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Protein-DNA interactions

• Gene regulation occurs via interaction of DNA with protein complexes 
• There is specific binding (transcription factors), indirect binding (co-factors), 
unspecific binding (Polymerase, histones) 

• These can be studied with high-throughput genomic techniques

Komili & Silver 2008



ChIP-Seq: method
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ChIP-Seq: method

2) Sonicate (or digest)

200-400 bp



ChIP-Seq: method

3) ImmunoPrecipitate



ChIP-Seq: method

4) Reverse cross-links



200-400 bp

ChIP-Seq: method

5) Sequence dsDNA (short read 5’ of either strand)

50-100 bp
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ChIP-Seq: method

6) Map reads to reference sequence
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Histone modifications

Chromatin state reflects transcriptional history, 
modification-specific antibodies can be used

ex.: H3K4me3 - Lysine (K) at pos. 4 of Histone H3 is 3-methylated



ChIP profiles (active gene)

main acetylation site on monoacetylated H4 in mamma-
lian cells. In yeast, H4K16 acetylation plays a specific role
in activating a distinct set of genes that differ from those
affected by the acetylation of other lysine residues [16].
This is similar to its special role in the fruit flyDrosophila
melanogaster where the acetylation of H4K16 is a key
factor in establishing dosage compensation on the male
X-chromosome [17]. In mammalian cells, the removal of
the enzyme that modifies H4K16 leads to increased
nuclear fragmentation [18], which again argues for a
distinct physiological function of this modification. Gen-
ome-wide studies show that most active genes have a
nucleosome-free region at the transcription start site,

suggesting that the highly acetylated histones might
reflect an early state of nucleosome eviction [19]. The
reassembly of a nucleosomal structure after cessation of
transcriptionwould lead to anewnucleosome that, at least
in metazoans, frequently contains a different histone var-
iant (Box 1) [20]. The removal of histones from an active
promoter has been suggested to play an important role in
the removal of repressive chromatin marks such as the
methylation of lysine 9 or 27 within the H3 tail [20].

Methylation of lysine comes in three different flavours,
depending on how many methyl groups are deposited.
Specific antibodies that can distinguish between mono-,
di- and trimethylation reveal an elaborate indexing system
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Figure 1. Distribution of histone modifications on active and silenced genes. Modification patterns differ on actively transcribed and silenced genes, which is displayed in
this figure as a schematic view on nucleosomes (a and c) or modification distribution over the gene (b and d). An active gene is shown in (a) and in (b). An external signal
can lead to the activation of kinases (orange) in the nucleus, which can then phosphorylate (yellow circles) histones as well as transcription factors (TF, red) to elicit an
appropriate physiological response. The transcription factors will then bind DNA at the promoter and facilitate the docking of RNA polymerase II (RNAPII, green). At this
point, transcription can begin. Elongating RNA polymerase II, which is highly phosphorylated on its C-terminal domain, can interact with histone modifiers (pink), for
example Set2, which methylates H3K36 [75], and thus introduce active modifications into chromatin at this locus. In particular, nucleosomes within the promoters of
actively transcribed genes carry high levels of active modifications such as acetylations and methylation of H3K4. At the transcriptional start site there is a nucleosome-
depleted region (NDR) within the promoter. Active modifications such as methylation of H3K79 are present in the body of these genes. Inactive genes, as shown in (c) and
(d), have a fairly even distribution of silencing modifications, such as H3K9 methylation and H4K20 methylation, whereas H3K27 methylation is enriched in the promoter.
These modifications can be bound by heterochromatic proteins (blue) and, thus, this chromatin area can condense, as seen in heterochromatin.
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ChIP profiles (inactive gene)
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ChIP profiles (inactive gene)

Sims D et al. Nat Rev (2014)

• In general: signal at a genomic position is proportional to fraction of cells 
having the protein bound at this position 

•For travelling proteins (e.g. PolII) this is proportional to residency time 
(inverse of speed): population average is the same as time average 

•For sequence-specific binding, this is related in a non-linear way to binding 
affinity



DNA fragment distribution

nb fragments per cell: 

3 ⋅ 109

≈ 300fragment size: ≈ 107⇒

Genome size: 

Typical number of (occupied) transcription factor binding sites: ≈ 104 .

Antibody “enrichment ratio”: ≈ 100 × (bound fragment is 100 times more likely to 
be selected than control)

TF-bound fragments are 1/1000 in input, hence 1/10 in IP

Starting material is ≈ 107 cells, sequencing throughput is ≈ 108 reads

false positives ≈ 90 % .⇒

Consequence: each protein-bound fragment comes from a different cell 

But: 0.1 × 108 reads distributed over 104 fragments is reads per fragment103

0.9 × 108 reads distributed over 107 fragments is reads per fragment9



Controls

Non-specific reads are spread throughout the genome, but not uniformly. 
To detect false positives, several techniques are routinely used:

Input (cross-linked sonicated DNA)

Auerbach et al. (2009)

ChIP-seq

"mock" IP (unspecific antibody)

genome sequencing



Binding regions have characteristic peak shape
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Sequence-specific DNA binding



Sequence-specific occupancy

DNA binding proteins have a sequence-dependent binding energy G(S):
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(monotone) function of energy and 
protein concentration
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Sequence-specific affinity

We assume binding via L consecutive bases, each bond contributes an 
independent additive weight:

G(S) = G0 �
LX

k=1

g(k, Sk)

e��G(S) = e��G0

LY

k=1

e�g(k,Sk)

= Z0

LY
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W (k, Sk)

<latexit sha1_base64="llIqkBgI7VOK75Wfct/p2oOBW2w="></latexit>



Sequence-specific affinity

In this approximation, the binding affinity is represented by Position-Weight 
Matrices (PWM): 

A C G T

1
2

.
.
.

L=10

consensus: GGGAATTTCC

Wk↵ =

0

BBBBBBBBBBBBBB@

0.000000 0.000000 1.000000 0.000000
0.000000 0.000000 1.000000 0.000000
0.026316 0.000000 0.973684 0.000000
0.657895 0.000000 0.342105 0.000000
0.500000 0.342105 0.026316 0.131579
0.184211 0.026316 0.078947 0.710526
0.026316 0.052632 0.052632 0.868421
0.052632 0.447368 0.000000 0.500000
0.052632 0.921053 0.000000 0.026316
0.000000 0.947368 0.000000 0.052632

1

CCCCCCCCCCCCCCA

k

α



Relation between energy, frequency and score

There are 2 kinds of PWM:  
•Position-Probability Matrix (PPM in units of probability/frequency: W)  
•Position-Specific Scoring Matrix (PSSM in units of relative energy: g)

S(s1s2 . . . s9s10) = log2

0

@
10Y

j=1

PPM(j, sj)

1

A

=
10X

j=1

PSSM(j, sj)
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PPM (relative to consensus) 0.259260    0.000000    0.148148    1.000000
max=1
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Motif score (protein affinity for a given sequence S) 
is calculated as

PSSM - constant

A strong binding site has:  
•low  
•low (negative)  
•high (close to 1) PPM 
•high PSSM ( )

koff
G

g = − G



Sequence-specific affinity

Finding the matrix by maximum likelihood: data S is a set of protein-bound 
sequences 
Sequence scoring is relative to a specific set of background frequencies
f(α), α = A, C, G, T
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EM algorithm
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HMMs

HMMs are particularly well adapted to modeling multiple binding sites in 
promoters. 
Example: the double E-box structure of circadian promoters

tim (1), Pdp1 (1) and cwo (1). In these five genes it is noticeable
that multiple E1-E2 copies are found, and that E1 also often
occurs alone (Figure S3). For instance, the second conserved
site in the per intron (Figure S3A) could provide an
explanation for the promoterless per allele found to cycle in
a restricted part of the nervous system [46]. Thus, the
converged model is consistent with the attenuated CLK/
CYC activation in mutated 69-bp enhancers with deletions
that are immediately 3’ of the right central E-box [15].
Furthermore the model captures the mammalian architec-
ture in which a canonical and a fuzzier E-box are juxtaposed
[14].

Model Validation Using Functional Genomics Datasets
Training a model on five genes raises the question about its

generalization to further putative CLK/CYC targets. To
address this we used several microarray datasets that measure
‘CLK targetness’ [38] (Methods) and assessed correlation with
sequence match from our model. Windows of 62500 bp
around all annotated TSSs were scanned with our HMM
model, in which the five training genes were found among the
first 13 highest scores (Figure 3B).

Recently a glucocorticoid receptor-CLK fusion protein
(GR-CLK) was used in S2 cells and cultured fly heads to
induce CLK targets under cycloheximide treatment [38]. In
this assay new protein synthesis is blocked to minimize
indirect effects. Even though it is not formally excluded that
the fusion protein could interfere with partner complexes,
this experiment is best suited to test the specificity of the
sequence model. We show that highly induced genes in the

GR-CLK experiment are significantly enriched in high
scoring hits from the sequence model, so that we can identify
a set of ;30 genes among the top 57 induced genes which
show highly significant 2- to 6-fold enrichment in sequence
specificity (Figure 3A and Table S1). Importantly, the five
training genes are excluded from the set of positives in this
analysis. When testing how much E2 contributes to the
observed enrichment, we found that it contributes only
marginally: it reduces specificity for low sensitivities and
increases specificity at higher sensitivities (Figure S4A).
Nonetheless, several of the highly induced genes in the GR-
CLK experiment, e.g., CG13624, show presence of E1-E2.
Moreover, these sites show highly increased conservation
profiles specifically at the predicted locations including the
E2 site (Figure S3F and S3G). Below we show that increased
specificity from E2 is most important in mammals.
We also considered expression levels in ClkJrk flies [47,48]

since CLK/CYC targets are predicted to be down-regulated in
this mutant. Moreover we tested cycling transcripts in light-
dark (LD) and dark-dark (DD) conditions with phases that are
compatible with known CLK/CYC targets, i.e., peak time
accumulations in windows ZT6–20 (Methods). No signature of
enriched E1-E2 motifs was detected in either the ClkJrk or
cycler datasets (Figure S4). This can be expected since both
differential expression in ClkJrk mutants, or rhythmic mRNA
accumulation, also reflect indirect mechanisms downstream
of the CLK/CYC transcription factor. We extensively searched
whether other p1 and p2 parameters would detect enrichment
without success. Consistently, we do not detect enrichment of
the motif in mouse transcripts showing differential expres-

Figure 2. Probabilistic E1-E2 Model and Its Training

(A) Structure of the circular E1-E2 hidden Markov model (HMM). All transition probabilities are indicated except when they are equal to 1, and q¼ 1"
2p1" p1(1" p2). The background states B1 and B2 have tied emission states; for the E1 (13 positions) and E2 boxes (12 positions) the emissions in the
reverse strand model (lower part) are tied with those in the forward direction.
(B) The model is initialized with the matrices in the left and converges to the matrices on the right. Transition probabilities are those used throughout:
p1 ¼ 2"11, p2 ¼ 2"4. All models are given at http://circaclock.epfl.ch/Models. Matrices are displayed in information format (Ia ¼ max(0, palog2(pa/qa)),
where pa are the probabilities for letter a in a column and qa are the (genomic) background frequencies.
doi:10.1371/journal.pcbi.0040038.g002
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analysis. When testing how much E2 contributes to the
observed enrichment, we found that it contributes only
marginally: it reduces specificity for low sensitivities and
increases specificity at higher sensitivities (Figure S4A).
Nonetheless, several of the highly induced genes in the GR-
CLK experiment, e.g., CG13624, show presence of E1-E2.
Moreover, these sites show highly increased conservation
profiles specifically at the predicted locations including the
E2 site (Figure S3F and S3G). Below we show that increased
specificity from E2 is most important in mammals.
We also considered expression levels in ClkJrk flies [47,48]

since CLK/CYC targets are predicted to be down-regulated in
this mutant. Moreover we tested cycling transcripts in light-
dark (LD) and dark-dark (DD) conditions with phases that are
compatible with known CLK/CYC targets, i.e., peak time
accumulations in windows ZT6–20 (Methods). No signature of
enriched E1-E2 motifs was detected in either the ClkJrk or
cycler datasets (Figure S4). This can be expected since both
differential expression in ClkJrk mutants, or rhythmic mRNA
accumulation, also reflect indirect mechanisms downstream
of the CLK/CYC transcription factor. We extensively searched
whether other p1 and p2 parameters would detect enrichment
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(A) Structure of the circular E1-E2 hidden Markov model (HMM). All transition probabilities are indicated except when they are equal to 1, and q¼ 1"
2p1" p1(1" p2). The background states B1 and B2 have tied emission states; for the E1 (13 positions) and E2 boxes (12 positions) the emissions in the
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Tn5 transposons

Transposase: a protein that can cleave a 
segment of DNA and transpose it elsewhere

cleavage
transposon

insertion into remote location

homodimer

DNA

transposase



ATAC-seq

Use Tn5 transposases preloaded with sequencing adapters (+ barcode, UMI, etc.)

(paired-end) sequencing reads mark cleavage site

Grandi FC et al. Nat. Prot. (2022) 
Buenrostro JD et al. Nat. Meth (2013)

Fragments enriched near  
protected regions



Footprints

Bound transcription factors create a "footprint" inside a cleavage peak

Li Z et al. Genome Biol. (2019)



Single cell ATAC-seq

Technique is sensitive enough to use on single nuclei. 
1. Identify peaks on combined data 
2. Cluster cells + peaks with similar patterns

Li Z et al. Nat. Comm. (2021)

normalization ~PCA
reduced  
matrix

binary matrix



ChIP-seq + ATAC-seq + TF motifs

• Induce expression of transcription factor CASZ1 to trigger muscle differentiation 
• Cooperates with specific myogenic regulatory factors MYOD, MYOG, MEF2D

Liu Z et al. Nat. Comm. (2020)

Techical  

replicate
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Upregulated muscle genes Downregulated neural genes
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ChIP-seq + ATAC-seq + TF motifs

Liu Z et al. Nat. Comm. (2020)

Motif inference from ChIP-seq peaks

Averaged / cumulative profiles

CASZ1 binds to same motif as 
MYOD, MYOG, TEAD (MEF2)


