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Figure 1.1.1. Chromatin organization in the eukaryotic cell nucleus. Chromatin is densely packed in the cell nucleus with the 
fundamental unit being the nucleosome consisting of DNA wrapped around the core histones H2A, H2B, H3 and H4. 



in vitro





Figure 1.1.2. Hierarchical layers of chromatin organization. On the scale of bases. At the scale of individual bases (100 bases), single 
cytosines or adenines can be methylated encoding information beyond the DNA sequence. Transcription factors can bind stretches of 
~5-30bp DNA (101 bases) sequence-specifically. Nucleosomes form on approximately 150bp of DNA (~102 bases) and carry PTMs or 
histone variants as an additional layer of instructions. Four or more nucleosomes (0.5-1 103 bases) can pack into distinct local 
structures facilitated by inter-nucleosomal interactions. Stretches of chromatin (104-105 bases) are the basis of anchoring points 
resulting in chromatin extrusions and loops. Multiple loops in distinct territories (105-106 bases) are referred to as topologically 
associated domains (TADs). Figure based on Risca and Greenleaf, 2015.   



Figure 1.1.3. Secondary chromatin structures based on 30nm-fiber formation. A. Solenoid-like chromatin structure organizing the 
nucleosomes in large helical conformations with nucleosomes N+6 stacked between nucleosomes N and N+1. Simplified scheme 
showed in ball-stick format with nucleosomes being balls and linker DNA being sticks. B. Two-start helix structure showing formation 
of two intertwined helical columns of nucleosomes with stacking of nucleosomes N and N+2. Ball and stick format shows the DNA zig-
zagging back and forth between the two stacks. Based on Robinson, Rhodes et al. 2006. 



in vivo





Figure 1.1.4. Histone PTMs and their nucleosomal distribution. A. Chemical structures of selected histone modifications described 
for lysine, arginine, glutamate, serine, threonine, tyrosine and histidine. B. Locations of some of the key histone PTMs for which there 
is knowledge about the functional importance.  









Figure 1.1.5. Multivalent combinatorial readout of histone modifications. A. Intranucleosomal, cis-histone binding of an effector. B. 
Intranucleosomal, trans-histone binding of the example BPTF to acetylated H4 and methylated H3. C. Inter-nucleosomal, intra-fiber 
binding of HP1. D. Inter-nucleosomal, inter-fiber binding of HP1. 



Figure 1.2.1. Generation of histones containing PTMs or analogs. A. Amber suppression mutagenesis involves the recoding of the 
ribosome to introduce non-proteogenic amino acids like acetyllysine from an amino acid-tRNA on the amber codon usually signaling 
stop of translation. B. Examples of this for introduction of histone PTMs include direct translation with acetyllysine, protected 
methyllysines for subsequent deprotection to produce mono – or dimethyllysine and -thiolysine for subsequent ligation to ubiquitin. 
C. Cysteine conjugation takes advantage of the nucleophilicity of the thiol in cysteine generated in recombinant proteins for reaction 
with suitable electrophiles to produce covalent analogs of the PTMs of interest. D. Cysteine conjugation has been used to produce 
methyllysine and acetyllysine analogs where the -C in the lysine side chain is replaced with a sulfur, and to produce disulfides with 
ubiquitin and SUMO. E. Treatment of dehydroalanine with alkyl halides and borohydride in an oxygen-free atmosphere results in 
modified racemized side-chains.  







Figure 1.2.2. Mechanism of the native chemical ligation reaction. The first polypeptide fragment (A) contains a C-terminal thioester 
and the second an N-terminal thiol. Reversible transthioesterification resulting in leaving of the SR group and formation of a 
branched intermediate. This intermediate is resolved by an irreversible S to N acyl shift resulting in the formation of a native amide 
bond between the two fragments. 





Figure 1.2.3. Tools for cysteine-free ligation. A. Example ligation auxiliaries to enable ligation in absence of cysteine followed by 
cleavage or photoremoval. B. Mechanism of radical-initiated desulfurization with VA-044 (2,2'-Azobis[2-(2-imidazolin-2-yl)propane]) 
and tert-butylthiol or glutathione. C. Thiol-containing amino-acids coupled at the N-terminal of a target peptide fragment. Following 
ligation and desulfurization these leave phenylalanine, aspartate, threonine, lysine, leucine, glutamine, aspartate, tryptophan, arginine, 
valine or proline at the ligation junction.  





Figure 1.2.4. Protein splicing and preparation of recombinant components for EPL. A. An intervening protein between two exteins 
undergoes an N to S acyl shift followed by transthioesterification to form a branched intermediate. If the asparagine at the splice 
junction is left intact, the branched intermediate is resolved into a succinimide and the native amide bond results from an S to N acyl 
shift. Intein mutants of asparagine and/or cysteine at the C-terminal of the intein can be thiolyzed with exogenous thiols to produce the 
recombinant thioester. B. Recombinant fragments with an N-terminal cysteine are produced by expression as a fusion protein followed 
by cleavage to reveal the free N-terminal cysteine 







Figure 1.3.1. Example fluorophore molecules and key characteristics of their excitation and emission. A. Jablonski diagram of 
excitation by an incoming photon (blue lines), thermal relaxation (red line) and emission of photons upon returning to the ground state 
(green lines). B. Examples of organic fluorophore molecules displaying the conjugated double-bond systems capable of absorbing and 
emitting photons. C. Excitation and emission spectra, highlighting the excitation and emission maximum and the stokes shift.  

Figure 1.3.2. Basic schemes of microscope set-ups used for fluorescence microscopy and their focal volumes. A. Outline of light path, 
excitation and detection in wide-field microscopy, excitation light is focused in a backfocal plane and emission detected from all of the 
fluorescence in the sample simultaneously with e.g. a CCD camera. B. Scheme of excitation volume in illuminated specimen. 
Fluorophores are excited in the entire z-volume. C. Schematic of confocal fluorescence excitation and detection. The excitation light 
is focused in the specimen such as to result in limited out-of-focus excitation. A pinhole blocks out possible out-of-focus fluorescence 
emission and fluorescence intensity is detected with an avalanche photodiode or similar. D. Volume excited in sample with confocal 
microscopy resulting in a defined focal plane from which emission is further defined by the pinhole.   



in vivo



in vivo in vitro

Figure 1.3.3. Microscopy setups for obtaining single-molecule resolution. A. Confocal microscopy results in a diffraction-limited 
confocal volume, that combined with the pinhole in front of the detector results in very small detection volumes. B. Objective-type total 
internal reflection fluorescence (TIRF), where angles above the critical angle for the excitation light is generated through the objective 
resulting in an evanescent field in the aqueous medium, confining the excitation volume to 100-250nm near the surface. C. Prism-type 
TIRF, where the angle for TIR is obtained with the use of a prism and fluorescence light is collected from the evanescent wave arising 
below the glass surface distal to the objective.  



Figure 1.3.4. Refraction or reflection of light traveling between two media. A. When an incident beam from one medium travels to 
another medium at an angle lower than the critical angle it will be refracted at the interface in agreement with Snell’s law. B. If the 
incident angle equals the critical angle, the exit angle will be 90°. C. Upon increasing the incident angle beyond the critical angle, the 
beam is totally internally reflected at the interface.  







Figure 3.1.1. Mechanisms governing effector recruitment and retention to chromatin. A. Local substrate density could allow rebinding 
on the other nearby sites in the same nucleosome or on nearby nucleosomes prior to dissociation. B. On-target oligomerization might 
stabilize binding. C. Effector multivalency may allow retention in target chromatin despite dissociation of one binding domain. 



Drosophila Melanogaster 

Figure 3.1.2. Domain architecture and structure of HP1. A. Domain outline of HP1 on the protein sequence. B. Crystal structure of 
the HP1 chromodomain bound to a trimethylated H3 N-terminal peptide showing the aromatic cage on the zoom-in. C. Crystal 
structure of chromoshadow-domain dimer with associated PXVXL motif from protein binding partner (purple) 
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Figure 3.1.3. CoSM assay and example traces. A. Schematic of CoSM with an immobilized Alexa 488 labeled molecule (Blue) and 
binding of one (Top) or two (Bottom) factors resulting in co-localizing fluorescence. Based on Larson and Hoskins 2014 B. Example 
trace illustrating the use of CoSM to determine binding, unbinding and binding stoichiometry of a molecule. C. Example histogram of 
cumulated binding times fitted with a double-exponential function. D. Example trace showing CoSM for determination of stoichiometry 
by step-wise photobleaching. 





Figure 3.1.4. Experimental scheme for CoSM using chromatin and the effector HP1 . A. Immobilization of chromatin onto the surface 
assembled with DNA containing a biotin and an Atto647N fluorophore for localization with smTIRF. B. HP1  labeled with Atto532 
enters the excitation volume if in contact with chromatin resulting in fluorescence, whereas unbound will remain non-fluorescing.  



Figure 3.2.1. Scheme for the planned traceless synthesis of H3 K9me3. The N-terminal tail with K9me3 is synthesized as a peptide 
hydrazide by SPPS ligated to the core of the protein followed by desulfurization to convert the cysteine to the native alanine. 

Figure 3.2.2. Final analysis of H3 K9me3 1-14 peptide by RP-HPLC and ESI-MS. Mobs = 1546.0Da. Mcalc = 1546.8Da. 

Figure 3.2.3. ESI-MS analysis of purified truncated H3 1-14 A15C protein. Mobs = 13767.0Da. Mcalc = 13769.1Da. 



in situ

Figure 3.2.4. Monitoring of the ligation reaction by RP-HPLC after 5min, 30min and 2h respectively. 

Figure 3.2.5. Final analysis of H3 K9me3 A15C, C110A after ligation by RP-HPLC and ESI-MS. Mobs = 15285.0Da. Mcalc = 
15283.9Da. 

Figure 3.2.6. Final analysis of H3 K9me3 desulfurization. Mobs = 15252.0Da. Mcalc = 15251.8Da. 



Figure 3.2.7. Analysis of individual purified histones and refolded histone octamer. A. ESI-MS analysis of histone H2A (Mobs = 
13965.0, Mcalc = 13964.3) H2B (Mobs = 13761.0, Mcalc = 13758.91), H3 C110A (Mobs = 15227.0, Mcalc = 15224.7) and H4 (Mobs = 
11239.0, Mcalc = 11236.11). B. Chromatogram from gel filtration of refolded histone octamers. C. SDS-PAGE analysis of fractions 
from gel filtration. 



Figure 3.3.1. Outline of DNA labeling and analysis. A. Scheme of 12x601 array DNA labeling with with biotin modified labeled and 
phosphorylated dsDNA to non-palindromic BsaI-produced overhang. B. Analysis of ligation of labeled dsDNA to array. C. Analysis 
of isolated labeled array DNA. Data contributed by Louise Bryan.  

Figure 3.3.2. Analysis of assembled chromatin. A. Agarose gel analysis of assembled chromatin on labeled DNA with wild-type 
octamers (unmod), H3 K9me3 octamers, or octamers containing labeled histone H2A (Atto488). MMTV buffer DNA was added to 
capture excess histone octamers upon full saturation of the array DNA. This results in mononucleosomes (MN) formed on MMTV 
DNA, while some remains non-nucleosomal. B. ScaI digestion of chromatin ot ensure saturation. Restriction sites are equally 
distributed in linker DNA between 601 sequences resulting in mononucleosomes upon digestion and little to no free DNA. 



Figure 3.4.1. Scheme outlining the usage of a split intein column for labeling of HP1 . The protein of interest is fused at the C-terminal 
to one half of a split intein and the other half immobilized on a solid support. Binding between the two fragments allows the column to 
work as an affinity column and addition of MESNA results in thioester formation. Further addition of MPAA and a labeled peptide 
with an N-terminal cysteine allows in situ ligation to take place resulting in elution of the labeled protein. 



Figure 3.4.2. Reaction scheme and final analysis of NpuC-AA-CysOMe peptide for the intein column. A. The split intein was expressed 
in fusion with a linear intein for thiolysis and acyl shift with cysteine methyl ester. B. Chromatogram from final analysis of NpuC 
peptide. C. ESI-MS of final purified NpuC-AA-CysOMe peptide. Mobs = 4734.3, Mcalc = 4733.4. 

Figure 3.4.3. Scheme for the modification of tripeptide Thz-G-C to label with Atto532 through an iodoacetamide followed by 
thiazolidine deprotection with methoxyamine.  



Figure 3.4.4. Analysis of the purified tripeptide for labeling. A. Chromatogram from RP-HPLC analysis of the purified peptide. B. 
ESI-MS analysis of the peptide Mobs = 1008.3, Mcalc = 1009.3. 

Figure 3.4.5. Analysis of labeling and purification of HP1 . A. Input, washes and flowthrough from the split intein column-mediated 
thioester-formation and ligation to yield labeled HP1 . B. Gel filtration purification and fraction analysis of collected labeled HP1 . 



Figure 3.4.6. Final analysis of labeled HP1  by RP-HPLC and MS. Mobs = 23204.0, Mcalc = 23200.0. 

Figure 3.4.7. Final purification by gel filtration and analysis of HP1  by RP-HPLC and ESI-MS. Mobs = 22513.0, Mcalc = 22506.2). 



Figure 3.5.1. Titration curves of unlabeled and labeled HP1  by change in tryptophan fluorescence and MST. A. Wild-type change in 
tryptophan fluorescence of HP1  upon binding to H3 K9me3 1-14 peptide resulting in an affinity of 7.6±1.4μM . B. Curve from MST 
with HP1 (Atto532). Affinity determined is 5.4±1.3μM.  



Figure 3.6.1. Pathways leading to fluorophore inactivation and blinking and molecular oxygen. A. Jablonski diagrams and electron 
orbital occupation in higher occupied molecular orbitals (HOMO) or lower unoccupied molecular orbitals (LUMO) upon transitions 
from the ground state S0, to the excited state, inter-system-crossing (ISC) to triplet states and redox reactions for non-fluorescing 
fluorophores. Molecular oxygen can promote non-fluorescent transitions from triplet states to the ground state and conversion of 
triplet states to long-lived non-fluorescent anionic or cationic states. B. Possible conversions of molecular oxygen to reactive species. 
Adapted from Zheng & Blanchard 2014. 

Figure 3.6.2. Triplet state quenchers and oxygen scavenging. A. Molecular structures of well-characterized triplet-state quenchers for 
single-molecule photostabilization. B. GODCAT enzymatic oxygen scavenging system. Glucose and oxygen is converted into gluconate 
and hydrogen peroxide by glucose oxidase, and the hydrogen peroxide is converted by catalase to water and half an equivalent of 
oxygen. C. Protocatechuate and oxygen are converted by protocatechuate dioxygenase to -carboxy-cis, cis-muconic acid. 



Figure 3.6.3. Chromatin anchoring and CoSM with HP1 . A. Neutravidin-dependent anchoring of chromatin B. Co-localization of 
Atto 488 labeled histone octamers with Atto647N labeled DNA indicating chromatin integrity. Green indicates histones and red 
Atto647N labeled DNA and yellow/orange their co-localization. C. Dynamic co-localization of Atto532 labeled HP1  molecules with 
Atto647N labeled chromatin. Chromatin molecules are localized with 640nm excitation and 532nm excitation allows localization of 
HP1  binding. Data contributed by Beat Fierz. 



Figure 3.6.4. Single-molecule binding of HP1  to immobilized chromatin. A. Example binding trace of HP1  to chromatin during 
100s showing temporally separated binding events evidenced by fluorescence intensity increases during the time of binding. B. 
Dissociation kinetics from H3 K9me3: Histogram of cumulated counts of molecules with retention times of x seconds or higher fitted 
to a double-exponential with off,1 = 0.25±0.03s, off,2 = 2.26±1.22s. C. Association kinetics to H3 K9me3: Histogram of cumutated 
counts of times between binding events fitted to a single exponential decay with on = 22.9±9.8s. D. Dissociation kinetics from 
H3K9me0. Very few binding events are observed within the time-resolution of the experiments.  



Figure 3.7.1. Impact of substrate density and facilitated dissociation in HP1  binding to chromatin. A. Retention times of labeled 
HP1  on chromatin upon changing the density of H3 K9me3 with 25% intervals as controlled in the chromatin assembly. B. Influence 
of total HP1  concentration on retention of the labeled 1nM HP1  on chromatin. Data contributed by Louise Bryan (A) and Andreas 
Bachmann (B). 

S.pombe



Figure 3.8.1. HP1  covalent dimerization and labeling peptide. A. Schematic of template-directed dual EPL with peptide in the cleft 
between adjacent CSDs. B. Synthetic scheme for generation of labeled peptide for dual EPL. i) Alloc-deprotection. ii) Coupling of Boc-
Thz. iii) Cleavage from resin and side-chain deprotection with TFA/TIS/H2O. iv) Conjugation of Atto532 iodoacetamide. v) Thz 
deprotection with methoxyamine. 

Figure 3.8.2. Final analysis of labeled peptide for covalent dimerization by RP-HPLC and MS. Mobs = 2679.4, Mcalc = 2680.2. Data 
contributed by Beat Fierz.  



Figure 3.8.3. Generation and purification of labeled covalently dimerized HP1 . A. SDS-PAGE analysis of input, flowthrough, washes 
and elutions from intein column resulting in formation of covalently dimerized and labeled HP1 . B. Gel filtration purification of 
eluted covalently dimerized HP1  with indication of the pooled fractions.  

Figure 3.8.4. Final analysis of labeled covalently dimerized HP1 . A. SDS-PAGE analysis of final purified sample. B. RP-HPLC 
analysis. C. MS analysis of HP1 cdm(Atto532). Mobs = 43947, Mcalc = 43944.6. 



Figure 3.8.5. Binding of covalently dimerized HP1  to peptide and chromatin arrays. A. Titration curve from MST of covalently 
dimerized labeled HP1a with H3 K9me3 peptide. Affinity determined is 12.5±0.5μM   B. Example trace of HP1 cdm binding to H3 
K9me3 modified chromatin. C. Histogram and double-exponential fit for the retention times of covalently dimerized HP1 , off,1 = 
0.33±0.01s. off,2 = 3.40±0.53s D. Histogram and exponential fit for the times between binding events with HP1 cdm. on = 7.45±1.87s. 

Figure 3.8.6. Analysis of overall binding times of HP1 cdm and to single chromatin arrays. A. Bar plot of the first decay rate in bi-
exponential fit from labeled wild-type (wt) and covalently dimerized (cdm) HP1 . Numbers at the base of the bars indicate the 
amplitude of the phase in the double-exponential fit B. Bar plot of the second decay rate in bi-exponential fit. C. Bar plot of the 
association times. D. Heat map plot of HP1  wild-type dissociation (First axis) and association (Second axis) from/to individual 
chromatin arrays. E. Heat map plot of dissociation and association times for covalently dimerized HP1  to individual chromatin 
arrays.  



Figure 3.8.7. Analysis of overall binding times of HP1  wild-type and retention on single chromatin arrays in the presence of the Shg1 
peptide. A. Affinity of Shg1 peptide determined by MST. Affinity observed is 110nM. B. Bar plots of first decay rate in bi-exponential 
fit of HP1  binding to modified chromatin with Shg1 peptide (Green) and without (Red). C. Bar plots of second decay rate in fit similar 
to A. D. Association times for HP1  wild-type in the absence and presence of Shg1 peptide. E. Heat map plots of both first (primary 
axis) and second (secondary axis) rate constants in bi-exponential fits for individual chromatin arrays without Shg1 peptide. F. As in 
E, but with the Shg1 peptide. Data contributed by Andreas Bachmann. 



Figure 3.9.1. Location of residues in CSD and microscopy images of of mEos3.2-HP1  expressing cells. A. Structural outline of HP1  
CSD highlightning the residues mutated to modulate dimerization ability (I164) and ability to interact with PXVXL motifs. B. Images 
from confocal microscopy of NIH 3T3 MEFs expressing mEos3.2-HP1  wild-type and mutants W173A and I164E. 

Figure 3.9.2. FRAP experiments for cellular mobility of HP1  wild-type and mutants. A. Confocal images of cell nucleus with 
heterochromatic foci containing high concentrations of HP1  before bleaching (prebleach), 0.1s, 3.0s and 15s after photobleaching 
in red circle. B. FRAP curves obtained from experiments in more than 25 heterochromatic foci in different individual cells using the 
wild-type, the I164E and the W173A mutants.  



in vivo

Figure 3.10.1. Possible binding modes and mechanism of increased association rate. A. States of HP1 in solution and bound to 
chromatin as a monomer (Lower line) and as a dimer (Upper line). The equilibrium between monomer and dimer is governed by the 
rates kdim and kmono. Initial non-specific association occurs with a rate of kassoc, and dissociation with kdissoc prolonged with a factor  
in the case of the HP1 dimer. Binding and unbinding rates are controlled by kbind and krelease. Bivalent binding can occur with a rate 
kbiv and an increased rate of a single release from that state. B. Schematic of a likely reactive radius around the nucleosomes mediated 
by long-range electrostatic interactions for initial non-specific association. The chance of non-specific association with the larger 
surface of the dimer is increased as well as that of H3 K9me3 binding doubled with the presence of two reader domains.  

in vitro in vivo









Figure 4.1.1. Energetic basis and distance-dependence of FRET. A. Jablonski diagram displaying the transfer of energy from a donor 
to excite an acceptor that upon return to the ground state emits photons with a wavelength longer than that emitted from the donor. B. 
Emission spectrum of an example donor and the spectral overlap with the excitation spectrum of the acceptor as well as the emission 
spectrum of the acceptor. C. Schematic of the inter-dye distance dependency of FRET. Within close proximity, almost all energy is 
transferred. At a distance of R0, half of the energy is transferred. At distances above ~120-150Å no energy is transferred.  



Figure 4.1.2. Output from smFRET with TIRF and in a confocal volume in solution. A. Example fluorescence intensity and FRET trace 
of a single molecule undergoing transitions between three distinct FRET states. B. Scheme of FRET labeled molecule traveling through 
confocal volume and the resulting intensity bursts from experiments with smFRET in solution 



Figure 4.1.3. Basic scheme for the ligation of 5 pieces of recombinant multi-601 fragments (Pieces 1 and 5) and PCR-generated 1x601 
fragments with differently located fluorophores (Pieces 2, 3 and 4) to introduce FRET pairs into 12-mer chromatin arrays. 



Figure 4.1.4. Structural modeling and labeling sites for investigation of inter-nucleosome dynamics in chromatin. Labeling sites for 
reporting of different movements are indicated in the tetranucleosome stack and the corresponding accessible volumes (AV) indicated 
in the 12-mer nucleosome array. 



Figure 4.2.1. Outline of the three recombinant segments indicating restriction sites surrounding the 601 site to facilitate cloning (EcorI, 
HindIII, PstI and BglII), plasmid excision and ligations (EcorV, BsaI and DraIII) and chromatin analysis (ScaI). Designed in 
collaboration with Beat Fierz.  



Figure 4.2.2. Extension piece and BglII/BamHI hybrid. A. Outline of the 1x601 extension piece used for first doubling with sites for 
doubling (PstI, BamHI and BglII) and chromatin analysis (ScaI). B. The hybrid junctions generated from BamHI/BglII ligation. 
Designed in collaboration with Beat Fierz.  

Figure 4.2.3. Analysis of cloned recP5 pWM531 multi-601 (1-5) constructs upon digestion. A. Digestion with EcorI linearizes the 
plasmid and display a subtle ladder corresponding to the different lengths. B. Further digestion with HindIII excises the repeats and 
clearly shows their increasing repeat length rising ~180bp for each increase. 



Figure 4.2.4. Digestion of recP1 4x601 pWM531 with EcorV results in the piece of interest excised from it’s fragmented plasmid 
backbone. 

Figure 4.3.1. Final steps of large-scale plasmid purification by alkaline lysis and gel filtration. A. Full chromatogram of recP1 4x601 
plasmid purification by gel filtration in 2M KCl to isolate the plasmid from proteins/RNA/small DNA dissociated from the plasmid at 
this salt concentration and eluting later. B. Zoom-in on the plasmid peak with indication of numbers of collected fractions. C. Analysis 
of fractions from purification showing good correspondence between location in the chromatogram and concentration of plasmid. 



Figure 4.3.2. Plasmid outlines and digestion patterns ensuring complete digestion of palindromic sites. EcorV digestion sites in blue, 
BsaI in green and DraIII in red. A. Outline of the recP1 4x601 pWM531 plasmid. Digestion with BsaI and DraIII should yield fragments 
of sizes 716bp, 1245bp and 773bp. B. Digestion of recP1 4x601 pWM531 with BsaI/DraIII and EcorV resulting in fragments of the 
expected sizes. C. Outline of recP5 5x601 pWM531 plasmid. Digestion with BsaI and DraIII should yield fragments of sizes 894bp, 
1244bp and 773bp. D. Digestion of recP5 5x601 pWM531 with BsaI/DraIII and EcorV resulting in fragments of expected sizes. 

Figure 4.3.3. PEG precipitations for purification of recP1 4x601 and recP5 5x601. First lane in each gel corresponds to the input for 
each round A. First round of PEG precipitation for recP1 4x601. B. Second round of PEG precipitation with input from first round 
yielding the pure recP1 4x601 fragment. C. First round of PEG precipitation for recP5 5x601. D. Second round of Peg precipitation 
yielding the pure recP5 5x601. 



Figure 4.4.1. Reaction scheme for labeling of thymidine with C6 amine linker to reactive NHS esters. R indicates the structures of the 
3 fluorophores Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 used for labeling. 

Figure 4.4.2. Chromatograms from RP-HPLC analysis of final purified oligonucleotides. A,B and C the labeled oligos used for 
INFRET1. D, E and F the labeled oligos used for INFRET2. G, H and I, the labeled oligos used for INFRET3. 



Table 4.4.1. Overview of 1x601 PCR pieces generated from labeled and unlabeled primers 

Figure 4.4.3. Digestion of non-palindromic restriction sites in PCR pieces by BsaI and DraIII visualized by shift in size. 



Figure 4.5.1. Convergent assembly of DNA pieces. To facilitate assembly, purification and diversification, intermediate 6x601 pieces 
are first generated from P1-3 and P4-5-biotin anchor respectively, followed by assembly of the full-length 12x601 constructs 



Figure 4.5.2. Test ligations of key junctions for convergent assembly. A. Near-complete displacement of multi-601 recP1 and recP5 
by ligation to excess partners. B. Displacement of P2 by P3 showing complete digestion of P2 on the DraIII junction and P3 by P4 
showing complete digestion of the BsaI junction in P3.  



Figure 4.5.3. Ligations and PEG purifications to generate 6x601 intermediates. A. Stepwise extension by ligation of P1-P2-P3 (first 
three lanes) and P4-P5-anchor (Last three lanes). B. PEG purification of P1-3 by stepwise increase of PEG concentration and 
centrifugations. C. PEG purification of P4-5-anch by stepwise increase of PEG concentration and centrifugations. 



Figure 4.5.4. Production and isolation of the final 12x601 double-labeled piece. A. The starting 6x601 intermediates with impurities 
(Lanes 1 and 2) and the two mixed and ligated (Lane 3). B. PEG purification of the 12x601 double-labeled DNA at concentrations 
from 5.0-6.0% PEG.  

Table 4.5.1. Overview of constructs generated with different combinations of fluorophores 



Figure 4.6.1. Analysis of DNA, chromatin assembly before and after magnesium precipitation and following ScaI digestion 



Figure 4.7.1. Spectra and anisotropies from analysis of local conformational changes by ensemble FRET. A and B. Spectra and donor 
anisotropy for chromatin assembled on INFRET1 at increasing Mg2+ concentration. C and D. Spectra and anisotropy for INFRET1 DNA 
alone at increasing Mg2+ concentration. E and F Spectra and donor anisotropy for chromatin assembled on INFRET2 at increasing 
Mg2+ concentration. G and H. Spectra and anisotropy for INFRET2 DNA alone at increasing Mg2+ concentration. I and J. Spectra and 
donor anisotropy for chromatin assembled on INFRET3 at increasing Mg2+ concentration. K and L. Spectra and anisotropy for INFRET3 
DNA alone at increasing Mg2+ concentration. 



Figure 4.7.2. Chromatin folding pathway based on ensemble FRET measurements. Involving first increased proximity in the linkers 
and near the dyad from 0-1mM Mg2+ followed by complete stacking at 4mM Mg2+. 



Figure 4.8.1. smFRET with dsDNA in ensemble and single-molecule measurements. A. Scheme of dsDNA constructs for high FRET 
and mid FRET, with location of biotin anchor, acceptor and donors respectively. B. Spectra from donor and acceptor labeled 
oligonucleotides alone. C. Spectra from high FRET and mid FRET DNA as well as their mixture being an average of the two. D. 
Example smFRET trace from high FRET dsDNA highlighting the anticorrelated donor intensity increase upon acceptor bleaching, the 
bleedthrough from the donor to the acceptor channel and the bleaching of the donor. E. smFRET trace for mid FRET dsDNA. F. FRET 
efficiency histogram showing the distribution for the mixture.  



Figure 4.9.1. Single-molecule monitoring of chromatin conformational dynamics. A. Scheme outlining the anchoring of the chromatin 
arrays on the coverslip surface and the conformational change between open and closed states which should result in increased FRET. 
B. Example image from single-molecule measurements of INFRET3 showing the colocalized emission from both donor and acceptor 
upon excitation of only the donor. 



Figure 4.9.2. Example traces from smFRET measurements with different constructs and magnesium concentrations. A. Example 
smFRET traces from INFRET1 at 0mM Mg2+ (bottom), 4mM Mg2+ and 4mM Mg2+ with H4KS16ac octamers. B. Example smFRET 
traces for INFRET2 with similar conditions as in A. C. Example smFRET traces for INFRET3 at similar conditions as in A.  



n

Figure 4.9.3. FRET efficiency histograms from smFRET measurements using TIRF. A. Histograms for INFRET1 at 0mM (n = 448), 
0.5mM (n = 205), 1.0mM (n = 156) and 4.0mM Mg2+ (n = 790) on unmodified arrays and with H4KS16ac and 4mM Mg2+ (n = 146). 
B. Histograms for INFRET2 at 0mM (n = 174), 0.5mM (n = 133), 1.0mM (n = 103) and 4.0mM Mg2+ (n = 138) on unmodified arrays 
and with H4KS16ac and 4mM Mg2+ (n = 113). C. Histograms for INFRET3 at 0mM (n = 228), 0.5mM (n = 165), 1.0mM (n = 155) and 
4.0mM Mg2+ (n = 145) on unmodified arrays and with H4KS16ac and 4mM Mg2+ (n = 130).  



Figure 4.9.4. Cross-correlation analysis of accumulated traces from smFRET with TIRF for different constructs. A. Cross-correlation 
analysis between donor and acceptor for INFRET1 at 0mM Mg2+, 4mM Mg2+ and 4mM with H4KS16ac. B. Cross-correlation as in A, 
but for INFRET2. C. Cross-correlation analysis as in A, but for INFRET3. 



Figure 4.10.1. Real-time monitoring of chromatin conformational change by change of buffer. A. Example trace of the conformational 
change upon change from 0mM to 4mM Mg2+ for INFRET1. B. Heat map plot for multiple chromatin arrays displaying the 
conformational change after 5s. C. Example trace of the change from 4mM to 0mM at 5s. D. Heat map plot for multiple chromatin 
arrays displaying the conformational change upon decompaction.  



Figure 4.11.1. Results from multiparameter fluorescence detection in solution. Contour plots of different constructs upon increasing 
magnesium concentration plotted as the FRET efficiency versus the donor fluorescence llife-time in nanoseconds. On each plot, the 
static FRET life is indicated in red and the dynamic FRET line in blue. Data contributed by the lab of Claus Seidel.  



Figure 4.11.2. Conformational states and kinetic modeling based on INFRET1. A. Accessible dye volumes indicated for the acceptor 
and the donor, upon positioning in a tetranucleosomal stack (63Å) or a twist (44Å). B. Model used for global fit to structural states 
based on MFD measurements with state 1 representing the tetranucleosomal twist, state 2 the tetranucleosome stack, and state 3 an 
open state and their rates of interconversion. C. Population distribution of static and dynamic states in the global fit D. Rate constants 
for conversion between structural states. Fitting contributed by the lab of Claus Seidel. 



Figure 4.11.3. Conformational states and kinetics modelling based on INFRET2. A. Accessible dye volume calculations based on 
positions within a tetranucleosome stack (57Å) or between tetranucleosome stacks (46Å). B. States modeled based on FRET distances 
including those modeled based on INFRET1 and a further partioning of state 2 into two different torsional states resulting in distances 
of 57Å and 72Å. C. Display of the stacking between H2A and H2B helices on adjacent nucleosomes, stabilizing INFRET1, while lack 
of stabilizing near the dyad allows torsional movement. Fitting contributed by the lab of Claus Seidel. 



Figure 4.11.4. Results from global fits of INFRET2 MFD data. A. Population of static states 1, 2a, 2b and 3 showing increased static 
compacted states and decreased static state 3. B. Populations of dynamics states interconversions with changes mainly occurring in 
the fraction of molecules dynamically changing between different torsional states. C. Rate constants for conversion between structural 
states. Fitting contributed by the lab of Claus Seidel. 



Figure 4.12.1. Example traces and histograms from analysis of INFRET1 and INFRET2 containing unmodified and H3 K9me3 modified 
chromatin incubated with HP1 .  

Figure 4.12.2. Analysis of conformational dynamics in the presence of HP1 . A. Cross-correlation analysis of INFRET1 in the presence 
of 1μM HP1 , with or without H3 K9me3. B. Cross-correlation analysis of INFRET2 in the presence of 1μM HP1  with or without 
H3 K9me3. C. Example trace of injection of HP1  into flow-channel after 5s. D. Heat map plot of experiment with injection of HP1 . 



Figure 4.13.1. Combined model based on ensemble, smTIRF and MFD measurements. Starting from an open state with linkers pointing 
in separate directions, the first step towards compaction involves rearrangement for the formation of a pre-tetranucleosome stacked 
state. This is stabilized by HP1, slowing down the reversion to the completely open state. From this state, compacted arrays can form 
in different registers. Tetranucleosome stacks form and open at rates of ~0.1ms-1 and undergo fluctuations between different staggered 
states at rates of ~1ms-1. The twists between tetranucleosome stacks occur slower, but are key in gaining fully compacted chromatin. 
H4K16ac inhibits close-proximity of nucleosome stacks as seen both within tetranucleosomes and in the twist between adjacent 
tetranucleosomes.   











Figure 5.1.1. Outline and histone targeting domains of 53BP1. A. Full-length 53BP1 encompasses 1972 residues, with long stretches 
of unknown function. Residues 1231-1277 allows 53BP1 dimerization to take place for effective 53BP1 recruitment to take place. The 
tandem tudor (TTD), ubiquitin dependent region (UDR) and BRCT targets 53BP1 to nucleosomes. B. The tandem tudor domain has 
an aromatic cage for H4K20me2 specific readout. C. The locations of the three target binding sites on the nucleosome H4K20me2, 
H2A(.X) K15ub and H2AX S139ph. D. Wheel-clamp model for 53BP1 binding to individual nucleosomes. E. Cross-linker model for 
53BP1 binding to spatially proximal nucleosomes. 





in situ



Figure 5.1.2. Amino acid sequences and planned semisynthetic routes for the differently modified histones. Fragments generated by 
SPPS are in red and recombinant segments in blue. A. Amino acid sequence of histone H2A.X. B. Amino acid sequence ubiquitin 
without G76. C. Planned convergent semisynthesis of H2A.X modified at both ends with K15ub(G76A) and S139ph (7). This was to be 
done with recombinant Ub 76-MES thioester (1), SPPS synthesized H2A.X 1-20 K15- Cys (2), recombinant SUMO-H2A.X( 1-
20,135-142, A21C)-NpuN (3) and SPPS synthesized H2A.X(135-142, C135A). Intermediate ubiquitylated N-terminal peptide (5) and 
the H2A.X core phosphorylated at the C-terminal (6) would be generated by ligations (and desulfurizations). These two intermediates 
would then be ligated and desulfurized to obtain 7. D. Amino acid sequence for histone H4. E. Synthetic scheme for generation of 
tracelessly modified H4 K20me2 (10) from H4 K20 1-37 peptide hydrazide (8) and truncated H4 1-37 (9).  



Figure 5.2.1. Final analysis of H2A 1-20 K15 -Cys hydrazide (2a). RP-HPLC and MS. Mobs =2232.0Da. Mcalc =2232.5Da. Yield 9%  

Figure 5.2.2. Final analysis of H2A.X 1-20 K15 -Cys hydrazide (2b). RP-HPLC and MS. Mobs=2163.3Da. Mcalc=2163.5Da. Yield 8% 

Figure 5.2.3. Final analysis of H2A.X. 135-142 S139ph (4) by RP-HPLC and MS. Mobs = 1009.0Da. Mcalc = 1008.3Da. Yield ~47%. 

Figure 5.2.4. Final analysis of H4 1-37 K20me2 hydrazide (8). RP-HPLC and MS. Mobs =3977.9Da. Mcalc =3979.7Da. Yield 31%. 



Figure 5.3.1. Final analysis of Ub( 76)-MES (1) by RP-HPLC and MS. Mobs = 8629.9Da. Mcalc = 8630.9Da. Yield ~50mg/6L. 

Figure 5.3.2. Final analysis of H2A 1-20 A21C (6 without S139ph) by RP-HPLC and MS. Mobs = 11941.0Da. Mcalc = 11941.0Da. 

Figure 5.3.3. Final analysis of H2A.X( 135-142)-NpuN-6xH (3 without N) by RP-HPLC and MS. Mobs = 26689.0Da. Mcalc = 26681.6 
Da. 

Figure 5.3.4. Final analysis of SUMO-H2A.X(  1-20, 135-142, A21C)-NpuN-6xH (3) by RP-HPLC and MS. Mobs = 35808.3Da. Mcalc 
= 35797.8Da. 



Figure 5.3.5. Final analysis of H2A.X wild-type by RP-HPLC and MS. Mobs = 15008.2Da. Mcalc = 15013.3Da. 

Figure 5.3.6. Final analysis of H4 1-37 A38 (9) by RP-HPLC and MS. Mobs = 7346.9Da. Mcalc = 7348.5Da. Yield ~3mg/4L 

Figure 5.4.1. Ligation reaction of Ub-MES with H2AK15 Cys 1-20 peptide. A. Scheme of reaction between 1 and 2 for generation of 
ubiquitylated peptide B. Reaction immediately after mixing. C. Reaction after 1h and addition of more peptide. D. Reaction after 4h. 

 

 



Figure 5.4.2. Final analysis of H2AK15ub(G76A) MS. Mobs = 10719.4Da. Mcalc = 10722.8Da.* in deconvoluted MS is TFA adducts 

Figure 5.4.3. Analysis of ligation reaction progress for ubiquitylated N-terminal peptide to the H2A core. A. Analytical RP-HPLC 
monitoring of reaction progress. B. MS showing the loss of mass corresponding to intra-molecular cyclization. Mobs = 10687.2Da. 
Mcalc = 10690.7Da.* in deconvoluted MS is a TFA adduct. C. Scheme displaying the intra-molecular cyclization to form a thiolactone. 



Figure 5.4.4. Analysis of ligation reaction progress for ubiquitylated N-terminal peptide to the H2A core after desulfurization of the 
N-terminal. A. Scheme of reaction between ubiquitylated N-terminal peptide and H2A truncated core. B. Analytical RP-HPLC 
monitoring of reaction progress. C. RP-HPLC of the final purified product. D. MS of the final purified product. Mobs = 22563.2Da. 
Mcalc = 22567.0Da. 



Figure 5.5.1. Scheme and gel analysis of thioester formation with split intein column. A. Schematic of thioester formation with the 
intein column. B. SDS-PAGE analysis of input, flowthrough, washes and elution from the split intein column. 

Figure 5.5.2. Analysis of eluted H2A.X 135-142 MESNA thioester by RP-HPLC and MS. Mobs = 14260.6Da. Mcalc = 14257.61Da. 

Figure 5.5.3. Scheme for ligation and analysis of ligation product H2A.X S139ph A135C. A. Scheme for the ligation of the thioester 
with the C-terminal peptide. B. Analysis by ESI-MS. C. Deconvolution of ESI-MS. Mobs = 15127.6Da. Mcalc = 15125.4Da. 



Figure 5.6.1. Analysis of eluted SUMO-H2A.X ( 1-20,135-142, A21C) by SDS-PAGE, RP-HPLC and MS. Mobs = 23385.7Da. Mcalc = 
23373.8Da. 

Figure 5.6.2. Scheme and analysis of ligated SUMO-H2A.X ( 1-20, A21,135C, S139ph). A. Scheme for ligation. B. RP-HPLC analysis 
of ligation after 1h. C. ESI- MS of ligation product. D. Deconvoluted mass of product. Mobs = 24242.4Da. Mcalc = 24241.6Da. 



Figure 5.6.3. Analysis of progress of enzymatic deprotection to yield H2A.X ( 1-20, A21,135C, S139ph). A. Scheme of reaction. B. 
Reaction after 5min. C. Reaction after 2.5h. D. Reaction after 12h. 

Figure 5.6.4. Final analysis of H2A.X ( 1-20, A21,135C, S139ph) (6) by RP-HPLC and MS. Mobs = 13131.4Da. Mcalc = 13129.1Da 



Figure 5.6.5. Ligation of 8 and 9 and analysis of product. A. Scheme of ligation. B. Monitoring of the ligation reaction after 1, 2 and 
5h. C. ESI-MS spectrum of ligation product and Deconvoluted mass of ligation product. Mobs = 23718.9Da. Mcalc = 23718.3Da 

Figure 5.6.6. Final analysis of 10. A. RP-HPLC chromatogram from final analysis (* indicates peak that is likely a residue from large 
amounts of ubiquitin injected during monitoring of the ligation reaction, no trace of this is in the MS). B. ESI-MS spectrum of ligation 
product. C. Deconvoluted mass spec of ligation product. Mobs = 23655.1Da. Mcalc = 23654.2Da 



Figure 5.7.1. Ligation progress for the generation of H4K20me2 A38C. A. Reaction after activation of N-terminal peptide and mixing 
with truncated protein. B. Reaction after 2h. C. Reaction after 16h progress. * indicates an unidentified side-product.  

Figure 5.7.2. Final analysis of H4K20me2 (10) by RP-HPLC and MS. Mobs = 11260.9Da. Mcalc = 11264.2Da. 
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