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The ubiquitylation of histone H2B at Lys (K) 120 is known to be associated with methylation of 

H3K4 and H3K79, transcription elongation, and DNA repair. Mechanistic studies of interactions 

between H2BK120ub and other chromatin-associated proteins, as well investigations of the role 

of ubiquitylation in chromatin function require milligram scale production of H2BK120ub. 

However, the direct synthesis of H2BK120ub by solid-phase peptide synthesis (SPPS) has not 

been possible due to limitations in yields of SPPS for long proteins. In this thesis, truncated 

H2B(1-116) and Ub(1-75) C-terminal α-thioesters were purified by intein fusion. An H2B(117-

125) peptide fragment with an Ala117 to Cys mutation and acetamidomethyl protected Cys, 

Cys(Acm), attached to Lys120 was synthesized by SPPS. Finally, semisynthesis of H2BK120ub 

was performed by native chemical ligation (NCL) between various thioester fragments. The high 

purity of semisynthetic H2BK120ub was confirmed by ESI-MS and 15% SDS-PAGE, the 



 

 

ubiquitylated histone was used for octamer and mononucleosome reconstitution. The 

ubiquitylated mononucleosomes will be tested in numerous biological assays in the future to 

understand how H2BK120ub influences the function of human chromatin.  
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Chapter 1. INTRODUCTION TO H2BK120UB 

1.1 INTRODUCTION TO HISTONE POST-TRANSLATIONAL MODIFICATION 

Eukaryotic cells contain genomic DNA packaged in the form of chromatin, which is a large 

nucleoprotein complex. The nucleosome is the basic structural unit of chromatin and is composed 

of DNA and an octameric complex of histone proteins [1]. Two copies of H2A, H2B, H3 and H4 

(core histone) form the histone octamer, and about 147 base pairs (bp) of DNA is wrapped about 

1.65 times around the octamer to result in the nucleosome core particle (Figure 1.1A). This 

compact packaging of DNA enables the diploid human DNA (~6 million bp) to fit into the small 

cell nucleus. The N-terminal tails of histone are often covalently modified by post-translational 

modifications (PTM), for instance, acetylation [2], phosphorylation [3], methylation [4], and 

ubiquitylation (Figure 1.1B) [5]. Many associated “writer”, “reader”, and “eraser” proteins of these 

PTMs are crucial for regulating chromatin function [6]. For example, histone H3 Lys 4 

trimethylation (H3K4me3) is known to be a mark strongly associated with gene expression [7]. 

The plant homeodomain (PHD) domain of PHF8 (PHD finger protein 8) acts as a “reader” to 

recognize H3K4me3 marks in H3 tail, and PHF8 is an “eraser” that demethylates H3K9me2, while 

the diseases associated with PHF8 include X-linked Intellectual Disability [8].  
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Figure 1.1. The structure of mononucleosome and range of histone PTMs.  

(a) The mononucleosome structure at 1.9 Å resolution (PDB code 1KX5), with each histone and 

147 bp double-stranded DNA displayed. The histone N-terminal tails stand out of the DNA for 

PTMs. Red = H2A; green = H2B; blue = H3; yellow = H4. (b) Schematic of the possible PTMs. 

Chemical groups abbreviation: ac = acetyl; bio = biotinyl; bu = butyryl; cit = ciyrullyl; me = methyl; 

nag = N-acetylglucosaminyl; ph = phosphoryl; pr = propionyl; rib = ADP-ribosyl; SUMO = 

SUMOyl; ub = ubiquitinyl [13]. 

 

1.2 H2BK120UB 

The ubiquitylation of histone H2B at Lys 120 is well known to be associated with transcription 

elongation, DNA repair, and the trimethylation of H3K4 and H3K79 [9]. Any in vitro studies of 

the effect of ubiquitylation on chromatin and interactions between H2BK120ub and other proteins 

require its production in a milligram scale and high purity. However, the total chemical synthesis 

of H2BK120ub using solid-phase peptide synthesis (SPPS) is not possible due to technical 

limitations of synthesizing a maximum ~100 residues on the solid-phase [10]. Many semisynthesis 

approaches were reported as a solution for generating H2BK120ub. Chatterjee et al. produced 

H2BK120ub using intein-mediated H2B(1-116)-MES and Ub(1-75)-MES with the aid of an 
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intein-fusion, and a synthetic H2B(117-125) fragment containing a photocleavable protecting 

group at K120 for the Ub(1-75) ligation via native chemical ligation (NCL). The H2BK120ub was 

later used to investigate the stimulatory effect, in nucleosome substrates, on H3K79 methylation 

by hDot1L [11]. Another semisynthesis approach has also been reported to produce high-quality 

H2BK120ub without using photochemistry [12]. I pursued the goal of generating H2BK120ub 

with a Cysteine at the ubiquitylation site to be employed as a suicide substrate that may covalently 

trap enzymes associated with ubiquitylation and deubiquitylation.  
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Chapter 2. PRODUCTION OF H2B(1-116)-MES, H2B(117-125) 

FRAGMENT, AND UB(1-75)-MES 

2.1 INTRODUCTION 

For the semisynthesis of H2BK120ub via a NCL approach, two protein C-terminal α-thioesters 

and a peptide with N-terminal Cys residues were first needed. Hence, in this chapter, H2B(1-116) 

MES and a fully synthetic H2B(117-125) fragment with an A117C mutation and a Cys residue 

attached at Lys 120 protected by an acetamidomethyl (Acm) group, and Ub(1-75)-MES were 

produced. The first ligation of H2B(1-116)-MES and the synthesized H2B(117-125) fragment 

resulted in full-length H2B with a Cys residue attached at Lys 120, which would be the C-teminal 

Cys76 residue upon the second ligation to Ub(1-75)-MES. The details of the semisynthesis will be 

discussed in Chapter 3.  

2.1.1 Overexpression and Intein Fusion Purification 

The transformed E. coli BL21(DE3) competent cells  contained the Lacl gene that expresses the 

lac repressor, which blocks the Lac operator (LacO) site before the T7 promoter to suppress the 

expression of our desired target genes. Hence, during the overexpression of H2B(1-116)-GyrA-

His6 and Ub(1-75)-Ava-His6, Isopropyl β-D-1-thiogalactopyranoside (IPTG), an allolactose mimic, 

was used for the removal of Lacl from the LacO site to enable the binding of T7 RNA Polymerase 

to the T7 promoter and to induce the expression of the gene of interest (Figure 2.1) [1].  The 

H2B(1-116) and Ub(1-75) C-terminal α-thioesters could then be purified from intein fusions. The 

two proteins of interest were hexahistidine-tagged, which allowed binding to the Ni-NTA resin 

and purification by eluting with high concentrations of the competitive Ni2+-binding agent 

imidazole. Inteins are single-turnover enzymes that catalyze a protein splicing reaction. This 
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involves the intein N-terminal Cysteine thiol attacking the C-terminal amide of the N-extein to 

form an intial -thioester intermediate, followed by the joining of the two exteins fragments and 

removal of the intein to yield the final ligated protein. Taking advantage of protein splicing, a C-

terminally mutated intein was attached to the H2B(1-116) and Ub(1-75) C-termini, so that they 

could produce a thioester intermediate but no further splicing was possible due to the absence of a 

C-terminal extein and catalytic residues in the intein that favor splicing. Upon the addition of an 

excess of the thiol reagent 2-mercaptoethanesulfonic acid (MESNa), C-terminal α-thioesters were 

released from the N-terminus of the intein [3]. 

 
Figure 2.1. Schematic of IPTG induction. Lacl (repressor) was released upon IPTG addition to 

allow the binding of T7 RNA Polymerase. Adapted from [2]. 

 

Figure 2.2. Schematic of C-terminal α-thioester purification from intein fusion. An N,S-acyl 

shift occurs spontaneously by attack on the C-terminal protein amide bond by Cys in the N-

terminal intein-Histidine tag fusion. This yields an intein-linked thioster intermediate. The intein-

Histidine tag is removed by thiol addition.  
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2.1.2 Solid-Phase Peptide Synthesis  

Fmoc-based solid-phase peptide synthesis (SPPS) is a process of coupling N-terminally Fmoc-

protected amino acids to the growing peptide chain using condensation reagents such as Oxyma 

PureTM (Ethyl cyano(hydroxyimino)acetate) and diisopropylcarbodiimide (DIC). In the coupling 

reaction, the reaction of DIC and the unprotected amino acid C-terminus forms an O-acylurea 

intermediate, and the addition of Oxyma Pure leads to the formation of an activated Oxyma Pure-

ester with the release of N, N’-diisopropylurea. The regeneration of Oxyma Pure and the formation 

of a peptide bond occurs upon attack of the Oxyma Pure-amino acid ester by the deprotected N-

terminal amine of the growing peptide chain [4]. 

 
Figure 2.3. Schematic of peptide coupling. DIC and the unprotected amino acid react to form an 

O-acylurea intermediate. Further displacement by Oxyma Pure leads to formation of the Oxyma 

Pure-amino acid ester. Amide bond formation and Oxyma Pure regeneration occur upon 

aminolysis by the growing peptide chain N-terminus. Adapted from [5].  

 

2.2 RESULTS AND DISCUSSION 

2.2.1 H2B(1-116)-MES Production 

With a well-developed and optimized protocol, IPTG-induced H2B(1-116)-GyrA-His6 was highly 

overexpressed with 0.35 mM of IPTG after growing for 3.5 h at 25 oC (Figure 2.4A) (~20 g of cell 
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pellet was collected per 6 L of LB media). By eluting the bound protein from a Ni2+ column using 

an increasing concentration of imidazole solution (20 mM to 500 mM), His-tagged H2B(1-116) 

was purified (washing with imidazole below 500 mM) and eluted (with 500 mM imidazole). Since 

the truncated H2B is insoluble, as shown in Figure 2.4C, the majority of H2B(1-116)-GyrA-His6 

was present in the dissolved pellet supernatant (inclusion body). Although the amount of H2B(1-

116)-GyrA-His6 in the cell lysate supernatant was very low (Figure 2.4B), it too was bound to Ni2+ 

and the 500 mM imidazole elution fractions of inclusion body associated and soluble H2B(1-116)-

GyrA-His6 were combined prior to thiolysis as the yield of H2B(1-116)-MES -thioester was very 

low (~5 mg per batch). As shown in Figure 2.5, after 16 h of thiolysis reaction at 4 oC, all intein 

fusion in the cell lysate supernatant and the majority of protein in the dissolved pellet supernatant 

were converted into H2B(1-116)-MES. As not all of the intein fusion was released in dissolved 

pellet supernatant, extra MESNa power could be added, and/or the reaction time could be extended 

until no H2B(1-116)-GyrA-His6 remained. For the second Ni2+ purification, the column flow-

through was collected, compared to imidazole elutions for the first Ni2+ purification, because the 

goal was to remove the His-tagged protein from cleaved H2B(1-116)-MES -thioester. As a result, 

only H2B(1-116)-MES was seen in the 15% Coomassie-stained SDS-PAGE gel after the 

purification. After dialysis to remove some of the Guanidine-HCl and Na2HPO4, the purity of 

crude H2B(1-116)-MES was checked by the gel. Because the yield of H2B(1-116)-MES was so 

low (the best pure yield was 8 mg per batch), the crude product did not undergo further purification 

by RP-HPLC to avoid losses. Instead, the pure H2B(1-116)-MES C4 RP-HPLC chromatogram 

and ESI-MS spectrum were only obtained once for verification purposes (Figure 2.6). C4 

analytical column was chosen over C18 because of the hydrophobicity of H2B(1-116)-MES . 6 M 
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Guanidine-HCl was used to dissolve the sample and resulted in a strong buffer/salt absorbance at 

~2 min into the run.  

 

 
Figure 2.4. Overexpression and Purification of H2B(1-116)-GyrA-His6. 15% Coomassie-

stained SDS-PAGE gel of (A) H2B(1-116)-GyrA-His6 overexpression by IPTG induction; (B) first 

Ni2+ column purification of cell lysate supernatant; (C) first Ni2+ column purification of dissolved 

pellet supernatant. Lys. = cell lysate supernatant. FT = flow-through after protein binds to the 

column.   

 
Figure 2.5. 15% Coomassie-stained SDS-PAGE gel of crude H2B(1-116)-MES. Thiolysis was 

performed by adding MESNa powder to the dialyzed pooled fractions containing H2B(1-116)-
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GyrA-His6, at a final concentration of 100 mM MESNa, pH 7.5, at 4 oC. Second purification 

removing H2B(1-116)-GyrA -His6 and GyrA-His6 was achieved using Ni2+ column. The purity of 

crude H2B(1-116)-MES after dialysis is labeled as “Final”. SN = supernatant. 

 
Figure 2.6. RP-HPLC Purification of H2B(1-116)-MES. (A) C4 analytical RP-HPLC 

chromatogram of purified H2B(1-116)-MES -thioester with the gradient of 0-73% B, 30 min; (B) 

ESI-MS of purified H2B(1-116)-MES. Solvent A = 0.1% TFA in Millipore water. Solvent B = 

0.1% TFA in 90% Acetonitrile prepared in Millipore water. 

2.2.2 Ub(1-75)-MES Production 

By revising an existing protocol, IPTG-induced Ub(1-75)-Ava-His6 was overexpressed well with 

0.75 mM of IPTG after growing for 4 h at 30 oC (Figure 2.7A) (~30 g of cell pellet was collected 

per 4 L of LB media). As the truncated Ub(1-75)-Ava-His6 protein was very soluble, only the cell 

lysate supernatant was saved for purification. By passing through the Ni2+ column using an 

increasing concentration of imidazole solution (5 mM to 250 mM), His-tagged Ub(1-75) was 

purified (washing with imidazole below 250 mM) and eluted (with imidazole at 250 mM). As 

shown in Figure 2.7B, Ub(1-75)-Ava-His6 was present in the 50 mM (wash) and 250 mM (elution) 

fractions. After 18 h of thiolysis reaction at 30 oC, the majority of Ub(1-75)-Ava-His6 in both 

pooled fractions were converted into Ub(1-75)-MES (Figure 2.7C). As not all of the intein fusion 

was released, extra MESNa power could be added, and/or the reaction time could be extended 

until no Ub(1-75)-Ava-His6 remained. Since the yield of Ub(1-75)-MES was very high (~50 mg 
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of pure product per batch), there was no need for the second Ni2+ purification as for H2B(1-116)-

MES production. Because the band of Ub(1-75)-MES was very thick on the 15% Coomassie-

stained SDS-PAGE gel, Ub(1-75)-OH could not be distinguished from it. Later ESI-MS spectrum 

after RP-HPLC (Figure 2.8) showed that Ub(1-75)-OH (minor impurity as seen from ESI-MS) 

was present in the purified sample. However, it could not be separated from Ub(1-75)-MES -

thioester by RP-HPLC since the pure C18 analytical chromatogram showed a single peak. As the 

pH was not regulated after adding MESNa powder for thiolysis reaction versus re-adjusting pH 

during H2B(1-116)-MES production, the high content of Ub(1-75)-OH inside the pure product 

compared to almost no H2B(1-116)-OH in the crude H2B(1-116)-MES indicated that maintaining 

the thiolysis reaction at pH 7.2 may be crucial for reducing the hydrolysis of Ub(1-75)-MES -

thioester. 

 
Figure 2.7. Overexpression and Purification of Ub(1-75)-Ava-His6. 15% Coomassie-stained 

SDS-PAGE gel of (A) Ub(1-75)-Ava-His6 overexpression upon induction with IPTG; (B) Ni2+ 

column purification of cell lysate supernatant; (C) thiolysis of dialyzed wash and elution pooled 

fractions containing Ub(1-75)-Ava-His6 by adding MESNa powder to them at a final concentration 
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of 100 mM at 30 oC. Lys. = cell lysate supernatant. FT = flow-through after protein binding to the 

column. 

 
Figure 2.8. RP-HPLC Purification of Ub(1-75)-MES. (A) C18 analytical RP-HPLC 

chromatogram of purified Ub(1-75)-MES -thioester with the gradient of 0-73% B, 30 min; (B) 

ESI-MS of purified Ub(1-75)-MES -thioester. The minor unlabeled peak corresponds to 

hydrolyzed Ub(1-75)-OH. 

2.2.3 H2B(117-125) Peptide Synthesis 

The C-terminal Lys in H2B(117-125) was purchased pre-loaded on the Wang resin as Fmoc-

Lys(Boc)-Wang resin (Novabiochem). After Fmoc deprotection of Lys via deprotonation by a 

secondary amine (piperazine) [6] and β-elimination of dibenzofulvene, each amino acid was 

sequentially coupled to the growing N-terminus using DIC/Oxyma Pure activators. K120 was 

protected by an allyloxycarbonyl (Alloc) group for subsequent Cys(Acm) coupling. The N-

terminal Cys was protected by a t-butyloxycarbonyl (Boc-) group, which would not be deprotected 

during Alloc deprotection (Figure 2.9). The completion of the synthesized peptide H2B(117-125) 

was checked by a test cleavage and ESI-MS, and additional Boc-Cys coupling could be performed 

without prior Fmoc deprotection to ensure the N-terminal Boc-Cys was completely coupled. The 

pure intermediate H(Boc)N-CVTKYTSAK-C(O)OH was characterized by RP-HPLC and ESI-MS 

as shown in Figure 2.10A and B. The Alloc group was then removed from the K120 side-chain of 

the peptidyl-resin intermediate by palladium-catalyzed allyl transfer to phenylsilane as the 
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scavenger [7], followed by the Cys(Acm) coupling to result in the desired H2B(117-125) fragment 

2 for subsequent NCL (Figure 2.9). 80% (v/v) TFA, 5% (v/v) phenol, 5% (v/v) thioanisole, 5% 

(v/v) H2O, 2.5% (v/v) EDT, and 2.5% (v/v) TIS was tested and found to be the optimal cleavage 

cocktail for peptide release from the resin, instead of the commonly used 95% (v/v) TFA, 2.5% 

(v/v) H2O, and 2.5% (v/v) TIS because of its more potent scavenging effect. The RP-HPLC 

chromatogram and ESI-MS spectrum of pure intermediate 2 are shown in Figure 2.11A and B. 

 
Figure 2.9. Peptide synthesis of H2B(117-125, A117C). After H(Boc)N-CVTKYTSAK-Wang 

resin was synthesized, the Alloc protecting group at K120 was removed using Pd(PPh3)4 and 

phenylsilane in DCM. Then Cys(Acm) was coupled at K120. The peptide was finally fully 

deprotected and cleaved from the resin by a cleavage cocktail containing 80% TFA, 5% phenol, 

5% thioanisole, 5% H2O, 2.5% EDT, and 2.5% TIS.   
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Figure 2.10. Purification of intermediate H(Boc)N-CVTKYTSAK-C(O)OH. (A) C18 

analytical RP-HPLC chromatogram of purified H(Boc)N-CVTKYTSAK-C(O)OH with the 

gradient of 0-73% B, 30 min; (B) ESI-MS of purified H(Boc)N-CVTKYTSAK-C(O)OH. K = 

K(-Alloc). 

 

 
Figure 2.11. Purification of H2B(117-125) fragment (A117C, K120-C(Acm)), 2. (A) C18 

analytical RP-HPLC chromatogram of purified 2 with the gradient of 0-73% B, 30 min; (B) ESI-

MS of purified 2.  

 

2.3 CONCLUSION AND OUTLOOK 

The generation of H2B(1-116) and Ub(1-75) α-thioesters was mediated by their intein fusions. 

Some of the shortcomings of the procedures could be relieved by controlling reaction temperature 

and time, adjusting to thiolysis-favorable pHs, and/or the addition of excess intein-cleaving thiol 

reagent (MESNa). Reduction of losses in H2B(1-116)-MES yields was achieved by avoiding RP-
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HPLC purification of the fusion protein after Ni2+ column. The H2B(117-125) C-terminal 

fragment was synthesized using Fmoc-SPPS. The high purity and homogeneity of the H2B(117-

125) fragment was ensured by test cleavage to check coupling efficiency, additional C-terminal 

Boc-Cys-OH coupling, and the use of a more potent peptide cleavage cocktail that has additional 

scavenging reagents such as thioanisole and phenol. Further refining the approaches presented in 

this chapter for producing the components required for the H2BK120ub semisynthesis would be 

very useful for our and other research groups in generating homogeneously modified H2B in good 

yields. 

2.4 EXPERIMENTAL PROCEDURES 

2.4.1 General methods 

Fmoc-Lys(Boc)-Wang resin, amino acid derivatives, and peptide coupling reagents were 

purchased from Novabiochem (San Diego, CA). E. coli BL21(DE3) competent cells were 

purchased from Novagen (Madison, WI). DNA sequencing was performed by Eurofins (Louisville, 

KY). Plasmid mini-prep kit was purchased from Qiagen (Valencia, CA). SpectraPor dialysis 

membrane was purchased from Spectrum Labs (Rancho Dominguez, CA). All other chemical 

reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). 

Solid phase peptide synthesis (SPPS) was performed on a Liberty Blue Automated Microwave 

Peptide Synthesizer (CEM Corporation, Matthews, NC). Analytical reversed-phase HPLC (RP-

HPLC) was performed on a Varian (Palo Alto, CA) ProStar HPLC with a Grace-Vydac C4 or C18 

column (150 x 4.6 mm) at 1 mL/min using 0.1% TFA in water (A) and 90% acetonitrile, 0.1% 

TFA in water (B) as the mobile phases. Preparative RP-HPLC was performed using a Grace-Vydac 

(Deerfield, IL) C18 column (250 x 22 mm) at 9 mL/min. Typical analytical gradients were 0-73% 
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B over 30 min. Mass spectra were obtained on a Bruker Esquire ESI-MS instrument (Billerica, 

MA). 

 

2.4.2 Construction of the H2B(1-116) Overexpression Plasmid 

The plasmid pTXB1-H2B(1-116)-GyrA-His6 [8], containing truncated the Xenopus H2B gene 

H2B(1-116), was generated by PCR amplification of H2B(1-116) using a Xenopus H2B expression 

plasmid template [9], forward primer 5′-

GGAATTCCATATGCCTGAGCCAGCCAAGTCCGCTCCAGCCCCG-3′, and reverse primer 

5′-GGTGGTTGCTCTTCCGCACTTGGTGCCCTCGGACAC-3′. Followed by NdeI and SapI 

digestion and similarly digested pTXB1 vector ligation, the plasmid consists of a C-terminal GyrA 

intein and a chitin-binding domain (CBD) fusion to H2B(1-116). DNA sequencing was undertaken 

to confirm the plasmid sequence (Eurofins). 

 

2.4.3 Construction of Ubiquitin Overexpression Plasmid 

The plasmid pTXB1-Ub(1-75)-AvaDNAE-AAFN-His6, containing truncated human ubiquitin 

gene Ub(1-75), was modified from the gift plasmid pTXB1-Ub(1-76)-AvaDNAE-AAFN-His6 

from the Muir lab at Princeton University, by varying a Glycine at the C-terminal [10]. A site-

directed mutagenesis (QuikChange kit, Agilent Technologies, Santa Clara, CA) template was used 

for preparing the plasmid with forward primer 5’-

CTGCACCTGGTACTCCGTCTCAGAGGTTGCCTGAGCTATGATACCGAAGTGCTG-3’ 

and reverse primer 5’- CAGCACTTCGGTATCATAGCTCAGGCAACCTCTGAGACGGAG 

TACCAGGTGCAG-3’ [11]. The T7 forward primer was used to verify the desired plasmid 

sequence (Eurofins). 
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2.4.4 Overexpression and Purification of H2B(1-116)-MES 

The protocol was revised from McGinty et. al [8]. pTXB1-H2B(1-116)-GyrA-His6 was 

transformed into E. Coli BL21(DE3) cells. Cells were grown in 6 L of LB media supplemented 

with 100 µg/mL of Ampicillin with shaking at 240 rpm at 37 oC until the OD600 reached 0.4-0.6. 

At this point, overexpression was induced by 0.35 mM of IPTG addition and cells grown at 25 oC 

for an additional 3.5 h. The cells were harvested by centrifugation at 7,000xg for 15 min. The cell 

pellet was resuspended in twice the dry pellet weight of 1X PBS, pH 7.5, lysed by pulse-sonication 

on ice for 12 min, and centrifuged at 20,000xg for 20 min at 4 oC. The cell lysate supernatant was 

filtered and applied to 5 mL of Ni-NTA column pre-equilibrated with 1X PBS, pH 7.5. The cell 

lysate supernatant on the column was nutated at 4 oC for 1.5 h to allow time for Ni2+ binding. The 

insoluble pellet was washed with 40 mL of 50 mM Tris, 200 mM NaCl, 1% triton X-100, pH 7.5 

at room temperature, and centrifuged at 20,000xg for 15 min at 4 oC. The pellet was dissolved in 

40 mL of 6 M urea, 10 mM Tris, 200 mM NaCl, pH 7.5 at room temperature (Dissolving Buffer), 

and centrifuged at 20,000xg for 15 min at 4 oC. The dissolved supernatant was then applied to 5 

mL of Ni-NTA column pre-equilibrated with Dissolving Buffer. The dissolved pellet supernatant 

column was nutated at room temperature for 1 h. The columns were then washed in buffer 

containing increasing amounts of imidazole at 4 oC: cell lysate supernatant column with 1X PBS, 

pH 7.5, 20 mM imidazole (4 X 5 CV, CV = column volume), 50 mM (4 X 5 CV), 100 mM (2 X 

5CV), 200 mM (6 X 5 CV), 500 mM (5 X 2 CV); and dissolved pellet supernatant column with 

dissolving buffer with 20 mM imidazole (4 X 5 CV), 50 mM (4 X 5 CV ), 500 mM (3 X 3 CV). 

Using 15,000 MWCO dialysis tubings, 500 mM imidazole elution fractions from the cell lysate 

supernatant column and dissolved pellet supernatant column were separately combined and 

dialyzed twice at 4 oC for 1.5 h against 2 L of 1X PBS, 1 mM MESNa, 1 mM EDTA, pH 7.5 (for 
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cell lysate supernatant column), or 1 L of 10 mM Tris, 200 mM NaCl, 2 M Urea, 1 mM MESNa, 

pH 7.5 (for dissolved pellet supernatant column). Thiolysis reactions were performed by adding 

MESNa powder to each dialyzed protein to a final concentration of 100 mM after dialysis, re-

adjusted pH to 7.5, and nutated for 16 h at 4 oC. Both reactions were dialyzed against 2 L of 4 M 

Gn·HCl, 50 mM Na2HPO4, pH 7.5, at 4 oC for 3 h using 3,500 MWCO dialysis tubing, then applied 

to a 5 mL Ni-NTA column pre-equilibrated with the same buffer. The columns were nutated at 4 

oC for 30 min, then H2B(1-116)-MES -thioester was eluted from the columns, followed by 

washing twice with 1 CV of the same buffer. The flow-through and washes from each column were 

dialyzed against 4 L of Millipore purified water at 4 oC for 12 h and then again for 3 h using 3,500 

MWCO dialysis tubing. The crude H2B(1-116)-MES was flash-frozen and lyophilized to reduce 

liquid volume. A portion of the crude product was purified by C4 analytical RP-HPLC using a 

gradient of 0-73% B, 30 min. Fractions containing H2B(1-116)-MES were identified using ESI-

MS. The typical yield of lyophilized H2B(1-116)-MES after dialysis was ~1 mg/L of LB growth 

media. Calculated m/z [M+H]+: 12,933.8 Da; observed 12931.2 ± 0.5 Da. 

2.4.5 Overexpression and Purification of Ub(1-75)-MES 

The protocol was revised from Weller et. al [11]. pTXB1-Ub(1-75)-AvaDNAE-AAFN-His6 was 

transformed into E. Coli BL21(DE3) cells. Cells were grown in 3 L of LB media supplemented 

with 100 µg/mL of Ampicillin with shaking at 240 rpm at 37 oC until the OD600 reached 0.4-0.6. 

Overexpression was induced by the addition of 0.75 mM IPTG and grown at 30 oC for a further 4 

h. The cells were harvested by centrifugation at 7,000xg for 15 min. The cell pellet was 

resuspended in 2X weight of 50 mM Na2HPO4, 300 mM NaCl, 5 mM Imidazole, pH 8 (Lysis 

Buffer), lysed by pulse-sonication on ice for 15 min, and centrifuged at 20,000xg for 15 min at 4 

oC. The cell lysate supernatant was filtered through a 0.45 micron filter and applied to 6 mL of Ni-
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NTA column pre-equilibrated with lysis buffer. The cell lysate supernatant on column was nutated 

at 4 oC for 1 h. The column was then washed with Lysis Buffer containing increasing amounts of 

imidazole under 4 oC: 5 mM (5 CV), 20 mM (5 CV), 50 mM (2.5 CV), 250 mM (5 CV). Pooled 

fractions containing Ub(1-75)-Ava-His6 were dialyzed against 2 L of 100 mM Na2HPO4, 150 mM 

NaCl, 1 mM EDTA, 1 mM MESNa, pH 7.2 for 1 h at 4 oC twice using 3,500 MWCO dialysis 

tubing. The thiolysis reaction was performed by directly adding MESNa powder to the dialyzed 

column eluate fractions to a final concentration of 100 mM and nutation for 18 h at 30 oC. Crude 

Ub(1-75)-MES was purified by C18 preparative RP-HPLC using a gradient of 30-60% B, 60 min. 

Fractions containing Ub(1-75)-MES were identified using ESI-MS. The typical yield of pure 

lyophilized Ub(1-75)-MES was ~15 mg/L of LB media. Calculated m/z [M+H]+: 8632.8 Da; 

observed 8631.6 ± 0.7 Da. 

2.4.6 Synthesis of H2B(117-125) Fragment 

The peptide H(Boc)N-CVTKYTSAK-C(O)OH corresponding to the final nine residues of the H2B 

C-terminus with an A117C mutation was synthesized using SPPS based on an Nα-Fmoc protecting 

group strategy. Each amino acid (5.0 equivalents) was coupled to Fmoc-Lys(Boc)-Wang resin (0.4 

mmol/g) using a scale of 0.1 mmol. The resin was pre-swollen in ~2 mL of 50/50 (v/v) DMF/DCM 

for 20 min, and the amino acids were deprotected then single-coupled sequentially at 75 oC, except 

for Ala being double coupled. Fmoc- deprotection was undertaken for 3 min using 4 mL of 5% 

(w/v) piperazine and 0.05 M HOBt to suppress racemization during peptide synthesis. Single 

coupling reactions were performed for 5 min using Fmoc-amino acids (0.5 mmol), and activator 

(0.5 mmol DIC) and coupling additive (0.5 mmol Oxyma Pure and 0.05 mmol DIEA) in DMF. 

Fmoc-Ala was coupled twice, each time for 10 min, and Boc-Cys was coupled for 10 min. Final 

deprotection was undertaken at 90 oC for 65 s. K120 was protected by Alloc group on the side-
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chain for subsequent Fmoc-Cys(Acm) coupling. The peptidyl resin was thoroughly washed with 

DMF, followed by washing 4-5 times with DCM. Then the peptidyl resin was nutated at room 

temperature for 1 h with 0.4 equivalent of Pd(PPh3)4 and 20 equivalents of phenylsilane (relative 

to initial resin loading) in 1-2 mL of DCM to remove the Alloc group. The resin was washed with 

DCM then DMF before transferring back to the synthesizer. Fmoc-Cys(Acm) was coupled at K120 

twice, each time at 75 oC for 10 min, followed by a final deprotection. The peptidyl resin was 

rinsed with DMF then DCM before drying and lyophilizing. The peptidyl resin was nutated at 

room temperature for 3 h in 10 μL of cleavage cocktail (80% TFA, 5% phenol, 5% thioanisole, 

5% H2O, 2.5% EDT, and 2.5% TIS) per mg of peptidyl resin for peptide cleavage and deprotection. 

Then the peptide was precipitated using a more than 9-fold volume of ice-cold diethyl ether relative 

to the cleavage cocktail. The resin was further rinsed with a small amount of TFA. The precipitated 

peptide was washed twice with fresh ice-cold ether by decanting the ether after centrifugation at 

20,000xg at 4 oC for 5 min. The dry peptide was purified by C18 Preparative RP-HPLC using a 

gradient of 10-50% B, 60 min. Fractions containing the pure H2B(117-125) fragment (A117C, 

K120-C(Acm)) were identified using ESI-MS (set dry gas to 7-8, and trap drive to 75). Calculated 

for the H2B(117-125) (A117C, K120-Alloc) intermediate m/z [M+H]+: 1,085.5 Da; observed 

1,084.6 ± 0.1 Da. Calculated for the final peptide H2B(117-125) (A117C, K120-C(Acm)) m/z 

[M+H]+: 1,175.6 Da; observed 1,174.6 ± 0.2 Da. 
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Chapter 3. SEMISYNTHESIS OF H2BK120UB 

3.1 INTRODUCTION 

Protein semisynthesis by Native Chemical Ligation (NCL) was first reported in 1994 by Dawson 

et al [1]. In NCL, a native peptide bond between two fragments is formed by the presence of a C-

terminal α-thioester on one fragment and an N-terminal Cys residue on the other fragment. These 

are the only pre-requisites for the reaction. In the course of the reaction, a reversible 

transthioesterification is undertaken by the N-terminal Cys residue of one fragement with the -

thioester of the other fragment to form a thioester-linked full-length protein intermediate. This is 

followed by a sponataneous intramolecular S,N-acyl shift to form the native amide bond between 

the two fragments (Figure 3.1). The C-terminal α-thioesters could be produced via intein thiolysis 

as I have demonstrated, or by SPPS. The N-terminal Cys containing fragment can be produced by 

SPPS or by expression in E. coli. The detailed protocols for generating the H2B(1-116)-MES -

thioester and H2B(117-125) (A117C, K120-C(Acm)) are provided in Chapter 2. In this chapter, 

H2B(1-116)-MES and the synthetic H2B(117-125) fragment were first ligated to result in a full-

length H2B. After removing the Acm protective group at K120-Cys(Acm), Ub(1-75)-MES was 

then ligated to the full-length H2B to generate H2BK120ub. 
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Figure 3.1. Schematic of native chemical ligation (NCL). The N-terminal Cys residue on 

Fragment 2 attacks the C-terminal α-thioester in Fragment 1 to form a thioester intermediate, 

followed by an S,N-acyl shift to form the native amide bond between the two fragments. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 H2BK120ub Production 

Since H2B(1-116)-MES 1 was not further purified due to losses during HPLC, its purity was 

estimated by comparisons on 15% SDS-PAGE with known concentrations of Myoglobin as a 

reference protein of similar size (Figure 3.2A, myoglobin 17,000 g/mol and 1 12,933.8 g/mol). 

Once the gel was fully destained, the area under curve (AUC) of each band on the gel could be 

obtained in ImageJ. The linear regression of AUC vs. [Myoglobin] could then be fitted (Figure 

3.2B), and be used to estimate the purity of crude 1, as well the total quantity of 1 in any batch of 

H2B(1-116)-MES -thioester. However, very precise pipetting and the appropriate concentrations 

of 1 for direct comparison with Myoglobin were required to obtain a good estimate of 
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concentration. For the future, a lower initial concentration of 1 could be used (such as 5.5 mg/mL) 

during SDS-PAGE comparisons in order to avoid band intensity saturation. Since the yield of 

purified 2 and 4 were very high, generating 3 using excess amounts of 1 and 2 and checking its 

yield could be another approach to estimate the quantity of pure 1 in a mixture containing the 

thioester and free acid forms. The total chemical synthesis of H2BK120ub (5) is challenging 

because of the ~50-residue upper limit of conventional SPPS [1]. Hence, we pursued native 

chemical ligation (NCL) for the production of 5 (Figure 3.3). The native peptide bond between 

unprotected 1 and 2 was formed by the presence of a C-terminal α-thioester in 1 and an N-terminal 

Cys residue in peptide 2. Additional MESNa was added as a thiol catalyst for 

transthioesterification, and TCEP was used as a disulfide reductant. Additionally, fresh TCEP was 

also required prior to all C4 RP-HPLC purifications during the H2BK120ub semisynthesis process 

to avoid MESNa thiol-adduct formation [2]. The RP-HPLC chromatogram and ESI-MS spectrum 

of pure 3 are shown in Figure 3.4. Radical-based desulfurization [3] was then performed using 

VA-044 as the radical initiator, TCEP, and tBuSH as a hydrogen source to convert the unprotected 

N-terminal Cys residue in 3 into the wild-type Ala found in H2B. The RP-HPLC chromatogram 

and ESI-MS spectrum of pure desulfurized H2B(1-125) are shown in Figure 3.5. Palladium-

mediated Cys-Acm deprotection [4] to unmask the Cys ligation site at K120 was performed using 

PdCl2 and the reaction quenched by DTT before the final ligation with 4. During this step, all the 

excess palladium should be precipitated otherwise later reactions would be inhibited. Full 

precipitation could be achieved by adding additional DTT, dropping the pH to ~6, having longer 

reaction time and/or centrifuging time, and flash-freezing the reaction, keeping it frozen for ~5 

min, and thawing slowly. After removing the precipitated Pd by centrifugation and dialysis to 

remove excess DTT, the final ligation of the deprotected peptide intermediate with 4 was 
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undertaken. 2-mercaptophenylacetic acid (MPAA) was used as a thiol catalyst for 

transthioesterification and TCEP as the disulfide reductant, to yield 5. The RP-HPLC 

chromatogram and ESI-MS spectrum of pure 5 are shown in Figure 3.6A and B. 

 
Figure 3.2. Crude H2B(1-116)-MES 1 quantification using myoglobin reference. (A) 

Coomassie-stained 15% SDS-PAGE of serially-diluted myoglobin standards (left) and crude 1 

(right); (B) Linear regression of area under curve (AUC) vs. [Myoglobin] (mg/mL) for estimating 

the purity of crude 1.  

 
Figure 3.3. Semisynthesis of ubiquitinated H2B. All reactions were performed using native 

chemical ligation (NCL) buffer (6 M Gn·HCl, 200 mM Na2HPO4, pH 7.3). H2B(1-116)-MES, 1, 

was ligated to the synthetic H2B(117-125) fragment, 2, with MESNa and TCEP additives at pH 

7.2 to yield H2B(1-125), 3. Desulfurization of the Cys was undertaken using TCEP, VA-044, and 
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t-BuSH, followed by the removal of Acetamidomethyl (Acm) with PdCl2 and DTT. The 

intermediate was then ligated to Ub(1-75)-MES, 4, with MPAA and TCEP additives at pH 7.2 to 

yield native H2BK120ub, 5.  

 

Figure 3.4. RP-HPLC Purification of H2B(1-125) 3. (A) C4 analytical RP-HPLC chromatogram 

of purified 3 with a gradient of 35-65% B at 45 oC, 30 min; (B) ESI-MS of purified 3.  

 

Figure 3.5. RP-HPLC Purification of Desulfurized H2B(1-125). (A) C4 analytical RP-HPLC 

chromatogram of purified desulfurized H2B(1-125) with a gradient of 35-65% B, 30 min; (B) ESI-

MS of purified desulfurized H2B(1-125). 
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Figure 3.6. Purification of H2BK120ub 5. (A) C4 analytical RP-HPLC chromatogram of purified 

desulfurized H2B(1-125) with the gradient of 35-65% B at 45 oC, 30 min; (B) ESI-MS of purified 

5; (C) Coomassie-stained 15% SDS-PAGE of purified 5.  

  

3.2.2 Octamer and Mononucleosome Assembly 

After the purity of H2BK120ub 5 was verified (Figure 3.6C), the histone octamer containing wild-

type (wt) H2A, 5, H3(C110A), and H4 could be assembled by combining equimolar amounts of 

the four core histones in a guanidine unfolding buffer, then dialyzing against high-salt refolding 

buffer in the presence of DTT as a reducing agent. The final octamer was purified by FPLC using 

size-exclusion chromatography (Superdex S200), and the formation of the octamer was verified 

by 15% SDS-PAGE (Figure 3.7). The calculated concentration of the octamer was 3.922 µM, 

which was used for mononucleosome reconstitution by serial dilution with double-stranded DNA. 

A series of small-scale mononucleosome assemblies were performed by dilution transfer with the 

H2Bub octamer and a 147 bp Widom 601 nucleosome positioning sequence (concentration 5.98 

µM) using protease inhibitor (PMSF) containing buffers [5]. An octamer/DNA molar ratio of 2.6 

was verified to be the optimal saturation ratio to obtain high quality mononucleosomes (Figure 

3.8).  
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Figure 3.7. FPLC purification of the H2BK120ub-containing octamer. (A) Superdex 200 

Increase 10/300 GL size exclusion FPLC chromatogram of the octamer, flow rate 0.4 mL/min; (B) 

Coomassie-stained 15% SDS-PAGE gel of octamers containing H2BK120ub. 

 
Figure 3.8. SYBR-safe stained 5% TBE gel of H2Bub containing mononucleosomes.  

3.3 CONCLUSION AND OUTLOOK 

The semisynthesis of H2BK120ub was achieved via NCL. A full-length H2B intermediate was 

first ligated using H2B(1-116)-MES (C-terminal α-thioester) and the synthesized H2B(117-125) 

fragment with an A117C mutation (N-terminal Cys residue) and  Cys(Acm) attached to the 

epsilon-amine of K120. The desired H2BK120ub was generated after ligating the Acm-

deprotected full-length H2B intermediate (side-chain Cys residue on K120) and Ub(1-75)-MES 
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(C-terminal α-thioester). Since RP-HPLC purification was performed on the products after each 

step, and equipment error occured during the initial H2BK120ub semi-preparative RP-HPLC 

purification resulting in some contamination of the sample, the final yield of H2BK120ub was 

limited to 2% based on the amount of starting H2B(1-116)-MES -thioester and over 4 steps. 

Nevertheless, milligram amounts of pure H2BK120ub were produced and could be used for the 

formation of octamers with wt H2A, H3(C110A) and H4, and the assembly of mononucleosome 

using ~147 bp Widom 601. An octamer to DNA molar ratio of 2.6 to 1.0 was chosen as the optimal 

saturation ratio for mononucleosome formation, hence, large scale assembly of mononucleosomes 

could be performed with this ratio. The resulting mononucleosomes would be tested in various 

biochemical assays for the crosstalk among core histones in the future. For instance, hDot1L assay 

for H3K79 methylation which is associated with mixed lineage leukemia (MLL) [6, 7] and hSet1 

assay for H3K4 methylation which is responsible for colon cancer [8]. Because both hDot1L and 

hSet1 require ubiquitylated mononucleosome substrates for activation, the successful synthesis of 

H2Bub is critical for future biochemical assays in our lab. 

3.4 EXPERIMENTAL PROCEDURES 

3.4.1 General methods 

Slide-A-Lyzer dialysis cassettes were purchased from Pierce (Rockford, IL). All chemical reagents 

were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). 

Analytical reversed-phase HPLC (RP-HPLC) was performed on a Varian (Palo Alto, CA) ProStar 

HPLC with a Grace-Vydac C4 (150 x 4.6 mm) at 1 mL/min using 0.1% TFA in water (A) and 

90% acetonitrile, 0.1% TFA in water (B) as the mobile phases. Semi-preparative RP-HPLC was 

performed using a Grace-Vydac (Deerfield, IL) C4 column (250 x 10 mm) at 3.5 mL/min. Typical 
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analytical gradients were 0-73% B over 30 min. Mass spectra were generated on a Bruker Esquire 

ESI-MS instrument (Billerica, MA). Size-exclusion chromatography was  

performed on an AKTA FPLC system (GE Healthcare, Little Chalfont, UK) equipped with a P-

920 pump and UPC-900 monitor using a Superdex 200 Increase 10/300 GL size exclusion column 

(24 mL volume). Mononucleosome gels were visualized using a GE Typhoon FLA 9000 

Biomolecular Imager (GE). 

 

3.4.2 H2BK120ub Production 

As shown in Table 3.1, MESNa and TECP-HCl were dissolved in a calculated volume of NCL 

buffer (final protein concentration of 0.5-1.0 mM), and the pH was re-adjusted to 7.2. 1 and 2 were 

then dissolved in this reaction mixture. The reaction was re-adjusted to pH 7.2 and incubated 

overnight (16-18 h). The completed NCL reaction product was purified by C4 Semi-preparative 

RP-HPLC using a gradient of 35-65% B at 45 oC for 45 min. Fractions containing H2B(1-125) 

were identified using ESI-MS. Calculated m/z [M+H]+: 13,965 Da; observed 13,964.5 ± 1.5 Da. 

As shown in Table 3.2, 3 was dissolved in calculated volume of NCL buffer with 71 mg/mL of 

TCEP-HCl (final protein concentration 0.5-1.0 mM), then VA-044 was dissolved into the reaction 

mixture and incubated at 37 oC for 15 min, followed by tBuSH addition and incubation at 37 oC 

for 3-4 h (to a maximum of 18 h).   The completed reaction was purified by C4 Semi-preparative 

RP-HPLC using a gradient of 35-65% B, 45 min. Fractions containing Desulfurized H2B(1-125) 

were identified using ESI-MS. Calculated m/z [M+H]+: 13,933 Da; observed 13,932.3 ± 1.3 Da. 

As shown in Table 3.3, desulfurized H2B(1-125) was dissolved in a calculated volume of NCL 

buffer with PdCl2, and the reaction mixture was incubated at 37 oC for 2 h. DTT was dissolved 

into the reaction and the precipitated Pd was removed by centrifugation at 20,000xg. The reaction 
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supernatant was dialyzed against 500 mL of the NCL buffer at room temperature overnight (16-18 

h) using a 3,500 MWCO dialysis cassette. MPAA and TCEP-HCl were dissolved in a minimum 

volume of NCL buffer, and the mixture was re-adjusted to pH 7.2. 4 and the dialyzed reaction were 

then mixed into the reaction followed by pH re-adjusting to 7.2 (final protein concentration 0.5-

1.0 mM), and incubation at 30 oC overnight (16-18 h). The completed reaction was purified by C4 

Analytical RP-HPLC using gradient of 35-65% B at 45 oC, 30 min. Fractions containing native 

H2BK120ub were identified using ESI-MS. Calculated m/z [M+H]+: 22,350.6 Da; observed 

22,352 ± 1.7 Da. 

Table 3.1. Ligation of H2B(1-116)-MES 1 and synthesized H2B(117-125) Fragment 2. 

Reagent MW (g/mol) Eq 

H2B(1-116)-MES 1 12933.8 1 

H2B(117-125) Fragment 2 1174.7 3 

MESNa 142.2 100 

TCEP HCl 286.65 30 

 

Table 3.2. Desulfurization of H2B(1-125) 3. 

Reagent MW (g/mol) Eq 

H2B(1-125) 3 13965 1 

TCEP HCl 286.65 71 mg/mL 

VA-044 323.33 50 

tBuSH - 10% v/v 

 

Table 3.3. Acm Removal of 3 and the ligation of Ub(1-75)-MES 4. 

 

Reagent MW (g/mol) Eq 

Desulfurized H2B(1-125) 13933 1 

PdCl2 177.33 20 

DTT 154.24 100 

MPAA 168.21 100 

TCEP HCl 286.65 50 

Ub(1-75)-MES 4 8631.8 3 
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3.4.3 Histone Assembly 

Each histone was dissolved in 7 M Gn·HCl, 20 mM Tris, pH 7.5 at room temperature (unfolding 

buffer) separately to a concentration of 4 mg/mL on ice. Three A280 nm measurements were obtained 

to calculate histone concentrations, and the histones were combined in equimolar amounts (Table 

3.4A) then diluted into 1 mg/mL (Table 3.4B). The reaction was then dialyzed against 1 L of 

freshly made 2 M NaCl, 10 mM Tris, 1 mM EDTA, pH 7.5 at 4 oC (refolding buffer) first for 3 h, 

then overnight (12-16 h), and finally for 2 h with 2 mM DTT addition (minimum dialysis time of 

the first and the last was 2 h) using a 3,500 MWCO dialysis cassette. The dialyzed octamers were 

then purified by Superdex 200 Increase 10/300 GL size-exclusion FPLC, flow rate 0.4 mL/min 

using refolding buffer with 2 mM DTT as mobile phase. Pooled FPLC fractions containing the 

octamers were concentrated using a 5,000 MWCO PES Vivaspin 500 to a final volume of ~150 

µL. Three A280nm measurements were obtained to calculate the concentration of the octamer (Table 

3.4C), followed by 10% v/v glycerol addition to the concentrated octamers and flash-freezing for 

storage at -80 oC.  

 

Table 3.4. Template of octamer formation calculation.  

(A) Calculation of histone concentration 

Histone MW 

(g/mol) 

ε 

(M-1 cm-1) 

A280 

Avg. 

Dilution 

Factor 

Conc. 

(M) 

Conc. 

(µM) 

mg/mL 

H2A 13960.2 4470 0.164 5 1.838E-04 183.818 2.566 

H2BK120ub 22350.6 8940 0.108 5 6.022E-05 60.216 1.346 

H3(C110A) 15224.7 4470 0.182 5 2.032E-04 203.207 3.094 

H4 11236.0 5960 0.205 5 1.717E-04 171.700 1.929 

Octamer 125543.0 47680 
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(B) Calculation of octamer assembly 

Histone mg Target µmol mL of Solution 

H2A 0.084 0.006 0.03264 

H2BK120ub 0.134 0.006 0.09964 

H3(C110A) 0.091 0.006 0.02953 

H4 0.067 0.006 0.03494 

Total 0.377 0.024 0.19675 

Total Volume (mL) 0.377 Buffer Addition 

(mL) 

0.17988 For 

~1mg/mL 

Solution 

 

(C) Calculation of concentrated octamer 

A280 Avg. Conc. (M) Conc. (µM) mg/mL 

0.187 3.922E-06 3.922 0.492 

A280 Avg. = average of three A280 measurements; Dilution Factor = Volumef / Volumei; conc. 

(M) = (A280 Avg. x Dilution Factor) / ε l; mg/mL = conc. (M) x MW (g/mol); mg = MW (g/mol) 

x Target µmol / 1000; mL of solution = mg / (mg/mL). 

3.4.4 Mononucleosome Assembly 

Octamer and Widom 601 double-stranded DNA were thawed on ice, and 10 μL reactions 

containing the octamer and DNA were gently mixed in PCR tubes at the Octamer/DNA ratios 

using Table 3.5A as the template to a final NaCl concentration of 2 M. The reactions were 

incubated at 37 oC for 15 min, then transferred to 30 oC to perform serial dilutions by gently mixing 

with 3.3 μL, 6,7 μL, 5 μL, 3.6 μL, 4.7 μL, 6.7 μL, 10 μL, 30 μL, and 20 μL of 10 mM HEPES, 1 

mM EDTA, 0.5 mM PMSF, pH 7.9 at room temperature (initial dilution buffer), with an incubation 

interval of 15 min. The reactions were eventually diluted with 100 μL of 10 mM Tris, 1 mM EDTA, 

0.5 mM PMSF, 20% v/v Glycerol, pH 7.5 at room temperature (final dilution buffer), and 

incubated at 30 oC for 15 min (Table 3.5B). The mononucleosome could be stored at 4 oC (short-

term) or -80 oC after flash-freezing (long-term). 
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Table 3.5. Template of mononucleosome formation calculation and reaction time log. 

(A) Calculation of mononucleosome assembly 

Octamer/DNA 2.60 H2O (µL) 0.350 

[Octamer]i (µM) 3.922 5 M NaCl (µL) 1.348 

[Octamer]f (µM) 2.60 DNA (µL) 1.672 

[DNA]i (µM) 5.98 Octamer (µL) 6.629 

[DNA]f (µM) 1.00 Total Volume (µL) 10 

 

 

(B) Mononucleosome assembly reaction tracking 

Time 

(min) 

Volume Added 

(µL) 

Final Volume 

(µL) 

[NaCl] 

(M) 

Temperature 

(oC) 

-15 0 10 2.00 37 

0 3.3 13.3 1.50 30 

15 6.7 20 1.00 30 

30 5 25 0.80 30 

45 3.6 28.6 0.70 30 

60 4.7 33.3 0.60 30 

75 6.7 40 0.50 30 

90 10 50 0.40 30 

105 30 80 0.25 30 

120 20 100 0.20 30 

135 100 200 0.10 30 

 [Octamer]f = (Octamer/DNA) x [DNA]f; volume of Octamer (µL) = ([Octamer]f x 10 μL) / 

[Octamer]i; volume of 5 M NaCl (µL)= (10 μL - Octamer) x 2/5 (2 M NaCl  was included in the 

Octamer solution); volume of H2O (µL) = (10 μg - sum of other 3 portions). 
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