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Advice from Max Delbruck for 
speaking to a diverse audience 
with unknown level of background 
knowledge:

“Assume your audience has zero 

knowledge but infinite intelligence.”
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Consider the various cell types 
within the human body. Although 
they all share identical DNA, their 
appearances and functions differ 
significantly. Each cell type 
activates only a particular subset 
of the entire gene repertoire.

My Primary Interest:
Regulation of Gene Expression

Strategy:
Start with simpler systems: 
bacteria and phage

Tom SchneiderLarry Gold
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Lactose regulatory system, Jacob and Monod, 1961

Stormo, Introduction to Protein-DNA Interactions, 2013, CSH Press



The surface of DNA
contains chemical
features that can be 
“read” by the 
chemical surface of 
proteins

Stormo, Introduction to Protein-DNA Interactions, 2013, CSH Press





Two Revolutions were occurring during
my graduate school days

1. DNA sequencing revolution
      DNA sequencing invented (1977)
      Allowed new type of data for molecular biology research

2. Computer revolution
      Symbolized by development of personal computers (IBM PC 1975, 
      Microsoft 1975, Apple 1976)



“Under conditions of low glucose, turn on the 
expression of the adjacent gene.”

TAATGTGAGTTAGCTCACTCAT

CRP binding site:



“Under conditions of low glucose, turn on the 
expression of the adjacent gene.”

TAATGTGAGTTAGCTCACTCAT

cgcTGTGAccgtGgTCgCagtT



Eventually no positions are completely conserved

TAATGTGAGTTAGCTCACTCAT

cgcTGTGAccgtGgTCgCagtT

tttTtTGAtcgtttTCaCattT

aaacgTGAtagccgTCaaacaa

:

:

:
TGTGAnnnnnnTCACA

“consensus sequence” can be used
to search allowing for mismatches



Eventually no positions are completely conserved

TAATGTGAGTTAGCTCACTCAT

cgcTGTGAccgtGgTCgCagtT

tttTtTGAtcgtttTCaCattT

aaacgTGAtagccgTCaaacaa

:

:

:



Marv Caruthers in Chemistry at 
Univ of Colorado invented DNA 
synthesis method in 1981

Third major technological advance: the ability to synthesize DNA



Outline of motif discovery problem

Next Challenge



CE1CG

\TAATGTTTGTGCTGGTTTTTGTGGCATCGGGCGAGAATAGCGCGTGGTGTGAAAGACTGTTTTTTTGATCGTTTTCACAAAAATGGAAGTCCACAGTCTTGACAG\

ECOARABOP

\GACAAAAACGCGTAACAAAAGTGTCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACACTTTGCTATGCCATAGCATTTTTATCCATAAG\

ECOBGLR1

\ACAAATCCCAATAACTTAATTATTGGGATTTGTTATATATAACTTTATAAATTCCTAAAATTACACAAAGTTAATAACTGTGAGCATGGTCATATTTTTATCAAT\

ECOCRP

\CACAAAGCGAAAGCTATGCTAAAACAGTCAGGATGCTACAGTAATACATTGATGTACTGCATGTATGCAAAGGACGTCACATTACCGTGCAGTACAGTTGATAGC\

ECOCYA

\ACGGTGCTACACTTGTATGTAGCGCATCTTTCTTTACGGTCAATCAGCAAGGTGTTAAATTGATCACGTTTTAGACCATTTTTTCGTCGTGAAACTAAAAAAACC\

ECODEOP2

\AGTGAATTATTTGAACCAGATCGCATTACAGTGATGCAAACTTGTAAGTAGATTTCCTTAATTGTGATGTGTATCGAAGTGTGTTGCGGAGTAGATGTTAGAATA\

ECOGALE

\GCGCATAAAAAACGGCTAAATTCTTGTGTAAACGATTCCACTAATTTATTCCATGTCACACTTTTCGCATCTTTGTTATGCTATGGTTATTTCATACCATAAGCC\

ECOILVBPR

\GCTCCGGCGGGGTTTTTTGTTATCTGCAATTCAGTACAAAACGTGATCAACCCCTCAATTTTCCCTTTGCTGAAAAATTTTCCATTGTCTCCCCTGTAAAGCTGT\

ECOLAC

\AACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCAC\

ECOMALBA

\ACATTACCGCCAATTCTGTAACAGAGATCACACAAAGCGACGGTGGGGCGTAGGGGCAAGGAGGATGGAAAGAGGTTGCCGTATAAAGAAACTAGAGTCCGTTTA\

ECOMALBA

\GGAGGAGGCGGGAGGATGAGAACACGGCTTCTGTGAACTAAACCGAGGTCATGTAAGGAATTTCGTGATGTTGCTTGCAAAAATCGTGGCGATTTTATGTGCGCA\

ECOMALT

\GATCAGCGTCGTTTTAGGTGAGTTGTTAATAAAGATTTGGAATTGTGACACAGTGCAAATTCAGACACATAAAAAAACGTCATCGCTTGCATTAGAAAGGTTTCT\

ECOOMPA

\GCTGACAAAAAAGATTAAACATACCTTATACAAGACTTTTTTTTCATATGCCTGACGGAGTTCACACTTGTAAGTTTTCAACTACGTTGTAGACTTTACATCGCC\

ECOTNAA

\TTTTTTAAACATTAAAATTCTTACGTAATTTATAATCTTTAAAAAAAGCATTTAATATTGCTCCCCGAACGATTGTGATTCGATTCACATTTAAACAATTTCAGA\

ECOUXU1

\CCCATGAGAGTGAAATTGTTGTGATGTGGTTAACCCAATTAGAATTCGGGATTGACATGTCTTACCAAAAGGTAGAACTTATACGCCATCTCATCCGATGCAAGC\

PBR322

\CTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCTC\

TRN9CAT

\CTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACG\

TDC      

\GATTTTTATACTTTAACTTGTTGATATTTAAAGGTATTTAATTGTAATAACGATACTCTGGAAAGTATTGAAAGTTAATTTGTGAGTGGTCGCACATATCCTGTT\

Input: Genes regulated by CRP in E. coli

Stormo and Hartzell, 1989, PNAS

Motif Discovery, only need “regulatory regions” of co-regulated genes



Further development and generalization of the algorithm



~20 TFs

        ~240 TFs

>1000 TFs

Many groups working to determine motifs for human TFs: Wolfe, Bulyk, Hughes,…
Jussi Taipale automated the process using robots

Weirauch et al 



A Biomedical applications of TF motifs:

Genome-Wide Association Studies (GWAS) identify DNA variants
associated (correlated) with phenotypes:
 normal human variations
 disease causing

The vast majority of GWAS hits (>90%) are in non-coding DNA.
Suggests alterations in gene expression rather than gene
function cause phenotypes



Telomerase Reverse Transcriptase (TERT) promoter mutations are the most frequent non-coding mutations
in cancer, occur in over 50 types of cancer and are very common in some (80% melanoma, 70% glioblastoma…)
Create an ETS binding site that leads to high expression of the TERT protein, facilitating cancer growth.

Nagore et al, Oncotarget, 2019, Vol. 10: 1546-1548



𝑲𝑨 𝑺𝟏 : 𝑲𝑨 𝑺𝟐 : … : 𝑲𝑨 𝑺𝒏

=
𝐏 ∙ 𝑺𝟏

𝑺𝟏
:

𝐏 ∙ 𝑺𝟐

𝑺𝟐
: … :

𝐏 ∙ 𝑺𝒏

𝑺𝒏

𝐏 + 𝑺𝒊  𝐏 ∙ 𝑺𝒊 

𝑲𝑨(𝑺𝒊) =
[𝐏 ∙ 𝑺𝒊]

𝑷 [𝑺𝒊]

Spec-seq: Specificity by
sequencing



Specificity of the Lac repressor
WT operator is
asymmetric

4 libraries: vary both 
sequence and spacing

2560 different binding
sites

Highly reproducible:
~5% variance in affinity
~0.1kT variance in energy

Zuo, Stormo (2014) Genetics



Three‐dimensional structure of the 

dimeric lac HP62–O1 operator complex. 

Kalodimos C G et al. EMBO J. 2002;21:2866-2876

©2002 by European Molecular 

Biology Organization



Specificity of complete 
“3 spacer” binding sites



𝑲𝐗|𝐘 𝒙𝟏 : 𝑲𝐗|𝐘 𝒙𝟐 : … : 𝑲𝐗|𝐘 𝒙𝒏 =
𝑵 𝒙𝟏 𝑩𝐗,𝐘

𝑵 𝒙𝟏 𝑩−,𝐘
:

𝑵 𝒙𝟐 𝑩𝐗,𝐘

𝑵 𝒙𝟐 𝑩−,𝐘
: … :

𝑵(𝒙𝒏|𝑩𝐗,𝐘)

𝑵(𝒙𝒏|𝑩−,𝐘)

 

𝝎𝒊 =
𝑲𝐗|𝐘 𝑺𝒊

𝑲𝐗 𝑺𝒊
=

𝑲𝐘|𝐗 𝑺𝒊

𝑲𝐘 𝑺𝒊
=

𝑲𝐗,𝐘 𝑺𝒊

𝑲𝐗 𝑺𝒊 𝑲𝐘 𝑺𝒊
 

𝑲𝐗 𝒙𝟏 : 𝑲𝐗 𝒙𝟐 : … : 𝑲𝐗 𝒙𝒏 =
𝑵 𝒙𝟏 𝑩𝐗,−

𝑵 𝒙𝟏 𝑩−,−
:

𝑵 𝒙𝟐 𝑩𝐗,−

𝑵 𝒙𝟐 𝑩−,−
: … :

𝑵(𝒙𝒏|𝑩𝐗,−)

𝑵(𝒙𝒏|𝑩−,−)
 

Coop-seq: get all of the important parameters
in one experiment, including cooperativity

Stormo, Zuo, Chang, Briefings in Functional Genomics, 2015



Quantitative profiling of selective Sox/POU pairing on hundreds of sequences in 
parallel by Coop-seq  
(NAR, 2017) Chang et al, collaboration with Ralf Jauch lab





Aberrant homeodomain–DNA cooperative dimerization underlies distinct 
developmental defects in two dominant CRX retinopathy models 
Yiqiao Zheng, Gary D. Stormo, and Shiming Chen
Genome Res. 2025 35(2):242-256.

Two mutations in the CRX DNA-binding domain of the protein

E80A  changes Glu at position 80 to Ala
K88N changes Lys at position 88 to Asn



Spec-seq captures CRX DNA binding specificity changes at monomer motif 
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Monomer library … TAA NNN …

CRX WT consensus TAATCC

WT HD

E80A HD: better tolerate nucleotide variants 

K88N HD: altered specificity



E80A has lost
cooperativity



Regulation of Transcription Initiation is Ubiquitous
but post-transcriptional initiation is also common

Regulation can occur at
Transcription termination
RNA splicing
RNA translation
RNA degradation
Protein modification
Protein degradation

Auto-Regulation is of particular interest to me
 A gene can control its own expression, setting its
 appropriate level (think cruise control)



Autoregulation of yeast 
ribosomal protein genes



Two alternative RNA structures.  One serves as an enhancer to facilitate
splicing and protein expression. The protein binds to the alternative
structure to inhibit splicing and expression.

Granas et al, Nucleic Acids Res. 2025 53:gkaf739. 
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