
POUR L'OBTENTION DU GRADE DE DOCTEUR ÈS SCIENCES

acceptée sur proposition du jury:

Dr A.-S. Chauvin, présidente du jury
Prof. B. Fierz, directeur de thèse
Dr N. Vastenhouw, rapporteuse

Prof. B. Schuler, rapporteur
Prof. D. Suter, rapporteur

Deciphering the chromatin binding 
mechanisms of human HP1 variants at 

the single-molecule level

THÈSE NO 8757 (2018)

ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE

PRÉSENTÉE LE 28 SEPTEMBRE 2018

À LA FACULTÉ DES SCIENCES DE BASE
LABORATOIRE DE CHIMIE BIOPHYSIQUE DES MACROMOLÉCULES

PROGRAMME DOCTORAL EN CHIMIE ET GÉNIE CHIMIQUE 

Suisse
2018

PAR

Louise Catherine BRYAN





in vivo



Keywords





 

Mots-clés









 In vivo

Curriculum Vitae











E. Coli Escherischia Coli 



Npu Nostoc punctiforme 







et al.

Figure 1  

Figure 1

Figure 1. Structure of the nucleosome. 147 bp of DNA wrap around eight histone proteins; 2 copies of 
H2A in yellow, 2 copies of H2B in red, 2 copies of H3 in blue and 2 copies of H4 in green (PDB: 1KX5). 
Numbers around the nucleosome indicate the superhelical locations, SHL 0 is located at the nucleosome 
dyad. 

Figure 1

Figure 1



 

Figure 2A

in vitro

Figure 2B



Figure 2. Primary and secondary structure of chromatin. A) The primary structure resembles a ‘beads 
on a string’ structure. B) Chromatin is further compacted into a 30 nm fiber structure by the addition 
of Histone H1. C) Crystal structure of the nucleosome with the globular domain of histone H1 (PDB: 
5NL0). D) Tetranucleosome two-start helix crystal structure (PDB: 1ZBB). 

Figure 2B

in vitro

Figure 2D

Figure 2C



in situ



Figure 3A

Figure 3B

Figure 3. Histone post translational modifications. A) Common histone post-translational 
modifications on H2A, H2B, H3 and H4. Ac: acetylation, ph: phosphorylation, ub: ubiquitination, 
me:  methylation. B) Examples of common post translational modifications, acetylation on lysine, 
mono- , di- or tri- methylation on lysine, monomethylation or asymmetric/symmetric dimethylation on 
arginine, SUMOylation on lysine, ubiquitination on lysine, phosphorylation on serine, threonine and 
tyrosine.



Figure 3B

Figure 3B



Equation 1

(1)

Equation 2

(2) 

Figure 4A

see 

Chapter 1.3.1

Figure 4B



Figure 4C

 
Figure 4. Examples of multivalent proteins. A) HP1 dimerizes through the chromo shadow domain 
providing higher affinity to H3K9me3-chromatin compared to the monomer. B) TAF1 is composed of 
two bromodomains that each bind to acetylated marks on the same histone H4 tail. C) BPTF is composed 
of a bromodomain and a PHD finger that bind to marks on two different histone tails; H3K4me3 and 
H4K16ac. 



S. pombe

Figure 5. Structure of Heterochromatin protein 1. A) Schematic representation of HP1 where the 
chromodomain is linked to the chromo shadow domain by the hinge region. B) Sequence alignment of 
the three HP1 isoforms. C) Crystal structure of the chromodomain in complex with a H3K9me3 peptide 
(PDB:1KNE) D) Crystal structure of the dimerized chromo shadow domain (PDB:3Q6S). 

Figure 

5A-D



Figure 5B

in vitro



Figure 6A Figure 6B

 

Figure 6. Protein labeling. Two different methods to site specifically label proteins on a cysteine, 
either by the reaction of A) maleimide-linked dye or B) iodoacetamide-linked dye. 

Figure 7A-C

Figure 7D

(see 



chapter 1.4.1

Figure 7. Cysteine chemistry to produce histone PTMs. A-C) Methyllysine analogs are produced by 
the alkylation of the cysteine residue with an electrophilic ethylamine. D) Disulfide linked ubiquitin. 
E) Thiol-ene addition with N-vinyl acetamide to produce the acetyllysine analog. F) , -unsaturated 
amidine precursors produce methylated arginine analogs. 

Figure 7E

Figure 

33 Figure 64

Figure 7F

et al.

Figure 8



Figure 8. Dha tag for histone PTM synthesis. Cysteine is converted to the dehydroalanine tag, that 
provides a handle for the synthesis of different PTMs by reacting with alkyl halide reagents. 

Bacillus subtilis,

Figure 9



Figure 9. Sfp-catalyzed ybbR tag modification at a specific serine residue. The ybbR tag 
(DSLEFIASKLA) is fused to the protein. Sfp transferase catalyses the reaction where CoA is modified 
with a small molecule of choice (dye, biotin, sugars) and transfers specifically the small molecule to the 
serine of the ybbR tag and releases a 3’,5’-adenosine diphosphate. 

tert



Figure 10. Native chemical ligation. The peptide thioester and the cysteine-peptide react to form a 
thioester-linked intermediate that undergoes a spontaneous rearrangement, via an intramolecular 
nucleophilic attack to provide a native amide. 

Figure 10

Chapter 2,

Figure 21

Figure 11

Figure 11



Figure 11. Cysteine desulfurization to alanine. The cysteine radical is initiated by the addition of VA-
044 and then reacts with TCEP to form a phosphoranyl radical. Homolytic cleavage results in the 
alanine peptide and the production of a new cysteine radical. 

Figure 

12



Figure 12 .

Figure 12. Mechanism of intein cis-splicing. The cysteine attacks the carbonyl group of the peptide 
bond at the C-terminal of the N-extein, leading to an N to S acyl shift, followed by transthioesterification. 
The C-terminal asparagine of the intein then cyclises and excises out the intein. The peptide bond is 
found after a S to N acyl shift.  



Figure 13. Expressed protein ligation. The protein is expressed with a C-terminal intein. The cysteine 
attacks the carbonyl group of the peptide bond at the C-terminal of the protein. Addition of an alkyl or 
aryl thiol leads to cleavage of the intein, producing a thioester which is then ligated to a N-terminal 
cysteine peptide by NCL. 

et al

Figure 14

Figure 26

Figure 14. Affinity capture and protein modification by EPL. The protein is expressed with an N-
terminal split intein and the C-split intein is attached to a column. The split inteins associate and excise 
out the protein, giving a thioester that can then react by NCL to a N-terminal cysteine peptide.  



E. Coli



Figure 15

Figure 15. Jablonski Diagram. When a fluorophore is excited by a photon, an electron leaves the 
ground state (S0  to a higher excited singlet state. It then relaxes down to the lowest vibrational level of 
S1 by an internal conversion/vibrational relaxation process. By relaxing further to the ground state, 
energy is lost in the form of a photon with lower energy and longer wavelength (than the excitation 
photon), producing fluorescence.  



Figure 16B

Figure 16B

Figure 16. Absorption and Emission spectrum of fluorescent molecules. A) Structures of Atto532 and 
Atto647N B) Absorption and emission spectrum of Atto532 and Atto647N, the arrows represent Stockes 
shift.  

Figure 15



Figure 17A

Figure 17B

Figure 17. Oxygen scavaging system for fluorescence microscopy. A) Reaction of glucose 
oxidase/catalase to reduce oxygen in the single molecule system. B) Structure of trolox and its 
derivative, trolox quinone. 
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Equation 4
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vitro



Figure 18B

Figure 18C

Figure 18. Influence of the incidence angle of the laser beam in TIRFM. A) The laser beam is directed 
to the coverslip at a lower angle than the critical angle and passes through the medium of refractive 
index n2<n1. B) When the laser beam is at the critical angle, the refractive beam is at the interface 
between the medium and the glass. C) When the laser beam is at an angle higher than the critical angle, 
it is refracted away from the coverslip and creates an evanescent field into the sample.  

Equation 5

(5)

Equation 6.

(6)



Equation 7

(7)

Equation 8

(8)

in vitro

Figure 19B

Figure 19. Wide-field vs total internal reflection fluorescence. A) In wide-field microscopy, the laser 
excitation beam penetrates through the whole sample. B) In TIRFM the laser excitation beam is directed 
to the coverslip at an angle and reflects back. The sample at the surface of the coverslip is excited and 
leads to better signal to noise and enable single molecule measurements. 







This chapter is based on the following research articles:  

Multivalency governs HP1  association dynamics with the silent chromatin state. Sinan Kilic, 

Andreas L. Bachmann, Louise C. Bryan and Beat Fierz. Nature communications. 2015 

Single molecule kinetic analysis of HP1 chromatin binding reveals a dynamic network of 

histone modification and DNA interactions. Louise C. Bryan, Daniel R. Weilandt, Andreas L. 

Bachmann, Sinan Kilic, Carolin Lechner, Pascal D. Odermatt, Georg E. Fantner, Sandrine 

Georgeon, Oliver Hantschel, Vassily Hatzimanikatis and Beat Fierz. Nucleic Acids research. 

2017 

Contribution by other members is indicated in the text and in figure legends. 



Figure 20. Schematic representation of the three models explaining the retention of HP1 towards 
H3K9me3-modified chromatin. A) Model I: HP1 rebinds rapidly to the same mark or to a neighbouring 
mark after dissociation. B) Model II. HP1 forms oligomers along the chromatin or C) Model III. HP1 
dimerization increases the likelihood of binding. 

Figure 20A

Figure 20B



Figure 20C

Figure 21A

in situ

Figure 5B and C

Figure 21. Synthesis of H3K9me3. A) Synthesis scheme of H3K9me3 using a traceless EPL approach. 
B) Analytical RP HPLC and C) ESI-MS analysis of the ligation product H3K9me3 after desulfurization 
(calculated mass: 15251 Da, observed mass: 15248 Da). The peptide was provided by Sinan Kilic and 
the truncated histone by Carolin Lechner. 

Figure 22A



Figure 22B

Figure 22. H3K9me3 histone octamer refolding. A) Refolded histone octamers containing H3K9me3 
were purified by size exclusion chromatography. B) SDS-PAGE analysis of the refolded octamers 
pooled and concentrated after size exclusion chromatography. 

Figure 23A

Figure 23A

Figure 23B



Figure 23. Preparation of 12x 177bp labeled chromatin DNA. A) Schematic representation of the 12x 
147bp NPS with 30 bp linker DNA. B) Production of fluorescently labeled and biotinylated 12x 177bp 
DNA. In the fluorescence overlay, red: GelRed, green: Atto647N. 

Figure 24 A and B

Figure 24A

Figure 24B

Figure 24 Reconstituted chromatin with different degrees of H3K9me3 octamers. A) Agarose gel 
analysis of reconstituted 75%, 50% or 25% H3K9me3 labeled chromatin arrays with a177 DNA. 
Green: Atto647N, red: GelRed. B) Native PAGE analysis of ScaI digested 75%, 50% or 25% H3K9me3 
labeled chromatin arrays with a177 DNA. Green: Atto647N, red: GelRed. C) Native PAGE analysis of 
mononucleosomes with H3K9me3 and Atto647N-labeled 1x 601 DNA. Green: Atto647N, red: GelRed. 



Figure 24C

N. punctiforme

Figure 

26A

Figure 25A

 

Figure 25. Labeling strategy for the CGC peptide. A) The thiozolidine-CGC peptide is coupled to 
Atto532 iodoacetamide in solution followed by opening of the thiazolidine using 0.5 M methoxylamine 
at pH 5. B) RP-HPLC (black curve: 214 nm and green curve:530 nm) and C) ESI-MS of the product 
(expected mass:1009 Da, observed mass: 1008 Da). The tripeptide was synthesized by Beat Fierz. 

 



E. coli 

Figure 26A

Figure 26B

Figure 26C

Figure 26. HP1  labeling. A) Schematic representation of the procedure to fluorescently label HP1  
using split-intein mediated EPL. B) SDS-PAGE analysis before and after HP1  labeling. C) Purification 
of HP1 -A532 by size exclusion chromatography. D) RP-HPLC (black curve: 214 nm and green 
curve:530 nm) of HP1 -A532. E) MS of HP1 -A532 (HP1 : calculated mass: 23200 Da, observed 
mass: 23202 Da).  

Figure 27B and Figure 28



Figure 27B

Figure 27. Preparation of microscopy glass coverslips. A) Schematic representation of the microscopy 
coverslip. The coverslip is glued to a slide with double-sided tape to form four channels. Tips were glued 
to each end of the channels to enable the injection of samples. B) Surface passivation of the glass. First 
the glass was cleaned to provide a hydroxyl surface. Then it was reacted with 2% APTES in acetone 
and finally mPEG-succinimidyl was bound covalently to the APTES to form a polymer brush. 

Figure 

27B

Figure 28A-E

Figure 27A



Figure 27B

Figure 28. Different methods to passivate glass coverslips. 25 x 50 μm area of A) Plasma cleaned and 
10 % PLL-PEG, 1 nM HP1 B) Plasma cleaned, silanized and PEGylated for 24 hours, 1 nM HP1, C) 
Plasma cleaned, silanized and PEGylated for 3 hours, 1 nM HP1 D) Piranha cleaned, silanized and 
PEGylated for 3 hours, 1 nM HP1 E) 250 pM chromatin binding to neutravidin after passivation 
observed in D). 

Figure 29A

Figure 29A



Figure 29B

Figure 29. Single molecule colocalization of HP1 to chromatin. A) Left: single chromatin arrays were 
detected by Atto647N emission. Right: HP1a interaction dynamics were monitored by Atto532 emission. 
Scale bar: 5 μm. B) Time trace of fluorescence intensity (blue) from a single chromatin array showing 
transient HP1a binding events, fitted by a step function (red). Inset: determination of bound (on-) and 
unbound (off-) times by a thresholding algorithm

Equation 9)

(9) 

Equation 10

(10

Equation 11

(11) 

Equation 12



(12) 

Equation 13

(13) 

Figure 30B and E, 

Table 1

Table 1

Table 1

(Figure 30D)

Figure 24A-B Figure 30D, Table 1



Figure 30E, Table 1

 

Figure 30. HP1  binding to H3K9me3 chromatin. A) Schematic representation of a smTIRF 
experiment with 1 nM Atto532 labeled HP1 and H3K9me3 chromatin bound to the surface of the 
coverslip through a neutravidin-biotin interaction. B) Dissociation kinetics: cumulative histogram of 
binding intervals (t bright) for 100 chromatin arrays, fitted by a double-exponential function. C) 
Association kinetics: cumulative histogram of intervals between binding events (t dark) over 30 
chromatin arrays, fitted by a single-exponential function. D) The HP1a residence time ( off,1) depends 
on H3K9me3 density. Numbers indicate % amplitude of the fast phase (errors: s.e.m.; n =2–16 
replicates). E) Dissociation kinetics: cumulative histogram of binding intervals for HP1  binding to 
H3K9me3 mononucleosomes.  



Table 1

Figure 31 Table 1

Table 1



Figure 31. Constrained dimeric HP1  binding to H3K9me3 chromatin. A) Time trace of fluorescence 
(blue) from a single chromatin array fitted by a step function (red) and showing transient HP1 cdm 
binding events. B) HP1 cdm dissociation kinetics fitted with a double exponential function 
( off, = 0.33 ± 0.01 s, off,2 = 3.40 ± 0.53 s). C) HP1 cdm dissociation kinetics fitted by a single-
exponential function ( on = 7.45 ± 1.87 s). Data produced and analysed by Sinan Kilic and Andreas 
Bachmann. 
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This chapter is based on the following research article:  

Single molecule kinetic analysis of HP1 chromatin binding reveals a dynamic network of 

histone modification and DNA interactions. Louise C. Bryan, Daniel R. Weilandt, Andreas L. 

Bachmann, Sinan Kilic, Carolin Lechner, Pascal D. Odermatt, Georg E. Fantner, Sandrine 

Georgeon, Oliver Hantschel, Vassily Hatzimanikatis and Beat Fierz. Nucleic Acids research. 

2017 

Contribution by other members is indicated in the text and in figure legends. 



Figure 5

 Figure 23

Figure 32A

Figure 32B

Figure 32. Preparation of 12x 197bp labeled chromatin DNA. A) Schematic representation of the 
12x 147bp NPS with 50 bp DNA linkers. B) Production of fluorescently labeled and biotinylated 
12x 147bp DNA. In the Fluorescence overlay, red: GelRed, green: Atto647N. 



Figure 33A-

C

Figure 33D-F

Figure 33. Preparation of H4KS16ac. A) Ion exchange chromatography of H4K16C. B) RP HPLC and 
C) ESI MS analysis of purified H4K16C (calculated mass: 11211 Da, observed mass: 11211 Da). 
D) General scheme of the thiol-ene reaction to synthesize H4Ks16ac. E) RP HPLC and F) ESI MS 
analysis of the H4KS16ac (calculated mass: 11296 Da, observed mass: 11293 Da). 

Figure 34A 

and B

Figure 34C-E



Figure 34. H3K9me3/H4K16ac octamer reconstitution and chromatin refolding. A) H3K9me3/H4 
Ks16ac octamers were purified by size exclusion chromatography. B) SDS PAGE analysis of the 
H3K9me3/H4Ks16ac refolded octamers pooled and concentrated after size exclusion chromatography. 
C) Agarose gel analysis of reconstituted H3K9me3 or H3K9me3/H4KS16ac labeled chromatin arrays 
with a177 or a197 DNA. Green: Atto647N, red: GelRed. Native PAGE analysis of ScaI digested 
H3K9me3 or H3K9me3/H4KS16ac labeled chromatin arrays with D) a177bp or E) a197 DNA. Green: 
Atto647N, red: GelRed. 

Figure 35A

Figure 35D and E, Table 2



Figure 35B-E, Table 2

Figure 35. HP1  binding to H3K9me3 & H4KS16ac chromatin. A) Schematic representation of a 
smTIRF experiment with 1 nM Atto532 labeled HP1 and H3K9me3/H4KS16ac chromatin bound to the 
surface of the coverslip through a neutravidin-biotin interaction. B) Dissociation kinetics of HP1  
binding to H3K9me3/H4KS16ac chromatin: cumulative histogram of binding intervals (t bright) fitted 
by a double-exponential function. C) Association kinetics of HP1  binding to H3K9me3/H4KS16ac 
chromatin: cumulative histogram of intervals between binding events (t dark) fitted by a single-
exponential function. D-E) Chromatin decompaction by H4KS16ac reduces off,1 and off,2 in both a177 
and a197 fibers. Numbers indicate % amplitude. Error bars: standard deviation (s.d.), n = 7–16 
replicates, *P < 0.05, Student’s t-test.  



E.Coli

Figure 36A-C

Figure 36. Purification of Histone H1.1. A) Size exclusion chromatography and SDS-PAGE of histone 
H1.1 purification. B) Analytical RP-HPLC and C) ESI-MS of purified histone H1.1. (Calculated mass: 
21711 Da, observed mass: 21714 Da). 

Figure 

37A-C



Figure 37. Purification and labeling of H1.1-A532. A) Size exclusion chromatography and SDS-PAGE 
of H1.1-A532 purification. B) Analytical RP-HPLC and C) ESI-MS of purified Histone H1.1-A532 
(Calculated mass: 22582 Da, observed mass: 22587 Da). 

Figure 38A

Figure 38B

Figure 38B

Figure 38. Reconstitution of chromatin with H1.1. A) Agarose gel analysis of reconstituted chromatin 
with 0 2 eq. of H1 A532. B) Native PAGE analysis of ScaI digested chromatin with 0 2 eq. H1.1. Green: 
Atto647N, red: GelRed. 

Figure 39A-C



Figure 39A

Figure 39B

Figure 39C

Figure 39. AFM of chromatin fibers. A) Schematic representation of AFM, where the AFM tip, 
attached to a cantilever probes the surface of the sample. A laser is reflected off the back of the cantilever 
and detected with a photodiode detector. B) AFM image of chromatin fibers without H1 and C) with 
H1. Scale bar: 400 nm. In collaboration with Pascal Odermatt. 

Figure 37

Figure 40A and B

Figure 40D

Figure 40F

Figure 40E



Figure 40C

Figure 40B

in vitro

Figure 40. Characterizing H1.1 residence on chromatin fibers. A) Schematic representation of 
chromatin fibers reconstituted with H1.1-Atto532 and H2A-Alexa488. B) Single molecule analysis 
green: H2A-Alexa488, red: H1-Atto532. Scale bar: 10 μm. C) Determination of the residence time of 
H1-Atto532: >50 chromatin fibers are imaged using stroboscopic imaging with the indicated dark times 
(tdark = 0.5, 5, 40 s). For the longest tdark, only H1.1 dissociation is limiting showing 70 % of molecules 
remaining bound >2000 s, whereas 30 % dissociate with  = 313 s. D) Example of stepwise bleaching 
of fibers containing H1-Atto532. E) Analysis of H1 content of chromatin fibers by step wise bleaching 
analysis, demonstrating 7 H1/array for a177 chromatin and F) 11 H1/array for a197 chromatin. 



Figure 41A

Figure 41D and E, Table 2

Figure 41D and E, Table 2

Figure 41. HP1  binding to condensed chromatin. A) Schematic representation of a smTIRF 
experiment with 1 nM Atto532 labeled HP1 and condensed chromatin bound to the surface of the 
coverslip through a neutravidin-biotin interaction. B) Dissociation kinetics of HP1  binding to 
H3K9me3 and H1.1 chromatin: cumulative histogram of binding intervals (t bright) fitted by a double-
exponential function. C) Association kinetics of HP1  binding to H3K9me3 and H1.1 chromatin: 
cumulative histogram of intervals between binding events (t dark) fitted by a single-exponential function. 
D) Dependence of off,1 and E) off,2 on H1.1 incorporation for both a177 and a197 chromatin fibers. 
Error bars: s.d., n = 4–16 replicates, *P < 0.05 versus fibers of the same NRL without H1.1, Student’s 
t-test. 
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Figure 5

Figure 42A-D Figure 42E-

H

Figure 42. Purification and labeling of HP1  and HP1 . A) SDS PAGE analysis before and after 
labeling of HP1 . B) Purification of HP1 A532 by size exclusion chromatography. C) RP HPLC of 
HP1 A532 (black curve: 214 nm and green curve:530 nm). D) MS of HP1 A532 (HP1 : calculated 
mass: 22390 Da, observed mass: 22394 Da). E) SDS PAGE analysis before and after labeling of HP1 . 
F) Purification of HP1 A532 by size exclusion chromatography. G) RP HPLC of HP1 A532 (black 
curve: 214 nm and green curve:530 nm). H) MS of HP1 A532 (HP1 : calculated mass: 21786 Da, 
observed mass: 21789 Da). 

Figure 43



Figure 43. Electrophoretic mobility shift assay of HP1 , HP1  and HP1 . The three different HP1 
isoforms were incubated at 0, 3.5 and 7 μM concentration with a 193bp DNA piece and analysed on a 
non-denaturing 5 % polyacrylamide gel. 

Figure 44D

Figure 44. Purification and EMSA of the HP1  hinge mutant. A) Schematic representation of HP1 , 
where the amino acids highlighted in red are mutated to alanine to provide the HP1  hinge mutant. B) 
Purification of HP1  hinge by size exclusion chromatography. C) RP HPLC of HP1  hinge mutant. D) 
MS of HP1  hinge mutant (calculated mass: 22136 Da, observed mass: 22137 Da). E) EMSA of HP1  
and HP1  hinge mutant and a 193bp DNA piece analysed on a non-denaturing 5% polyacrylamide gel. 



E.Coli

Figure 44B

Figure 44E

Figure 45A

Figure 45B

Figure 45. Microscale Thermophoresis. A) The fluorescence of the sample is measured. B) A localized 
spot is heated by IR radiation for several seconds. This leads to an abrupt change in fluorescence of the 
molecules owing to the temperature change and then relatively slow thermophoresis which is a 
diffusion-limited process and lasts several seconds until the fluorescence reaches a plateau C). D) The 
IR laser is switched off and fluorescence is recovered. 



Figure 45C

Figure 45D

Figure 46A-C

Figure 46. Microscale thermophoresis of HP1 ,  and  binding to H3K9me3 peptide. A) Sequence of 
the H3K9me3 (1-14) peptide. B) HP1  binding to a H3K9me3 (1-14) peptide, KD = 11.6 M. C) HP1  
binding to a H3K9me3 (1-14) peptide, KD = 1.4 M. D) HP1  binding to a H3K9me3 (1-14) peptide, 
KD = 4.1 M. All fittings were done with a quadratic binding equation with a one site binding model. 



Figure 47A, Table 3

Figure 

47B, Table 3

Figure 47A

Figure 47. HP1 HP1 , HP1  and HP1  binding to H3K9me3. Comparison of A) dissociation time 
constants ( off,1 and off,2) and B) association rate constants (kon) obtained from smTIRF experiments for 
HP1 , HP1  and HP1  and a177 H3K9me3 chromatin fibers. Error bars: s.d., n = 4–16 replicates, 
*P < 0.05 versus fibers of the same NRL, Student’s t-test. 

Figure 48 Table 3



Figure 48. HP1  binding to H3K9me3 chromatin at increasing salt concentrations. off,1, off,2 and kon 
for HP1  at 130 mM-260mM salt concentration. Error bars: s.d., n = 4–16 replicates, *P < 0.05 
versus fibers of the same NRL with 130 mM KCl, Student’s t-test. 

Figure 5D  Figure 49A

in vivo

Figure 49C



Figure 49D

Figure 49. Phosphorylation of HP1 . A) General scheme of HP1  phosphorylated by CK2, serines 
recognized by CK2 are highlighted in red. B) Structure of serine and phosphoserine. C) CK2- mediated 
phosphorylation of HP1  using [ -32P]-ATP for quantification. CBB: Coomassie Brilliant Blue staining, 
32P: Autoradiography. Eq. Pi is measured by scintillation counting. Data produced with Sandrine 
Georgeon. D) EMSA of HP1  and phosphorylated HP1  and a 193bp DNA piece analysed on a non-
denaturing 5% polyacrylamide gel. 

Figure 50A

Figure 50C, Table 3

Figure 50B, Table 3



Figure 50. Phosphorylated HP1 binding to H3K9me3 chromatin. A) Schematic representation of a 
smTIRF experiment with 1 nM phosphorylated HP1 -A532 and H3K9me3 chromatin bound to the 
surface of the coverslip through a neutravidin-biotin interaction. B) Comparison of the chromatin 
residence times off,1 and off,2 for unmodified (CK2 -) and phosphorylated (CK2 +) HP1 . C) Comparison 
of binding rate kon for unmodified (CK2 -) and phosphorylated (CK2 +) HP1 . Error bars: s.d., n = 4–
16 replicates, *P < 0.05 versus fibers of the same NRL 1 nM HP1α, Student’s t-test. 



Ta
bl

e 
3.

 K
in

et
ic

 p
ar

am
et

er
s o

f H
P1

, H
P1

 a
nd

 H
P1

 in
te

ra
ct

io
n 

dy
na

m
ic

s. 
 

n 
is

 th
e 

nu
m

be
r o

f r
ep

lic
at

es
. 



In vivo

in vivo

 

Figure 51. In vivo dynamics of HP1  (wild-type), HP1  (AAAA-mutant) and HP1  (hinge-mutant) 
using FRAP. A) Confocal fluorescence images of mouse NIH 3T3 cells transfected with mEos3.2 HP1 , 
mEos3.2- HP1 (AAAA) or mEos3.2-HP1 (hinge mutant) and overlayed with Hoechst staining. Scale 
bar, 5 m. B) FRAP experiment with mEos3.2-HP1  showing dynamic recovery within 10 s. Scale bar: 
5 μm. C) FRAP analysis for HP1  (wild-type, red), HP1  (AAAA-mutant, green) and HP1  (hinge-
mutant, blue) demonstrating decreased chromatin binding for the mutant proteins. Exponential fits to 
the FRAP data resulted in a recovery time constant of 8.1 ± 0.7 s for HP1 , a recovery time constant of 
4.8 ± 0.6 s for HP1 (AAAA-mutant) and a recovery time of 5.1 ± 0.5 s for HP1 (hinge-mutant). Errors: 
s.d. 

Figure 51A

Figure 51C, blue trace Figure 51C, green trace

Figure 51C, red trace

in vitro



Figure 52



Figure 52. Kinetic model of HP1  binding. Full kinetic model of HP1-chromatin interactions, showing 
the pathways associated with high flux (arrow thickness). Gray arrows denote reactions associated with 
low but non-zero flux. Unbound states are labeled ‘0’, DNA bound states ‘1’ and H3K9me3 bound states 
‘2’. Double-headed arrows indicate reversible reactions. Arrowhead size indicates the direction of net 
flux.  

Figure 53A Figure 53B and 

C



Figure 53D and E

Figure 53. Kinetic modeling using stochastic simulations of HP1 binding to chromatin. A) Reaction 
trace from stochastic simulation based on the model shown in Figure 52 indicating binding and 
dissociation dynamics of HP1. B) Overlay of cumulative histograms for HP1 dwell times obtained from 
stochastic simulations using the best ranked parameter sets. C) Overlay of cumulative histograms for 
HP1 unbound (dark) times obtained from stochastic simulations using the best ranked parameter sets. 
D) Dependence of simulated HP1 dissociation rate constants (koff = 1/  off,1) on relative changes in KPTM 
and KDNA. Parameters for O: HP1 , X: HP1 .�: HP1 . The colour code and contour lines indicate 
changes in the dissociation on a logarithmic scale. E) Dependence of simulated HP1 binding rate 
constants (kon) on relative changes in KPTM and KDNA interactions. Parameters for O: HP1 , X: HP1 .�: 
HP1 . The colour code and contour lines indicate changes in the binding rate on a logarithmic scale. 
Data produced by Daniel Weilandt. 

Figure 54



Figure 54. Global sensitivity analysis of HP1 binding to chromatin. The heat map denotes the average 
order of magnitude change of the indicated model output with respect to the set of most sensitive model 
parameters, blue indicates correlation of parameter and output, red indicates anticorrelation. Data 
produced by Daniel Weilandt. 
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Figure 55. General strategy for single molecule multiplexing. In a first step, protein binding to a 
library of barcoded nucleosomes is imaged. In a second step, the barcodes are read-out to correlate 
each barcoded-nucleosome to its modification state. 



Figure 15 and Figure 16B

Figure 55

Figure 56

Figure 56



Figure 56

Figure 56. Example of a single molecule decoding experiment. The first set of decoders (x1-Atto532, 
y1-Alexa488 and z1-Atto488/A532) are injected into the channel and their dynamic binding to the 
complementary strand is measured. The decoders are washed out and a second set of decoders is added 
(x2-Atto532, y2-Alexa 488 and z2-Atto488/A532). 



Figure 57. General single molecule multiplexing strategy. In a first step dCas9-Alexa568 binding to 
the library is measured. The octamers are then washed out followed by the addition of the USER enzyme 
that cleaves off the complementary strand, liberating the template for decoding.

Table 4

Figure 59A-F

Table 4. Sequences of the 9 decoders. x1, y1, x2 and y2 all contain a modified amine, whereas z1 and 
z2 contain an amine and a thiol group for dual labeling. 



Figure 58A-F

Chromatograms from RP-HPLC analysis of final purified oligonucleotides. A) x1-A532, 
B) y1-A488, C) z1-A488/A532, D) x2-A532, E) y2-488 and F) z2-A488/532.  



Figure 59

Figure 59 Equation 11

Figure 59. Cumulative histogram of t bright and t dark fitted with mono-exponential function and 
representative traces of hybridization over 500 s. A) Decoder x1: toff=5.49 s, ton=168.79 s, B) Decoder 
x2: toff=3.00 s, ton=221.44 s, C) Decoder y1: toff=1.90 s, ton=167.26 s, D) Decoder y2: toff=0.94 s, 
ton=196.50 s, E) Decoder z1: toff=8.15 s, ton=173.37 s, F) Decoder z2: toff=3.17 s, ton=214.58 s. 



Table 5

Table 5. Sequences of primers with uracils for nucleosomal DNA used for the 2-layer decoding. 

E.Coli

Figure 60



Figure 60. USER enzyme digestion test. Initially the double stranded DNA piece with Atto647N at the 
5’ end and biotin at the 3’ was imaged. USER enzyme was then incubated with the DNA, washed out 
and imaged again. No fluorescent spots were observed, corresponding to the cleavage of uracils and 
the release of the dye. 

Figure 61



Figure 61. Microfluidics set up. The samples are placed in tubes, connected to a flow of nitrogen. The 
valves are switched on or off by the valve controller to control the flow from individual tubes The flow 
sensor provides a feed-back measurement of the flow to control the correct flow rate. The sample then 
goes to a 3-way valve to either go to the microscopy slide or the waste. 



Figure 62

Figure 62. Two-layer multiplexing. A) Template: X1X2, left : x1-A532, right : x2-A532. B) Template: 
Y1X2, left : y1-A488, right : x2-A532. C) Template: Y1Y2, left : y1-A488, right : y2-A488. Green 
spots: the decoder binds to the template and red spots: the decoder does not bind to the template. 

Figure 

62A-C

Figure 62A-C, 

Figure 62A-C,
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Figure 63

Figure 63. Schematic representation of nucleosomal DNA for Cas9 binding experiments. Orange: 
sequence for guide RNA hybridization, starting with the PAM sequence (dark orange). The arrow 
displays the direction of Cas9 binding.  

Figure 

64 A-C

Figure 64D-F



Figure 64. Preparation of H3KS56ac. A) Ion exchange chromatography of H3K56C. B) RP HPLC and 
C) ESI MS analysis of purified H3K56C (calculated mass: 15200 Da, observed mass: 15198 Da). D) 
General scheme of the thiol-ene reaction to synthesize H3Ks56ac. E) RP HPLC and F) ESI MS analysis 
of the H3KS56ac (calculated mass: 15285:  Da, observed mass: 15285: Da). 

Figure 65A-C



Figure 65. Purification of H2A.Z. A) Ion exchange chromatography of H2A.Z. B) RP HPLC and C) 
ESI MS analysis of purified H2A.Z (calculated mass: 13422 Da, observed mass: 13422 Da).  

Figure 66 Figure 63

Figure 66

Figure 66. In vitro Cas9 cleavage assay of free DNA and WT nucleosomes. Cas9 was able to cleave 
the free DNA and the DNA on WT nucleosomes after 15 minutes, however the guide RNA is essential 
for DNA cleavage. 



Figure 67A

Figure 67B

Figure 67C

Figure 67. Cas9 labeling. A) Cas9 reaction with CoA-Alexa568 to obtain Cas9-Alexa568. B) SDS-
PAGE of the labelling reaction at different time points. C) Size exclusion chromatography of Cas9-
A568. 
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 Deciphering the chromatin binding mechanisms of human HP1 variants at 
the single molecule level.  

 - Sortase-mediated modification of phage-
displayed peptides  

Physicochemical characterization of nebulized 
superparamagnetic iron oxide nanoparticles


