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Genome is entangled

Stevens TJ et al. Nature (2017)

•Nucleotide size: 1/3 nanometer 
•Genome size:  nucleotides: 2 m /  litres 
•Nucleus volume:  litres (diameter 5-10 microns) 
•Typical number of binding sites: 500-5000 
•Number of protein copies per cell: 1000-10000

2 × 3 × 109 10−14

10−13



How long do we need to search?kon = 4⇡D3db

b = 0.34 · 10�9[m]

D3d = 10�10[m2s�1]

kon ⇡ 4 · 10�19[m3s�1] = 4 · 10�16[`s�1]

⇡ 2.4 · 108[M�1s�1]

<latexit sha1_base64="Nh5fzLdCpV1IfNYoQK2qQjwl/Ag="></latexit>

b
ACTAGG

~(Dt)1/2

Riggs experiment (1970!): kon ≈ 1010

In time units:  t0 = (kon[S])
�1

=

✓
kon

#sites/#proteins

6 · 1023Vol(nucleus)

◆�1

⇡ 10[s]
<latexit sha1_base64="4p5ZomOcuXicw7VuxjyKooN/Bc8="></latexit>



Facilitated diffusion

Schmidt HG et al. PLoS ONE 9 (2014)

• Hypothesis: proteins alternate free (3D) diffusion and (1D) sliding along the genome 
• This accelerates the binding site search by concentrating it to a neighbourhood of 
the genome 

• Already proposed in 1986 by Berg and von Hippel
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Facilitated diffusion

M = average dist. between sites

3D jumps only:t3D = average duration of a jump

t1D = average sliding duration
n1D = average length of a slide

t0 = Mt3D

Alternating with 1D sliding



How to slide fast?

D1D ⇡ e��(��)2

µ

Diffusion over a random landscape: D1D ≈ e−γ(βσ)2

Speed-stability paradox: it is impossible to have both a strong 
affinity for some target binding sites and a fast diffusion across a 
majority of non-specific sites



Mitigating effects

Crowded genome effect: only 5-10% of genome is available (not occupied 
by other proteins) 
This reduces the search space, increases the 3D time, and reduces the 1D 
slide length. 

tsearch =
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min(n1D, nfree)

✓
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◆

Folded genome effect: nucleus is compartmented into euchromatin 
(accessible) and heterochromatin (inaccessible), this will mostly only 
reduce the 3D search space.



P53 conformational change

Melero et al PNAS (2011) 
Leith et al PNAS (2012 )
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P53 conformational change
Petty TJ et al. EMBO J (2011)



A general property of TFs?
Kamagata K et al. NAR (2023)
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Figure 1. Molecular uptake of DNA and DNA-binding proteins into Dextran-rich droplets. ( A ) Schematic diagram of the in vitro DNA-LLPS mimicking 
system for single-molecule measurements of DNA-binding proteins (left) and DNA-binding protein structures used in this study (right). In the left panel, a 
dextran-rich droplet is formed by mixing dextran and PEG, which recruits ! DNA used in this study. Individual DNA-binding proteins, which are recruited 
by condensed DNAs in the droplets, are tracked using single-molecule !uorescence microscopy (dashed arrows). In the light panel, color ed structur es except 
for grey denote the domains (or regions) that can interact to DNA. PDB codes used for Nhp6A and Fis are 1LWM and 3IV5, respecti v ely. Schematic 
structur es ar e pr esented for p53 and Cas9. ( B ) DIC and !uor escent images of FIT C-labeled dextran or sytox gr een-inter calated ! DNA in dextran and 
PEG. ( C ) DIC and !uorescent images of Alexa488- or Atto488-labeled DNA-binding proteins in 4.1 nM ! DNA of dr oplets. Pr otein sample concentrations 
were set to 100 nM. Scale bars in panel (B) and (C) were 40 "m. 
maleimido chemistry and then puri"ed using a cation ex- 
change chromato gra phy ( 23 , 24 , 26 , 38 ). For single-molecule 
measurements of ! DNA in droplets, ! DNA (NEW 
ENGLAND BioLabs, Inc.) was annealed with Atto488- 
labeled DNA (5 ′ -AGGTCGCCGCCC[Atto488]-3 ′ , Sigma- 
Aldrich) and then puri"ed using a NucleoSpin gDNA 
Clean-up kit (Takara). 
Titration experiments 
The !uorescence anisotropy of the 6-FAM-labeled DNA 
was measured with increasing the concentration of non- 
labeled proteins including p53 dimer mutant (L344A), Fis, 
Nhp6A, and dCas9–MBP at 25 ◦C using a !uorescence 
spectrometer (FP-6500; JASCO Co., Tok yo , Japan) with a 
home-built autorotating polarizer ( 15 ). Non-labeled pro- 
teins were manually titrated into a solution containing 
5 nM 6-FAM-labeled dsDNA, 20 mM HEPES, 0.5 mM 
EDTA, 1 mM DTT, 0.5 mg / mL BSA, and 50 mM KCl, 
and 1 mM MgCl 2 at pH 7.9 ( 17 ). The non-speci"c DNA 
duplex used in this study was composed of 5 ′ -6-FAM- 
AA TA T GGTTT GAATAAA GA GTAAA GATTTG-3 ′ and 
its non-labeled complementary sequence (Sigma-Aldrich). 
Titration curves were "tted using the following equations 

based on a one-to-one binding model: 
r obs = r A ( c A − c AB ) 

c A + r AB c AB 
c A , (1) 

c AB = ( c A + c B + K D ) − √ 
( c A + c B + K D ) 2 − 4 c A c B 

2 , (2) 
where r obs , r A , r AB , K D , c A and c B indicate the observed 
anisotr opy, anisotr opy of free molecule A, anisotropy of the 
complex of molecules A and B , dissocia tion constant, the 
total concentration of molecule A, and total concentration 
of molecule B, respecti v el y. The anal ysis was conducted us- 
ing the Igor software. 
Sample solution pr epar ation f or measur ements 
For dextran-rich droplet formation, we used the solution 
containing 20 mM HEPES, 1 mM EDTA, 150 mM KCl, 5 
wt% PEG (PEG6000; MW 7300–9300; Wako Pure Chemi- 
cal Ind.), 5 wt% dextran (MW 180 000–210 000; Wako Pure 
Chemical Ind.), and 100 nM FITC-dextran (average MW 
40 000) at pH 7.4. The sample solution was pr epar ed us- 
ing 20 or 30 wt% PEG and dextran stock solutions, and the 
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In vitro observations of TFs in droplets with DNA 
to mimic in-vivo compartmentalization

Unspecific DNA 
(no binding site)



A general property of TFs?
Kamagata K et al. NAR (2023)
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Figure 2. Single-molecule tracking of DNA-binding proteins in DNA-condensed droplets. ( A ) Schematic diagram of single-molecule tracking of !uorescent 
DNA-binding proteins in a DNA droplet. HILO illumination minimizes background !uorescence, enabling single-molecule detection of DNA-binding 
proteins (pink) in the DNA (light blue) droplet. ( B ) Typical trajectories of DNA-binding protein molecules in DNA droplets. Typical trajectories of single 
molecules over 250 ms (red) are overlaid in time-averaged !uorescent images (white and black). Scale bars are 10 !m. ( C ) Mean square displacement 
(MSD) plots of the labelled DNA-binding proteins in DNA dr oplets. Err ors of MSD plots denote the standard errors. Straight lines show the best-"t 
linear functions for the MSD data. ( D ) Distributions of average diffusion coef"cients of individual molecules of the DNA-binding proteins. Black dashed 
curves r epr esent the best "tted curves by Equation ( 3 ) with two components. Color ed solid curves denote each of the two components. 
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record motion of individual TFs

Nucleic Acids Research, 2023, Vol. 51, No. 13 6659 
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Displacement = speed  time×

speed

• speed is always bimodal 
• ratio slow/fast depends 

on concentration of DNA



Nucleic Acids Research, 2023, Vol. 51, No. 13 6663 

Figure 6. Relationship of slow mobility mode percentages of DNA-binding proteins in DNA-condensed droplets to their parameters and a proposed 
model of the slow mobility mode. Slow mobility mode percentage of DNA-binding proteins in DNA droplets (4.1 nM) as a function of molecular weight 
( A ), number of DNA-binding domains ( B ), and dissociation constant to single short DNA under non-condensed conditions ( C ). In panel A, the data of 
GFP are displayed as reference. In panel (C), the data for p53 and its mutants (NT C and T C) wer e from our previous paper ( 17 ). In panels A-C, errors 
denote the !tting errors, and correla tion coef !cients ( r ) for the data of closed symbols except GFP are gi v en. The r values in parentheses in panels A and B 
r epr esent those for all data including open symbols except GFP. ( D ) Multivalent interaction model of the slow mobility mode as exempli!ed by p53. NT 
(gr ey), cor e (light blue), Tet (grey), and CT (pink) show the N-terminal domains, core domains, Tet domains, and C-terminal domains of p53, respecti v ely. 
Blue lines r epr esent DNA segments. In the slow mobility mode, p53 interacts with m ultiple DN A segments using different sets of DNA-binding domains 
(core and CT). The DNA sequence can be scanned using sequence-recognizing core domains, while the protein is tethered to different DNA segments. 
and P = 0.003 for closed symbol data; Figure 6 B). As the 
DNA concentration of droplets increased, the correlation 
with the number of DNA-binding domains was smaller 
(Supplementary Figure S4B). 

Since DNA-binding proteins have dif ferent af !nities to 
single DNA segments in non-condensed DNA conditions, 
we ne xt inv estiga ted the rela tion of the slow mobility 
mode percentage to the af!nity. The dissociation constants 
of DNA-binding proteins were determined for a 30 bp 
non-speci!c DNA fragment, assuming one by one bind- 
ing, under the same solution condition using "uorescence 
anisotropy titration measurements (Supplementary Figure 
S7). The dissociation constant of DNA-binding proteins to 
the short DNA fragment moderately correlated with the 
slow mobility mode percentage in DNA droplets ( r = −0.72 
and P = 0.07 in 4.1 nM DNA; Figure 6 C). As the DNA 
concentration in droplets incr eased, the corr elation with 
the dissociation constant to the short DNA fragment was 
smaller (Supplementary Figure S4C). The correlation to 
molecular size and number of DNA-binding domains in 4.1 
nM DNA was larger than to the af!nity for single DNA 
fragment in non-condensed conditions. 

To distinguish the importance of molecular size and num- 
ber of DNA-binding domains, we measured three mutants 
that maintain the molecular size while reducing the num- 
ber of DNA-binding domains or that maintain the num- 

ber of DNA-binding domains while changing the molec- 
ular size in 4.1 nM DNA (Figure 6 A,B and Supplemen- 
tary Figure S8). First, dCas9 without MBP, which main- 
tains the number of DNA-binding domains while reduc- 
ing the molecular size from dCas9-MBP, showed the same 
slow mobility mode percentage (42 ± 2%) to that of dCas9- 
MBP (42 ± 1%). Second, the R85A mutation of Fis (num- 
ber of DNA-binding domains, N = 0), w hich strongl y low- 
ers DNA-binding af!nity while maintaining the molecu- 
lar size ( 26 ), lowered the slow mobility mode percentage 
to 2 ± 1% from 7 ± 1% by wild type Fis ( N = 2). Third, 
the p53-CTD(R / KtoA) mutant ( N = 4), which essentially 
eliminates DNA binding by the C-terminal domain while 
maintaining the molecular size, lowered the slow mobility 
mode percentage to 18 ± 2% from 39 ± 1% in wild type 
( N = 8). The plots of three mutants (open symbols) largely 
deviated from the data except for the three mutants (closed 
symbols) in Figure 6 A, whereas the plots were within the 
data except for the three mutants in Figure 6 B. As a control, 
dCas9-MBP fused to the disordered DNA-binding domain 
of Nhp6A (ST-dCas9-MBP, N = 8) enhanced the slow mo- 
bility mode percentage to 47 ± 3% from 42 ± 1% in dCas9- 
MBP ( N = 7). The plot of ST-dCas9-MBP ranged within 
the other data in Figure 6 A and B. Taken together, these 
results support the importance of the number of DNA- 
binding domains on the percentage of molecules in the slow 
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A general property of TFs?
Kamagata K et al. NAR (2023)

Slow mode correlates with 
•size of protein (heavier is slower) 
•number of DNA binding domains on the protein (more is slower) 
•the affinity (small  / small  / high affinity is slower)KD koff



Transcriptional bursts

Nicolas et al. Mol BioSyst (2017) 
Suter et al. Curr Op Cell Biol (2011)

Active genes are transcribed in "bursts": they alternate between  
"on" phases of RNA synthesis and "off" times without transcription



Transcriptional bursts
Larsson AJM et al. Nature (2019)

Distributions of "on" times and "off" times can be inferred  
using the random "telegraph" model



Looping theory of enhancer-promoter interaction

• RNA synthesis requires the full transcription 
machinery 

• Loss of any component turns it off 
• Distant enhancer facilitates this assembly via 
chromosome looping

Nicolas et al. Mol BioSyst (2017)

Rodriguez J & Larson DR Annu Rev Biochem (2020)



Looping theory of enhancer-promoter interaction

• CTCF binding fixes loop ends 
• NIPBL/MAU2 pulls loop through (ATP-dependent) 
• PDS5 recruits Cohesin and is repressed by WAPL

Alonso-Gil D & Losada A. Trends in Cell Biology (2023)



Transcription does not imply contact

Enhancer-promoter contact before activation of Shh (ESC) 
is lost during expression (NPC)

Benabdallah NS et al. Mol Cell (2019)



Not many loops created at promoters

ChIP-seq shows association of NIPBL and Cohesin is not enriched at TSS

Banigan EJ et al. PNAS (2023)

Cohesin±pulling



Banigan EJ et al. PNAS (2023)

Not many loops between promoters and enhancers

HiC data more compatible with loops either sides of 
transcribed genes than between promoter and 

distant enhancer

KO CTCF / CTCF+Wapl



Mobility of enhancers vs promoters

Live-cell imaging to measure 
promoter-enhancer distance

Platania A et al. Sci Adv (2024)

Cohesin

Active



No "loop pulling" effect

Transcription increases promoter mobility, decreases 
enhancer mobility and synchronizes them

Platania A et al. Sci Adv (2024)



Phase-separated droplets

Cell (and nucleus) content is highly inhomogeneous: 
some organelles are separated by a membrane but many are 

just local "condensates" (p-bodies, l-bodies, ...)

Hyman AA, Weber CA & Jülicher F. Ann Rev Cell Dev Biol (2014)  
Jülicher F & Weber CA. Ann Rev Cond Mat Phys. (2024)



Phase-separated droplets

• Thermal agitation leads to an entropy increase, 
therefore mixing 

• With repulsive interactions, dissipation of 
internal energy leads to de-mixing 

• Phase separation is the resulting equilibrium 
(oil-in-water emulsion)

decrease of 
internal energy



Phase-separated droplets

• Particles are exchanged through the droplet boundary, but 
concentrations are kept constant 

• There is a pressure difference across boundary for round droplets 
• There is a local flux from smaller droplets to larger droplets



Transcription condensates

• Nucleus is organised into phase-separated 
droplets which locally increase 
concentrations of specific proteins 

• Transient contact between different 
droplets triggers reaction bursts 

• Example: promoters and enhancers in one 
droplet, Pol2 and mediator in another 
droplet lead to bursts of transcription 

• Enhancers-bound cofactors modulate burst 
frequency

Hypothesis:

Benabdallah NS & Bickmore WA. Cold Spring Harb (2015)



Transcription condensates

Transient contact between Pol II-rich condensate and 
gene promoter leads to burst of transcription 

Du M et al. Cell (2024)

https://ars.els-cdn.com/content/image/1-s2.0-S0092867423013375-mmc2.mp4


Transcription condensates

3-way contact: 
•enhancer 
• transcription (mediator) 
•gene promoter

Du M et al. Cell (2024)

https://ars.els-cdn.com/content/image/1-s2.0-S0092867423013375-mmc1.mp4
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