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The view from 2000

< 100 Mendelian disease genes
(e.g. CFTR in cystic fibrosis, HEXA in Tay-Sachs)

12 common disease genetic variants
(e.g. CTLA4Thr17Ala in Type 1 Diabetes,  PRNPMet129Val in Creutzfeld-Jacob)

2000

Diabetes (type 2)

PPARɣ



~ 20 years on from the Human Genome Project
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Thousands 
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>200
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Asthma
Atrial fibrillation
Breast cancer
Crohn’s disease
Diabetes (type 1)
Diabetes (type 2)
Hypercholesterolemia
Lupus
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Myocardial infarction
Obesity
Prostate Cancer
Others…
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2020 – Gene-Disease Catalog (GDC)
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https://www.ebi.ac.uk/gwas/diagram
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https://www.smithsonianmag.com/science-nature/y-chromosome-may-be-doomed-180967887/

4.6 mil years left?
We’ll post the article for light reading fun



Drugging the Genome
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Chemical probes of disease biology

patient samples reveal
list of disease genes

discover or develop small
molecules that reverse the
impact of disease genes

physiologic settings to test
the impact of disease genes

Approach: use small molecules to test emerging concepts in human disease 
in physiologically relevant settings

Output: validated small-molecule probe to facilitate human clinical development
or diagnostic applications



An engineer’s perspective on perturbation of proteins
intervention can take place at various parts of the system

chemical perturbants
inhibitor
activator
degrader

genetic perturbants
ü shRNA
ü CRISPR

siRNA
shRNA
CRISPR-Cas13

CRISPRko
CRISPRi

activator
siRNA
shRNA
CRISPR-Cas13

CRISPRko
CRISPRi

small 
molecule 
probe

chimeric
small molecule

protein

proteasome

inhibitor

degrader

Your TDP-43 screens may uncover molecules that can achieve any of these mechanisms 



Side note – Targeted Protein Degradation

Nathanael Gray
Harvard Medical School

Jay Bradner
Novartis

Craig Crews
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Side note – Targeted Protein Degradation



‘Undruggable’ targets are aplenty

disordered proteins

e.g. amyloids, transcription 
factors, enzymes

DNA binding proteins
protein-protein interactors

e.g. transcription factors, 
extracellular growth factors,

scaffold proteins

integral membrane 
proteins

e.g. cell adhesion proteins,
enzymes, receptors



1998 – ‘on-bead’ binding assays

Chemical Library = 
2.18M compounds on
90 µm Tentagel beads

Split-Pool 
Combinatorial

Synthesis

Millions? Billions!

Dr. Evil Dr. Schreiber, Harvard



1998 – ‘on-bead’ binding assays

Chemical Library = 
2.18M compounds on
90 µm Tentagel beads

’Gradbot’
Angela

@ Harvard



1998 – ‘on-bead’ binding assays

fluorescent
bead

no 
binding

assay 
positive

Chemical Library = 
2.18M compounds on
90 µm Tentagel beads

rhodamine dye 
540/625 nm

’Gradbot’
Angela

@ Harvard



1998 - other binding assay formats

Ligand

Protein

KD equil, DG, DH

From 20.110 => ΔG = -RTlnKa = ΔH-TΔS

isothermal titration calorimetry

measure changes in temperature upon binding, 
plotted as power needed to maintain a constant T

Rapid Rotation

Slow Rotation

Light remains
polarized

Light is
depolarized

Polarized
Light

fluorescence polarization

measure changes in rate of rotation
upon binding



Pat Brown, Stanford

review

nature genetics supplement • volume 21 • january 1999 33

The genome project has revitalized exploration in biological
research. Not long ago, it was possible for biologists to imagine
that the genes that had been discovered via mutations, selections
and cloning schemes represented a good approximation of the
total universe of genes, and that the proteins already discovered
on the basis of their abundance, location, or activity well repre-
sented the total universe of proteins. One of the great con-
tributions of the genome project has been to show us what a small
part of this world was really known to us, and how much of this
world remains to be explored. In April 1996, the complete
sequence of the yeast genome confronted us with the fact that
yeast contain approximately 6,200 ‘real’ genes, as judged from
open reading frames, for only one quarter of which could we haz-
ard a guess regarding function1 (http://www.ncbi.nlm.nih.gov/
Entrez/Genome/org.html). The tens of thousands of partial
human cDNA sequences representing previously unseen genes
have had a similar humbling effect2. Although we may have sus-
pected its existence, the actual discovery of this genetic terra incog-
nita has jolted biology much as the discovery of America jolted
Europe 500 years agoshowing us how much of the world is
beyond the frontier—mysterious, tantalizing and unexplored.

Exploring the genome and the natural world
with DNA microarrays
Exploration means looking around, observing, describing and
mapping undiscovered territory, not testing theories or models.
The goal is to discover things we neither knew or expected, and to
see relationships and connections among the elements, whether
previously suspected or not. It follows that this process is not
driven by hypothesis and should be as model-independent as
possible (see page 54 of this issue (ref. 3)). We should use the
unprecedented experimental opportunities that the genome
sequences provide to take a fresh, comprehensive and open-
minded look at every question in biology. If we succeed, we can
expect that many of the new models that emerge will defy con-
ventional wisdom.

Exploring and surveying are best done systematically. The
genome, representing the complete blueprint of the organism,
is the natural bounded system in which to conduct this explo-
ration. The completion of the genomic sequences of ‘model

organisms’ (currently the eukaryotes Saccharomyces cerevisiae and
Caenorhabditis elegans, as well as dozens of bacterial species) pro-
vides us with such complete blueprints (http://www.ncbi.nlm.
nih.gov/Entrez/Genome/org.html). These genome sequences
have not only made a new era of exploration imperative, but,
providentially, they have also made it possible.

DNA microarrays provide a simple and natural vehicle for
exploring the genome in a way that is both systematic and com-
prehensive4–10. The power and universality of DNA microarrays
as experimental tools derives from the exquisite specificity and
affinity of complementary base-pairing. We are provided thereby
with an instant experimental handle on DNA or RNA unlike any
we possess for any other biological molecules. A DNA copy of an
individual gene provides a nearly ideal reagent for specific and
quantitative detection and measurement of the sequence of the
gene, even in an extremely complex mixture. For this reason, the
sequence information provided by the genome project has had
an instantaneous impact on experimental biology.

The method used in our labs is simple to describe (complete
details and protocols are available, http://cmgm.stanford.edu/
pbrown). Briefly, arrays of thousands of discrete DNA sequences
(for example, all of the 6,200 known and predicted genes of S. cere-
visiae) are printed on glass microscope slides using a robotic
‘arrayer’ (ref. 5; see also, pages 10 (ref. 11) and 15 (ref. 12) of this
issue). To compare the relative abundance of each of these gene
sequences in two DNA or RNA samples (for example, the total
mRNA isolated from two different cell populations; Fig. 1), the
two samples are first labelled using different fluorescent dyes (say, a
red dye and a green dye). They are then mixed and hybridized with
the arrayed DNA spots. Use of differentially labelled mixtures
avoids most of the complications of hybridization kinetics; we
always measure the ratio. After hybridization, fluorescence mea-
surements are made with a microscope that illuminates each DNA
spot and measures fluorescence for each dye separately; these mea-
surements are used to determine the ratio, and in turn the relative
abundance, of the sequence of each specific gene in the two mRNA
or DNA samples. There are, of course, other microarray systems
and methods, most notably the oligonucleotide arrays developed
by Affymetrix6,7,13, which differ in many details but share the
essential simplicity of this experimental design.

Thousands of genes are being discovered for the first time by sequencing the genomes of model organisms,
an exhilarating reminder that much of the natural world remains to be explored at the molecular level.
DNA microarrays provide a natural vehicle for this exploration. The model organisms are the first for

which comprehensive genome-wide surveys of gene expression patterns or function are possible.
The results can be viewed as maps that reflect the order and logic of the genetic program, rather than the

physical order of genes on chromosomes. Exploration of the genome using DNA microarrays and other
genome-scale technologies should narrow the gap in our knowledge of gene function and

molecular biology between the currently-favoured model organisms and other species.

Exploring the new world of the genome
with DNA microarrays

Patrick O. Brown1,3 & David Botstein2

Departments of 1Biochemistry and 2Genetics, and the 3Howard Hughes Medical Institute, Stanford University School of Medicine,
Stanford, California 94305, USA. e-mail: pbrown@cmgm.stanford.edu

© 1999 Nature America Inc. • http://genetics.nature.com
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follow changes in gene expression during yeast sporulation

Late 1990s - ‘Spatially addressable systems’



Small Molecule Microarrays (SMMs)

compound stock solutions SMM manufacture and screening

screened SMM



Proof-of-concept experiments for SMMs
detecting known protein-ligand interactions

J. Am. Chem. Soc. 121, 7967-7968, 1999

Streptavidin

Anti-Digoxin mAb

FKBP12



Proof-of-concept experiments for SMMs
evaluating affinities and multiplexed formats

J. Am. Chem. Soc. 121, 7967-7968, 1999

KD (nM):                    2,600           140           8.8



Capture chemistries for making SMMs

Photoaffinity
capture

Kanoh et al., Angew. Chem. Int. Ed. 42, 5584-5597, 2003

Diels-Alder
benzoquinone 

SAM

Houseman, B.T., Mrksich, M. Chem. Biol. 9, 443-454, 2002

Köhn et al., Angew. Chem. Int. Ed. 42, 5830-5834, 2003

phosphine glass

Staudinger ligation
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Photoaffinity
capture

Kanoh et al., Angew. Chem. Int. Ed. 42, 5584-5597, 2003

Diels-Alder
benzoquinone 

SAM

Houseman, B.T., Mrksich, M. Chem. Biol. 9, 443-454, 2002

Köhn et al., Angew. Chem. Int. Ed. 42, 5830-5834, 2003

phosphine glass

Staudinger ligation

Si O Si O SiSi O Si O Si

A B C

OH OH OH

0.1 % DMF
1.0%  thionyl chloride

THF
rt, 4 hours Cl Cl Cl

Si O Si O Si

O O O

R R R

 Array compounds

3 3 3

Si O Si O Si

NH

O i. Array compounds

ii.quench with:

HO
OH

3 3 3

Si O Si O Si

NH

O

Si O Si O Si

A B C

NH2 NH2 NH2 HOOC

NNHTs

PyBOP

i.

ii. NaOMe 0.1 M
  ethylene glycol
      90 °C, 2hr

N2

O

XR

Hergenrother et al., J. Am. Chem. Soc. 122, 7849-7850, 1999

Barnes-Seeman et al., Angew. Chem. Int. Ed. 42, 2376-2379, 2003

Capture chemistries for making SMMs



Bradner, J. E., McPherson, O. M., Mazitschek, R. M., Barnes-Seeman, D., Shen, J. P., Dhaliwal, J., Stevenson, K., 
Duffner, J. L., Park, S. B., Nghiem, P.  T., Schreiber, S. L., Koehler,  A. N., Chem Biol, 13, 493-504 (2006) 

Bradner, J. E., McPherson, O. M., Koehler,  A. N., Nature Protocols, 1, 2344-2352 (2006)

Capture chemistries for making SMMs



SMMs contain compounds from a variety of sources

In silico analysis of 400,000 ‘National Library’ for screens:
>75% isocyanate-reactive
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Interactions with varying kinetics can be visualized

350 µm

FKBP12 + rapamycin FKBP12 + AP1497

KD = 18 nM
Kd = 0.226 sec-1

KD = 0.5 nM
Kd = 0.000965 sec-1

42 min

2 min



Detecting multiple interactions with Rapamycin

FRB
domain 

of mTOR

FKBP12

J Choi, J Chen, S L Schreiber, J Clardy, Science 1996, 273, 239-242.
FKBP12FRB

KD = 0.5 nMKD = 26 µM

300 µm

1 mM Rapamycin 0.2 mM Rapamycin



SMMs containing natural product extracts

Schmitz, K., Haggarty, S.J., McPherson, O. M., Clardy, J., Koehler, A. N., J. Am. Chem. Soc., 129, 11346-11347, 2007
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SMMs enable a new type of screen
target-directed assays in a native environment

SMM

purified 
protein

small molecule -
protein

cell lysate

small molecule -
protein complex



Binding screens involving cell lysates

Bradner, J. E., McPherson, O. M., Koehler,  A. N., Nature Protocols, 1, 2344-2352 (2006)

control 
transfection

(empty vector)

Flag-FKBP12 
transfection

FKBP12

HEK-293T Cells

Tag

FKBP12

lyse cells lyse cells



Comparing detection methods using lysates

Detection via a Fluor-Labeled 
Secondary Antibody

FKBP12

Flag

eGFP

FKBP12

Detection via Green 
Fluorescent Protein
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Detection via anti-FKBP12 Antibody

and Labeled Secondary

FKBP12

Bradner, J.E., McPherson, O.M., Mazitschek, R., Barnes-Seeman, D., Shen, J.P., Dhaliwal, J., Stevenson, K., Duffner, J.L., 
Park, S.B., Nghiem, P., Schreiber, S.L., Koehler, A.N. Chem. Biol. 13, 493-504, 2006



Binding screen using in cell lysates

Bradner, J.E., McPherson, O.M., Mazitschek, R., Barnes-Seeman, D., Shen, J.P., Dhaliwal, J., Stevenson, K., Duffner, J.L., 
Park, S.B., Nghiem, P., Schreiber, S.L., Koehler, A.N. Chem. Biol. 13, 493-504, 2006
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Analysis pipeline – the simple version

fluorescent features reveal 
putative interactions compute composite Z-scores (hit calls) specificity analysis

secondary binding assays functional assays



A community effort

Printed molecules Biology collaborators



A community effort

Printed molecules Biology collaborators



>40 published chemical probes from SMMs 

KD =  0.6 µM (ITC)
inhibits pirin-Bcl3 interaction in cells

inhibits melanoma cell migration
Miyazaki et al, ACS Chem Biol 2010

Pirin from cell lysates
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Discovery stories highlighted in - Vegas, A.J., Fuller, J. H., Koehler, A.N. Chem. Soc. Rev. 37, 1385-1394, 2008

KD =  3.1 µM (SPR)
analog of SMM hit that inhibits Shh 

signaling in cells and synthetic skin model
Stanton et al, Nature Chem Biol 2010
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KD Aβ40mon ~  9-17 µM (various methods) 
inhibits Aβ42-induced cytotoxicity in PC12 

cells, accelerates fibril formation
Chen et al, J. Am. Chem. Soc. 2010
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Public access for SMM data sets



ChemBank: an analytical tool for the community

assays (cell-based, biochemical, binding)

sm
al

l m
ol

ec
ul

es relationship of structure to screen performance

relationships between assays (protein and phenotype)



20.109 TDP-43 screens

subarray with 
sentinel pattern for 
alignment

full array with 48 
subarrays (4 x 12)

Will Walker



20.109 TDP-43 screens

subarray with 
sentinel pattern for 
alignment

full array with 48 
subarrays (4 x 12)

each team screens 
10,000 unique

compounds

16x16x48 = 12,288
2 replicate slides

4 replicates for each compound

Will Walker



subarray with 
sentinel pattern for 
alignment

full array with 48 
subarrays (4 x 12)

subarray with ‘gal file’ 
(genepix alignment) file 
superimposed

your pure
FKBP12

KD ~ 0.5 nM
scan

each team screens 
10,000 unique

compounds

16x16x48 = 12,288
2 replicate slides

4 replicates for each compound

TDP-43

20.109 TDP-43 screens



Our path to finding ligands - lectures

2/5/20 Lecture 1 Intro to chemical biology: small molecules, probes, and screens

2/11/20 Lecture 2 Our protein target: TDP-43

2/13/20      Lecture 3 Small molecule microarrays

2/18/20 No Lecture

2/20/20 Lecture 4 Quantitative evaluation of protein-ligand interactions

2/25/20 Lecture 5 A ligand discovery vignette: sonic hedgehog

2/27/20 Lecture 6 Engineering transcriptional responses with a small molecule

3/3/20 Lecture 7 Wrap up discussion: suggestions for how to report your findings


