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Why is it so hard to design new 
small molecule drugs?

Inquiry Immersion 20-21

James Fraser


(he/him)



Who am I?
• James (or Jaime, but not Jamie or 

Jim) Fraser - he/him pronouns 
• Background in Protein Biophysics 

and Evolutionary Biology 
• Ph.D. in Molecular and Cell 

Biology from UC Berkeley 
• I’ve run a lab at UCSF since 2011 

• If you have additional questions: 
• email: jfraser@fraserlab.com  
• twitter: @fraser_lab



Class information  
 https://fraserlab.com/inquiry/



Circle! 
• Who are you? 
• Did you make a new year’s resolution?  
• What is one piece of pop culture you consumed over break? 
• Why did you sign up for this class, what do you want to learn? 
• Free for all questions?



Why is it so hard to design new small 
molecule drugs?



Chemical space

Possible compounds with <600 Da
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Bohacek RS et al Molecular Research Reviews 1,3-50 (1996)
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Chemical space is huge!

Mullard A Nature 549,445 (2017)



Chemical space is huge!

Mullard A Nature 549,445 (2017)



Log scale!

1060

1010

Atoms in the solar system

Stars in the universe

Neurons in the human brain

Mullard A Nature 549,445 (2017)



• What are the molecular interactions 
between ligand and protein? 

• What are they worth energetically? 
• How does that relate to affinity? 
• How many interactions in between a 

typical drug and protein? 
• How do they scale with size? 
• What happens to specificity?



Needles in enormous haystacks



Finding that rare needle…



High throughput screening
Library

30 heavy atoms
~106

Hit

Lead

Candidate



Drug discovery – HTS hit

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).



High throughput screening
Library

30 heavy atoms
~106

Hit

Lead

Candidate

1060

1010

Vast undersampling!



What is a fragment?



Fragment based drug discovery

Rees DC et al Nature Reviews Drug Discovery 3, 660-672 (2004).



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize

1060

1010

Less undersampling



High-throughput screening Fragment-based
Library size 1,000,000 – 10,000,000 <10,000
Molecular 
weight

>300 kDa <300 kDa

Screening More flexible Well characterized targets
Affinities µM mM
Optimization Fixing problems, improving 

affinity
Iterative improvement

Main 
downside

Attrition, can’t solve ”
challenging” targets

Biophysical methods are hard!

HTS vs Fragment based 



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize



Assessing drug-target interaction

High resolution X-ray (or Cryo-EM) structure

Renaud JP et al. Nature Reviews Drug Discovery 15,679-698 (2016) 



Assessing drug-target interaction

NMRX-ray
Cryo-EM

Renaud JP et al. Nature Reviews Drug Discovery 15,679-698 (2016) 



Assessing drug-target interaction

X-ray
Cryo-EM NMR

Surface
Plasmon

resonance

Thermal
unfolding

Isothermal
Titration

calorimetry

Mass
spectrometry

Deuterium
Exchange MS

Microscale
thermophoresis

Fluorescent or
Radioligand 

binding



Fragment based drug discovery
Library

15 heavy atoms
~105

Lead

Candidate

Evaluate WEAK
binding

Rationally
optimize





Why Fragments? Observability x Affinity = Usefulness

1 3 5 7 9
0.0

0.5
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Ligand complexity

Probability

Ligand
Affinity
Useful event

Observable binding

mM or better affinity

Useful event    



Kinases have become one of the major drug 
target classes over the past 20 years



Break!



Kinases are enzymes that 
control cellular information flow

Control many growth/cell cycle signals 
Antagonized by phosphatases  

(to which there are no inhibitors in the clinic)



Receptor Kinases transmit signals from outside 
the cell, often through ligand-induced dimerization



Therapeutic antibodies block extracellular 
dimerization, often using a distinct set of interactions

More on antibodies from Prof. Kortemme (next Tuesday)



Kinases switch between active 
and inactive conformations

Hyperactive kinases 
are a common 

cause of cancer



Drugs targeting enzymes  
(like kinase intracellular domain)  

tend to look like natural substrates (like ATP)
Folic Acid

Methotrexate

Target: DHFR Target: HCV Protease



Kinase inhibitors mimic ATP and 
compete for the same binding site

Large medicinal chemistry efforts to “tune” selectivity for 
an individual kinases’ ATP binding site 

Keep in mind - nucleosides (base and ribose) 
 are relatively hydrophobic

Areas that can be optimized 
from common scaffold 
(more on scaffold and 
selectivity tomorrow)



The kinase active site is highly conserved 
and optimized for ATP binding

…because of this 
kinases were 
considered 

“undruggable”

Only the “gatekeeper” residue 
is variable



Fortunately two things help : 1) conservation 
is reduced away from the binding site,  

2) kinases are structurally plastic



Kinases switch between active 
and inactive conformations

Hyperactive kinases 
are a common 

cause of cancer



Binding of Gleevec to Abl exploits 
the active-inactive equilibrium



While kinase inhibitors maintain overlap 
with the adenine ring of ATP, the search for 

specificity goes elsewhere

All EGFR ligands2GS7



Key “hinge” hydrogen bonds are a major 
design element in kinase inhibitors, but 

other areas provide specificity



Clinical introduction of potent kinase 
inhibitors is closely followed by resistance

A 38-year-old man with BRAF-mutant melanoma and subcutaneous metastatic 
deposits. Photographs were taken (A) before initiation of PLX4032, (B) after 15 weeks of 
therapy with PLX4032, and (C) after relapse, after 23 weeks of therapy.



active site mutations

degradation of inhibitor

over-expression+other signaling

efflux

The common resistance 
mechanisms for small molecules



Active site mutations directly 
alter interactions with drugs

Mutation at variable 
“gatekeeper” residue



Protein modeling and structural biology 
play a large role in combating resistance

•X-ray crystallography of mutant 
proteins 

•Trimming the molecule to avoid 
clashes caused by Small-to-
Large mutations 

•Conformational changes are 
difficult to predict (molecular 
dynamics simulations can help) 

O’Hare…Clackson 
Cancer Cell, 2009



kinase affinity for adenosine triphosphate (ATP). Because most kinase
inhibitors in clinical use are ATP-competitive agents, the increased
ATP affinity that results from gatekeeper substitutions provides a
kinetic means of drug resistance.

In addition to gatekeeper mutations, other types of second mu-
tations in the target oncogene have also been reported, albeit less
commonly.38-40,42,46 Some of these mutations destabilize the autoin-
hibitory (inactive) protein conformation bound by certain targeted
drugs. Alternatively, gene amplification of the target kinase oncogene
may override the ability of the drug to fully extinguish oncoprotein
activity. Amplification as a means for resistance has been described for
BCR-ABL and KIT in patients with chronic myeloid leukemia and GI
stromal tumor (GIST), respectively, as well as for EGFR in lung cancer
cell lines.18,47,48 Genetic alterations upstream of the target oncogene
may provide an additional mechanism; these events cause resistance
through upregulation or activation of the target oncoproteins. To-
ward this end, some BRAF-mutant melanoma tumors and cell lines
that are resistant to RAF inhibition have been found to harbor NRAS
mutations.37 Furthermore, melanoma cell lines cultured in vitro in the
presence of MEK inhibitors may exhibit BRAF amplification.49 In
the PLX4032-resistant melanoma examined here, we did not ob-
serve additional mutations or amplifications involving the BRAF
or NRAS loci.

Bypass resistance mechanisms may involve genomic alterations
that dysregulate a cellular effector acting in parallel to the drug target.
As described in the introduction, the MET oncogene, which is ampli-
fied in approximately 20% of EGFR-mutant lung cancers after treat-
ment with erlotinib or gefitinib, can activate PI3K/AKT and ERK
signaling even in the presence of EGFR inhibition.51-53,73 Other bypass
resistance mechanisms, including activation of IGF-1R!/IRS-1 sig-
naling and signaling via the MET ligand HGF, have also been de-
scribed in cell lines with acquired resistance to inhibition by erlotinib,
gefitinib, and/or trastuzumab.51,73-77

In melanoma, several bypass mechanisms resulting in resistance
to PLX4032 have been recently described. Elevated expression of the
kinase COT (MAP3K8) drives resistance to PLX4032 in melanoma
cell lines and, apparently, in some tumor samples.60 CRAF activation
also results in resistance to PLX4032 in cell lines.60,78 Both COT and
CRAF dysregulation reactivate the MAPK pathway. Another recently
described bypass mechanism— upregulation of PDGFR!—may
activate a MAPK-independent pathway.37 Receptor tyrosine kinases
such as AXL, ERBB2, and IGF1R may also confer resistance to RAF
inhibition in a MAPK-independent manner, at least in vitro.60,60a In
the current study, we observed mutations in the receptor tyrosine
kinases ERBB4 and RET. Although ERBB4 mutations have been im-
plicated in the pathogenesis of melanoma,79 the presence of the

Table 2. Exemplary Mechanisms of Acquired Resistance to Kinase Inhibitors

Targeted Agent Target Gene

Acquired Resistance via Secondary
Mutation, Amplification, or

Activation of Target Acquired Resistance via Bypass
Acquired Resistance

via Downstream Mutation

Imatinib
ABL T315I IGF1R amplification

Y253F/H AXL overexpression!†
E255K/V
ABL amplification
T670I
V654A
D816A/G/H/V
D820A/E/G/Y

KIT Y823D
KIT amplification

PDGFRA T674I
Gefitinib or erlotinib EGFR T790M MET amplification

D761Y HGF overexpression!†
L747S IGFBP3 loss!†
T854A
EGFR amplification!

Trastuzumab HER2
Lapatinib HER2/EGFR
PKC412 FLT3 N676K

FGFR
AZD6044 MEK1 MEK1 P124L

BRAF amplification!

PLX4032 BRAF NRAS Q61K COT overexpression† MEK1 C121S
PDGFR! overexpression†
CRAF overexpression!†
AXL overexpression!†
HER2 overexpression!†

Crizotinib ALK/MET L1196M
C1156Y
F1174L

Abbreviations: IGF1R, insulin-like growth factor 1 receptor; HGF, hepatocyte growth factor; IGFBP3, insulin-like growth factor receptor binding protein-3; PDGFR!,
platelet-derived growth factor !; HER2, human epidermal growth factor receptor 2.

!Mechanisms that have been described in vitro.
†Nongenetic mechanisms.
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A B S T R A C T

A detailed understanding of the mechanisms by which tumors acquire resistance to targeted
anticancer agents should speed the development of treatment strategies with lasting clinical
efficacy. RAF inhibition in BRAF-mutant melanoma exemplifies the promise and challenge of many
targeted drugs; although response rates are high, resistance invariably develops. Here, we
articulate overarching principles of resistance to kinase inhibitors, as well as a translational
approach to characterize resistance in the clinical setting through tumor mutation profiling. As a
proof of principle, we performed targeted, massively parallel sequencing of 138 cancer genes in
a tumor obtained from a patient with melanoma who developed resistance to PLX4032 after an
initial dramatic response. The resulting profile identified an activating mutation at codon 121 in the
downstream kinase MEK1 that was absent in the corresponding pretreatment tumor. The
MEK1C121S mutation was shown to increase kinase activity and confer robust resistance to both
RAF and MEK inhibition in vitro. Thus, MEK1C121S or functionally similar mutations are predicted
to confer resistance to combined MEK/RAF inhibition. These results provide an instructive
framework for assessing mechanisms of acquired resistance to kinase inhibition and illustrate the
use of emerging technologies in a manner that may accelerate personalized cancer medicine.

J Clin Oncol 29:3085-3096. © 2011 by American Society of Clinical Oncology

INTRODUCTION

The marked expansion of tumor genomic charac-
terization and new drugs in clinical development has
enabled a steady increase in the use of molecular
knowledge to guide oncology treatment decisions.
Concomitantly, a shifting conceptual framework
has emerged wherein salient genetic features may
prove at least as decisive as anatomic origins to spec-
ify the optimal use and likelihood of response to
targeted anticancer therapeutics. Protein kinase
inhibitors have proved exemplary in this regard;
deployment of these agents is commonly guided
by knowledge of tumor genetic alterations that
dysregulate cellular signaling mechanisms. Well-
known examples include imatinib to treat tumors
that contain activating mutations in ABL1 or KIT
oncogenes,1-4 gefitinib or erlotinib in the setting of
EGFR mutations,5-9 and trastuzumab in ERBB2-
amplified cancers.10,11 Newer kinase inhibitors tar-
geting BRAF in melanoma and ALK in lung cancer
have shown similarly promising results in clini-
cal trials.12-14

Although therapeutics directed against onco-
genic kinases may yield dramatic responses and im-

proved survival in cancers driven by a dominant
oncogene, such tumors invariably become resistant
to these agents.15-27 Thus, elucidating the mecha-
nisms of acquired resistance (or its presence de
novo) is essential to the development of new treat-
ment strategies that improve the clinical benefit. In
parallel, diagnostic advances that exploit increas-
ingly powerful genomic technologies may be needed
to profile individual tumors for the acquisition of
specific resistance mechanisms. Ultimately, a com-
prehensive knowledge of drug resistance coupled
with the ability to diagnose the relevant mechanisms
in situ may enable therapeutic combinations capa-
ble of engendering prolonged responses in many
oncogene-driven cancers.

Principles of Therapeutic Resistance in
Kinase-Driven Cancers

Mechanisms of resistance to anticancer agents
may include increased drug efflux, modifications
within the target protein(s), activation of down-
stream or redundant (eg, bypass) pathways, and in-
duction of cell survival pathways.16,17,24,25,27-31 In
cancers driven by kinase oncogenes, resistance
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Compensatory chemical changes in 
drugs can target resistance mutations

•Filling the new 
holes created 
by Large-to-
Small 
mutations 

•or exploiting 
solvent 
interactions 



The cycle of compensatory changes 
- an evolutionary arms race!

More common to have many cycles of this race for 
anti-virals and anti-bacterials than anti-cancer



Movie



Mutant kinase profiling and sequencing 
studies will enable rapid feedback 

between drugs 

Kinase profiling to expand 
from WT to include mutants

Drugs targeting emerging 
resistance will be more effective



Keep in mind - nucleosides (base and ribose)  
are relatively hydrophobic

>200 small molecules tested in humans
>30 approved inhibitors

…but none against phosphatases
(a phosphopeptide is very charged!)



The disease biology of phosphatases is, perhaps, 
no less compelling than kinases

Chen, Dixon, Manning
Science Signalling, 2017



The highly charged active sites of protein tyrosine phosphatases 
exemplify the difficulties of active site drug discovery

peptide with
negatively charged

pTyr substrate

Barr…Knapp, Cell, 2009



Phosphatase inhibitors with good potency had been 
developed, but none were bioavailable



A new screening strategy for SHP2



SHP836 - is a published ion channel inhibitor!

100,000 molecules screened 3 followup assays

Contrast with active site inhibitor



SHP2 brings new optimism for allosterically 
targeting phosphatases

Chen…Fortin
Nature, 2016

Novartis: SHP099



Both kinases and phosphates can be inhibited by 
targeting specific inactive conformations



Install ChimeraX:
https://www.cgl.ucsf.edu/chimerax/download.html

https://www.nature.com/articles/s41587-020-00778-3



Breakout room quiz

• Why is it easier to develop a kinase inhibitor than a phosphatase inhibitor?


• What does specificity mean in drug discovery? Which is more likely to be 
specific, a kinase inhibitor or a fragment?


• Did I install ChimeraX correctly?



Next class
Starting with a scaffold  

(development of PLX4032/Vemurafenib) 
and how crystallography is useful for fragment based 

discovery using a SARS CoV 2 example


