with a proximal diazirine, thus returning the photo-
catalyst to its ground-state. Rapid extrusion of nitrogen from the
excited diazirine would lead to the formation of a singlet carbene 
(following spin equilibration)30. We reasoned that the highly reac-
tive carbene intermediate would afford high selectivity for cross-
linking with the target protein, as its inability to diffuse through
solution would disallow insertion events with unassociated, spec-
tator biomolecules (Scheme 1c). Crucially, the catalytic nature of
this technology would allow for multiple labelling events of the
target protein, thereby enhancing target enrichment and deconvo-
lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would
serve as a platform for profiling of the ligand binding site. This
proximity-directed labelling approach, applied to GPCR target ID,
could revitalize receptor deorphanization efforts and ultimately de-
liver novel targets for drug discovery programmes31.

To first ascertain the capability of a small molecule-iridium
conjugate to direct labelling towards a specific protein, we de-
signed a simple two-protein in vitro assay (Scheme 2). We used an
equimolar ratio of the target protein, bovine carbonic anhydrase 
(CA), and bovine serum albumin (BSA) as a competitor protein.
Following our hypothesis, irradiation of the mixture of a sulfona-
mide-iridium conjugate 1, which targets CA selectively, and a bi-
otin-tagged diazirine 2, would lead to selective labelling of CA
over BSA32. Analysis of labelling ratios by immunoblotting with
streptavidin would provide an indication of both reaction effi-
ciency and selectivity. Cognisant of the effect that the iridium cat-
alyst may play on ligand binding, we prepared the catalyst-ligand
conjugate with a PEG3 linker to spatially separate the two compo-
nents. Gratifyingly, after irradiation with 450 nm light for 10
minutes in the presence of biotin-PEG3-diazirine 2, we observed a
3.3:1 labelling in favor of the target protein CA. In contrast, when
labelling was performed in the presence of an unconjugated photo-
catalyst (see supporting information), BSA was selectively bioti-
nylated over CA in a ratio of 5:1. Taken together, this comprises a

Scheme 1 | Small molecule target ID for membrane proteins. a, Tar-
get ID campaigns often rely on large data sets derived from screening
and high throughput experimentation. b, Traditional photoaffinity la-
belling techniques employ the stoichiometric activation of diazirine
small-molecule conjugates using UV light. c, Our proposal entails the
photocatalytic activation of diazirines using visible light, giving rise to
significant signal enhancement, suitable for the target ID of a G protein-
coupled receptor (GPCR) protein in cells, PDB entry 3EML.
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Protein Targeting
Induced proximity

Ito, T.; Ando, H.; Suzuki, T.; Ogura, T.; Hotta, K.; Imamura, Y.; Yamaguchi, Y.; Handa, H. Science 2010, 327, 1345.

• Benefits to Heterobifunctionals:

1. Target non-enzymatic pockets

2. Catalytic degraders

3. Degradation removes entire protein

4. PROTAC warheads don’t require high binding affinity

Cereblon
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What other strategies can be used to target the 
undruggable proteome?

Strategies to Access Undruggable Targets
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Pharmacophores designed to mimic a natural peptide

Current Strategies

Vagner, J., Qu, H., Hruby, V. J. Curr. Opin. Chem. Biol. 2008, 12, 292–296.

peptidomimetics

1.Stabilization against proteolysis

X

2.Increased oral bioavailability



Investigating Druggability

3 key factors to “Undruggabilty”:

◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• Protein–protein interactions (PPIs)

• Protein–nucleic acid interactions

~130,000–650,000 
types of PPIs in the 
human interactome

Lu, H., Zhou, Q., He, J. et al. Sig Transduct Target Ther. 2020, 5, 213–220.

Disruption of PPIs can 
promote disease states 

Greenblatt, J. F., Alberts, B. M.,  Krogan, N. J. Cell. 2024,187, 6501–6517.
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◼︎ Undefined binding pockets◼︎ Dynamic surfaces◼︎ Disordered Structures

• Protein–protein interactions (PPIs)

• Protein–nucleic acid interactions

Lu, H., Zhou, Q., He, J. et al. Sig Transduct Target Ther. 2020, 5, 213–220.
Greenblatt, J. F., Alberts, B. M.,  Krogan, N. J. Cell. 2024,187, 6501–6517.

• exhibit specific interactions with PPI and protein–nucleic acids

peptidomimetics
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Peptidomimetic inhibitors

Shindo, N., Ojida, A. Bioorg. Med. Chem. 2021. 47, 1–12
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MCPs = The “goldilocks” chemical modality

MCPs for Undruggable targets:

• Large compound library screening a powerful approach for the de novo discovery of MCPs
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• MCPs exhibit constrained conformations and chemical stability

◼︎ MCPs in drug discovery:
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Muttenthaler, M., King, G. F., Adams, D. J., Alewood, P. F., Nat. Rev. 2021, 309–325.

• Many clinical antibiotics are MCPs: polymyxins, bacitracin, 
daptomycin etc.

◼︎ MCPs in drug discovery:
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Macrocyclic Peptides (MCPs)

Muttenthaler, M., King, G. F., Adams, D. J., Alewood, P. F., Nat. Rev. 2021, 309–325.

• MCPs are important sources for antibiotic discovery due to 
their constrained conformations and chemical stability
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Macrocyclic Peptides (MCPs)

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery:

Targeting drug–resistance

Undruggable targets that were previously treatable

drug–resistant bacterial infections:
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◼︎ MCPs in drug discovery:

Targeting drug–resistance

Carbapenem-resistant Acinetobacter baumannii (CRAB)

• Gained multi-drug resistance 50 years ago

• Resistant to β-lactam and carbapenem antibiotics 



Macrocyclic Peptides (MCPs)

Centers for Disease Control and Prevention. 2019 AR Threats Report. CDC (2019)

◼︎ MCPs in drug discovery:

Targeting drug–resistance

Carbapenem-resistant Acinetobacter baumannii (CRAB)

• Gained multi-drug resistance 50 years ago

• Resistant to β-lactam and carbapenem antibiotics 

Priority 1 Critical WHO Pathogen
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Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery:

Targeting drug–resistance

Carbapenem-resistant Acinetobacter baumannii (CRAB)
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Macrocyclic Peptides (MCPs)

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery:

Targeting drug–resistance

Carbapenem-resistant Acinetobacter baumannii (CRAB)

• Large compound library screening a powerful approach for the 
de novo discovery of interacting MCPs



Macrocyclic Peptides (MCPs)
Targeting drug–resistance

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

Screened > 45,000 MCPs 1 MCP selectively kills A. baumannii



Macrocyclic Peptides (MCPs)
Targeting drug–resistance

Screened > 45,000 MCPs

• Further optimization performed for efficacy and blood–plasma compatibility 

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

1 MCP selectively kills A. baumannii
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Targeting drug–resistance

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.
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1 MCP selectively kills A. baumannii
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Macrocyclic Peptides (MCPs)
Targeting drug–resistance

Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

Operative via novel mode of action

Zosurabalpin®

1 MCP selectively kills A. baumannii
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Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery:

Targeting drug–resistance

• Zosurabalpin inhibits transport of the molecule lipopolysaccharide (LPS)
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◼︎ MCPs in drug discovery:

Targeting drug–resistance

• Zosurabalpin inhibits transport of the molecule lipopolysaccharide (LPS)
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Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery: inhibits LptB2FGC complex

Targeting drug–resistance

• Zosurabalpin inhibits transport of the molecule lipopolysaccharide (LPS)
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Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery: reaching novel targets 

Targeting drug–resistance

• Antibiotics have focused on 
reaching cytoplasmic targets 
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◼︎ MCPs in drug discovery: reaching novel targets 

Targeting drug–resistance

• Antibiotics have focused on 
reaching cytoplasmic targets 

• This limits prospective targets to 
cell surface
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Zampaloni, C. Et al. Nature. 2024, 625, 566–571.

◼︎ MCPs in drug discovery: reaching novel targets 

Targeting drug–resistance

• Antibiotics have focused on 
reaching cytoplasmic targets 

• LptB2FGC resides in the 
periplasm, enabling Zosurabalpin 

delivery



Designer 
peptidomimetics 

Macrocyclic Peptides

Stabilized Peptides

Swenson, C. S., Mandava, G., Thomas, D. M., Moellering, R. E. Chem. Rev. 2024. 124, 13020–13093

Strategies to Access Undruggable Targets



Macrocyclic Peptides

Stabilized Peptides

Swenson, C. S., Mandava, G., Thomas, D. M., Moellering, R. E. Chem. Rev. 2024. 124, 13020–13093

Strategies to Access Undruggable Targets

Designer 
peptidomimetics 
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Strategies to Access Undruggable Targets



Stabilized Peptides

Swenson, C. S., Mandava, G., Thomas, D. M., Moellering, R. E. Chem. Rev. 2024. 124, 13020–13093

Strategies to Access Undruggable Targets

• synthetic modifications to stabilize local and global structural motifs



Stabilized Peptides

Swenson, C. S., Mandava, G., Thomas, D. M., Moellering, R. E. Chem. Rev. 2024. 124, 13020–13093

Strategies to Access Undruggable Targets

• synthetic modifications to stabilize local and global structural motifs

Confers enhanced affinity and specificity 



Stabilized Peptides

◼︎ Imposing structure

Muttenthaler, M., King, G. F., Adams, D. J., Alewood, P. F., Nat. Rev. 2021, 309–325.

Naturally occurring motifs:

Helix motifs



Stabilized Peptides

◼︎ Imposing structure

Muttenthaler, M., King, G. F., Adams, D. J., Alewood, P. F., Nat. Rev. 2021, 309–325.

Naturally occurring motifs:

Helix motifs

• The majority of interactions reported in PDB involve 𝜶-helices 



Stabilized Peptides

◼︎ Imposing structure

Muttenthaler, M., King, G. F., Adams, D. J., Alewood, P. F., Nat. Rev. 2021, 309–325.

Naturally occurring motifs:

Helix motifs Hairpin motifs

• Both exhibit internal hydrogen bonding 

• stabilizing mutations locks the peptide into desired conformation
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Zheng, R., Li, M., Wang, S. et al. Exp Hematol Oncol, 2020, 9, 31–40

Inhibition of NOTCH

activating 

mutations in 

NOTCH1 >50% of 

T-ALL



Stabilized Peptides

Zheng, R., Li, M., Wang, S. et al. Exp Hematol Oncol, 2020, 9, 31–40

Inhibition of NOTCH

Inappropriate NOTCH activation is directly implicated in T-cell Acute 

Lymphoblastic Leukaemia (T-ALL)

activating 

mutations in 

NOTCH1 >50% of 

T-ALL



Stabilized Peptides

Zheng, R., Li, M., Wang, S. et al. Exp Hematol Oncol, 2020, 9, 31–40

Inhibition of NOTCH

NOTCH1 = transcription factor

activating 

mutations in 

NOTCH1 >50% of 

T-ALL

• transcription factors are challenging to target



Stabilized Peptides

◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex

Binding by 

extracellular ligands 

induces signaling
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex

dnMAML1 Cofactor 



Stabilized Peptides

◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex

dnMAML1 Cofactor 

Assembly promotes signalling

Recruits transcription machinery 
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex

ICN1 normally binds MAML1

Derived from MAML1 binding domain!
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex stapled α-helical peptides
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex stapled α-helical peptides
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◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex stapled α-helical peptides

Forced as a helix (despite being short) due to stapling



Stabilized Peptides

◼︎ Imposing structure:

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex stapled α-helical peptides

Forced as a helix (despite being short) due to stapling

(No binding)



Stabilized Peptides

◼︎ Imposing structure: Previous peptide stapling had never targeted a complex 

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow, S. C., Kung, A., L., Gilliland, 
D. G., Verdine, G. L., Bradner, J. E. Nature. 2009, 182–188.

Inhibition of NOTCH

NOTCH1 ternary complex stapled α-helical peptides

Forced as a helix (despite being short) due to stapling



Modification Strategies for Undruggable Targets: Target ID 
and druggability

have led to a continued underrepresentation in large-scale proteo-
mic studies21. Indeed, the inherent difficulties of surface target ID
have inspired the development of several elegant surface-specific
methods that hinge upon the use of stoichiometric activated elec-
trophiles22–24, single-electron transfer events25,26, or specific oxi-
dizable residues27. However, we reasoned that the development of
a general cell-surface mapping technology that could overcome
these challenges through signal amplification would have signifi-
cant implications for the identification of novel membrane targets
– one of the most fruitful landscapes in drug discovery28.

With this goal in mind, we set out a list of criteria that would
be required from such a target ID platform: (a) labelling must occur
catalytically (as opposed to stoichiometric labelling) in order to
overcome low native protein abundance; (b) labelling must occur
rapidly with minimal diffusion from the ligand binding site in an
unbiased, residue agnostic manner; (c) labelling should be mini-
mally invasive to the cellular environment and maintain native pro-
tein function; and (d) the labelling manifold must be compatible
with both an aqueous environment and biomolecules. The success-
ful realization of these goals would result in a general platform for
illuminating small molecule ligand-target interactions including
binding site and protein interactome mapping, and critically, mem-
brane target ID. 

We recently disclosed a novel platform for the elucidation of
cellular microenvironments using photocatalyst-antibody conju-
gates, termed µMapping29. By localizing the generation of short-
lived (t1/2 ~ 4 ns) reactive carbenes from diazirines around an irid-
ium photocatalyst-antibody conjugate, we were able to achieve 
high-resolution labelling of extracellular microenvironments, iden-
tifying previously unknown constituents of the oncogenic PD1–
PDL1 interactome. Based upon this advance, we questioned
whether the µMapping technology could be translated towards
small-molecule cell-surface target ID. We envisioned that a photo-
catalyst-ligand conjugate could be localized to a target biomolecule
via a ligand binding event. Irradiation of the photocatalyst-ligand
conjugate with blue light would promote the photocatalyst into its
triplet excited state, which could undergo subsequent Dexter en-
ergy transfer with a proximal diazirine, thus returning the photo-
catalyst to its ground-state. Rapid extrusion of nitrogen from the
excited diazirine would lead to the formation of a singlet carbene 
(following spin equilibration)30. We reasoned that the highly reac-
tive carbene intermediate would afford high selectivity for cross-
linking with the target protein, as its inability to diffuse through
solution would disallow insertion events with unassociated, spec-
tator biomolecules (Scheme 1c). Crucially, the catalytic nature of
this technology would allow for multiple labelling events of the
target protein, thereby enhancing target enrichment and deconvo-
lution. Moreover, given the residue agnostic nature of carbene in-
sertion, we predicted that proteomic analysis of the protein would
serve as a platform for profiling of the ligand binding site. This
proximity-directed labelling approach, applied to GPCR target ID,
could revitalize receptor deorphanization efforts and ultimately de-
liver novel targets for drug discovery programmes31.

To first ascertain the capability of a small molecule-iridium
conjugate to direct labelling towards a specific protein, we de-
signed a simple two-protein in vitro assay (Scheme 2). We used an
equimolar ratio of the target protein, bovine carbonic anhydrase 
(CA), and bovine serum albumin (BSA) as a competitor protein.
Following our hypothesis, irradiation of the mixture of a sulfona-
mide-iridium conjugate 1, which targets CA selectively, and a bi-
otin-tagged diazirine 2, would lead to selective labelling of CA
over BSA32. Analysis of labelling ratios by immunoblotting with
streptavidin would provide an indication of both reaction effi-
ciency and selectivity. Cognisant of the effect that the iridium cat-
alyst may play on ligand binding, we prepared the catalyst-ligand
conjugate with a PEG3 linker to spatially separate the two compo-
nents. Gratifyingly, after irradiation with 450 nm light for 10
minutes in the presence of biotin-PEG3-diazirine 2, we observed a
3.3:1 labelling in favor of the target protein CA. In contrast, when
labelling was performed in the presence of an unconjugated photo-
catalyst (see supporting information), BSA was selectively bioti-
nylated over CA in a ratio of 5:1. Taken together, this comprises a

Scheme 1 | Small molecule target ID for membrane proteins. a, Tar-
get ID campaigns often rely on large data sets derived from screening
and high throughput experimentation. b, Traditional photoaffinity la-
belling techniques employ the stoichiometric activation of diazirine
small-molecule conjugates using UV light. c, Our proposal entails the
photocatalytic activation of diazirines using visible light, giving rise to
significant signal enhancement, suitable for the target ID of a G protein-
coupled receptor (GPCR) protein in cells, PDB entry 3EML.

Target ID
crucial for clinical 

advancement

Part 2

Non-covalent interactors, 
peptidomimetics, etc.

• Exploiting structure–function to
investigate therapeutics

PRP protein

Part 3 

Prion misfolding: re-examining undruggabilty

Prions: Protein Misfolding

Part 3
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Folding

Levinthal’s paradox

Prion disease = proteopathic disease



Intrinsically disordered proteins 

Tang, C., Feigin A., Neurodegenerative Dis Manag. 2012, 2, 421–435.

“A protein with N amino acids should have
102N degrees of freedom. Thus a small

protein (e.g. 150 amino acids) would have
10300 degrees of freedom. There is not

enough time in the universe to try each of
these combinations, and yet the protein is

folded within a second.”

Levinthal’s paradox

Folding

Prion disease = proteopathic disease
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Tang, C., Feigin A., Neurodegenerative Dis Manag. 2012, 2, 421–435.

“A protein with N amino acids should have
102N degrees of freedom. Thus a small

protein (e.g. 150 amino acids) would have
10300 degrees of freedom. There is not

enough time in the universe to try each of
these combinations, and yet the protein is

folded within a second.”

Levinthal’s paradox

Free energy

Conformational space

Folded

Unfolded

Folding

Prion disease = proteopathic disease
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misfolding

“Proteinaceous infection” = Prion
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misfolding

“Proteinaceous infection” = Prion
Free energy

Conformational space
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misfolding

“Proteinaceous infection” = Prion

Dr. Stanley Prusiner

Free energy

Conformational space
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Tang, C., Feigin A., Neurodegenerative Dis Manag. 2012, 2, 421–435.

misfolding

“Proteinaceous infection” = Prion

Prions are exceedingly hard to sterilize/inactivate

Dr. Stanley Prusiner

Free energy

Conformational space
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Tang, C., Feigin A., Neurodegenerative Dis Manag. 2012, 2, 421–435.

“Proteinaceous infection” = Prion

Jakob-Creutzfeldt disease, or Kuru

• No known cure



Tang, C., Feigin A., Neurodegenerative Dis Manag. 2012, 2, 421–435.

Gene

Intrinsically disordered proteins 
Strategies to target the undruggable

RNA Protein



An, M. Et al. Nat. Med. 2025, 31, 1319–1328.

Intrinsically disordered proteins 
Strategies to target the undruggable



An, M. Et al. Nat. Med. 2025, 31, 1319–1328.

Intrinsically disordered proteins 
Strategies to target the undruggable

PRNP Gene

PRP protein misfold



An, M. Et al. Nat. Med. 2025, 31, 1319–1328.

Intrinsically disordered proteins 
Strategies to target the undruggable

PRNP Gene

PRP protein misfold

• strategy: gene therapy 
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• Base editing a single gene: treating prion disease
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Strategies to target the undruggable

• Adenovirus to modify PRNP locus:
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• Base editing a single gene: treating prion disease
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• Base editing a single gene: treating prion disease
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stop codonsKey point: Arg, Gln, Trp codons 

• Cytosine base editor (CBE)
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• Base editing a single gene: treating prion disease
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• Base editing a single gene: treating prion disease

Intrinsically disordered proteins 
Strategies to target the undruggable

HEK293T cells

Transfected with plasmid encoding 
base editing tools

Base editing targeting Arg37 exhibited high 
editing efficiency (54%!)
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• Base editing a single gene: treating prion disease

Intrinsically disordered proteins 
Strategies to target the undruggable

• Adenovirus to modify PRNP locus:

Tg25109 mice
(Humanized prion mice)
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• Base editing a single gene: treating prion disease

Intrinsically disordered proteins 
Strategies to target the undruggable

• 50% increase in lifespan in a humanized mouse model of prion disease!
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Langley, D.R.; Crews, C.M. Nat. Rev. Drug Discov. 2022, 21, 181.

KRAS signalling
Controls cell proliferation and growth



Druggable Targets

2. protein and nucleic acid ID1. Data-driven “-omics” 

Swenson, C. S., Mandava, G., Thomas, D. M., Moellering, R. E. Chem. Rev. 2024. 124, 13020–13093

Identification of disease-causal targets has been driven by:

• gives expression level data



Molecular glue mechanism of IMiDs influenced PROTAC design

Langley, D.R.; Crews, C.M. Nat. Rev. Drug Discov. 2022, 21, 181.
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LYTAC: Lysosome Targeting Chimeras

DUBTAC: Deubiquitinase  Targeting Chimeras

TRAM: Targeted
Relocalization Activating

Molecules

Steven Banik, Stanford



Novel Chemical Reactivity Through AI-Augmented Experimentation
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