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ABSTRACT 

 

 
Histone variants and post-translational modifications (PTMs) are known to play central 

roles in genome regulation and maintenance. Quantitative characterization of the variants and the 

associated PTMs is the first step to understand their biological functions. However, many 

variants and PTM combinations are inaccessible by antibody-based methods or bottom-up 

tandem mass spectrometry. For many, the only tractable approach is with intact protein top-down 

tandem mass spectrometry. In this dissertation, a method of identification of histone H4 

proteoforms is developed, revealing the challenge of top-down proteomics. Then a method of 

proteoform identification and relative quantitation for histones H2A and H2B by FT-ICR MS 

and MS/MS is developed, yielding quantitative identification of all detected H2A and H2B 

isobaric and isomeric proteoforms with a label-free approach in HeLa. The method is further 

extended to 1) normal and HIV-infected U937 cells; 2) the Fluorescence Ubiquitination Cell 

Cycle Indicator (FUCCI) stem cells sorted into early G1, late G1, S, and G2/M phases; 3) MDA-

MB-231 breast cancer cells synchronized to S and M phases. The top-down MS/MS approach 

provides a path forward for more extensive elucidation of the biological roles of many previously 

unstudied histone variants and PTMs. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 
1.1 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR) 

 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR), invented by 

Dr. Melvin B. Comisarow and Dr. Alan G. Marshall at the University of British Columbia in 

1974, is the main instrument used in this dissertation. [1] It has the highest resolving power and 

mass accuracy among all mass detectors at present.  

 

1.1.1 Theory of FT-ICR 

 

 

 

 
Figure 1.1 Ion cyclotron motion. A positive ion with the mass of m and the charge of q enters a 

homogeneous magnetic field that is perpendicular to the plane of the paper with the velocity v. 

Its trajectory is bent into a circle by the inward-directed Lorentz force. A negative ion with the 

same mass and velocity would have a different trajectory because of the opposite direction of the 

Lorentz force. 

 

 

When a positive ion enters a spatially uniform magnetic field B (z direction, 

perpendicular to the plane of the paper) with the velocity v, under the presence of no other 
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forces, its trajectory will be bent by the Lorentz magnetic force and the ion will start cycling in 

the xy plane perpendicular to B (Figure 1.1). [2] This cyclotron motion can be described with 

Eq. (1.1), 

ωc =
qB

0

m
   (1.1) 

in which ωc is the angular velocity; q is the charge of the ion; m is the ionic mass; and B0 is the 

magnetic field strength. 

Eq. (1.1) can be easily rearranged into 

m

q
=
B
0

ωc

   (1.2) 

Therefore the mass-to-charge (m/z) ratio of the ion can be directly derived from its 

cyclotron angular velocity and the magnetic field strength. Eq. (1.2) is the basic theory of FT-

ICR. However, in a real mass spectrometer the ion need to be trapped at z direction with an 

electronic field and the trapping will add a radial force to disturb the ion’s cyclotron motion in 

the xy plane. Hence in real FT-ICR instruments the m/z is calculated as 

m / z =
A

ωc

+
B

ωc

2
  (1.3) 

in which A and B can be obtained by calibrating the instrument with a set of ions of known m/z 

values. 

 

1.1.2 High Resolving Power and High Mass Accuracy of FT-ICR 

 

Two of the most important features of FT-ICR are its high resolving power and high 

mass accuracy. Usually resolving power is defined as the mass (m) of the peak divided by the 

full width of the peak at half-maximum peak height (Δm50%). Derived from Eq. (1.2) the 

resolving power of FT-ICR is 

m

Δm
50%

= −
qB

0

mΔω
50%  (1.4). 

Magnetic field strengh B0 and analyte m/z are set constant for each experiment, then the 

resolving power depends directly on the acccury of measured frequency of the ion cyclon 

motion. And because frequency (ω) can be measured with ultra-high accuracy, FT-ICR can 
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provide an inherently high resolving power and thus high mass accuracy. Also, from Eq (1.4), 

the resolving power of FT-ICR increases linearly with magnetic field strengh but is inversely 

proportional to the m/z of the analyte. 

Figure 1.2 shows how theoretical mass resolving power of FT-ICR at three typical 

magnetic field (9.4T, 14.5T, and 21T) changes with m/z of the analyte within the typical mass 

range of protein analysis (m/z 200-2000) under low-pressure condition (no damping). The 

resolving power is proportional to the magnetic field strength and the signal acquisition period 

(transient time) and inversely proportional to the m/z. Usually our FT-ICRs operate with 

resolving power between 300,000-2,000,000 at m/z 400 and provide 2 ppm mass accurcy. 

 

 

 
Figure 1.2 Theoretical mass resolving power of FT-ICR under low-pressure condition at 9.4, 

14.5, and 21 tesla as a function of mass-to-charge ratio (m/z) for one second or four seconds 

transient time in the range of m/z 200-1000. Resolving power is proposional to transient time, 

therefore longer transient can compensate the resolving power loss at high m/z. 
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High resolving power and high mass accuracy offer more information and more reilable 

results of the analytes than low-resolution instruments, especially with complex samples. For 

example in the study of small organic molecules, such as petroleum samples, chemical formulas 

of the analytes can be assigned directly from accurately mearsured mass alone. Also in Chapter 4 

an example illustrates that one million resolving power is required to confirm the co-existence of 

three H2B sequence variants. 

 

1.2 Protein Fragmentation Techniques 

 

The only physical property directly measured by mass spectrometers, no matter how 

advance they are, is mass-to-charge ratio (m/z). This number can be further converted to the mass 

of the analyte. Accurately measured masses are useful in many ways. For example, one can 

confidently assign the molecular formula of a small molecule solely based on its accurate mass. 

For big molecules such as proteins, the accurate mass does not reveal much information. The 

most important information of a protein molecule, its primary sequence and associated post-

translational modifications, can not be interpreted from the mass alone because hundreds of 

different sequences may end up with the same mass. However, the development of protein 

fragmentation methods makes it possible to read protein sequence and localize their post-

translational modifications by tandem mass spectrometry. Here is a brief review of several most 

popular protein fragmentation techniques: collision induced dissociation (CID), electron capture 

dissociation (ECD), electron transfer dissociation (ETD), and ultraviolet photodissociation 

(UVPD). 

There are three ways to break a protein backbone as shown in Figure 1.3. Breakage of 

the carbon-carbon bond produces a ions (contain the N-termini) and x ions (contain the C-

termini). Similarly, breakage of the amide bond results in b ions and y ions and fragmentation of 

the nitrogen and α-carbon bond yields c ions and z ions. Note that for most data analysis 

software only terminus-containing fragments are analyzed. Fragments that contain neither 

terminus, so-called internal fragments, are much harder to assign and usually discarded. With 

optimized experimental parameters, internal fragments can be reduced. For example, ~70% 

fragments can be assigned as c ions or z ions in an ETD MS/MS. 
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Figure 1.3 Protein backbone cleavages. Protein backbone can be cleaved in three ways. 

Breakage of the carbon-carbon bond results in a ions and x ions. Breakage of the amine bond 

yields b ions and y ions. And finally breakage of the nitrogen and α-carbon bond gives c ions 

and z ions. Note that fragments contain the N-termini are a, b, and c ions while fragments contain 

the C-termini are x, y, and z ions. 

 

 

1.2.1 Collision Induced Dissociation (CID) 

 

Collision induced dissociation (CID), also known as collision activatied dissociation 

(CAD), is the oldest dissociation technique in mass spectrometry. In fact, evidence of gas-phase 

CID was recorded in the first mass spectrum collected by Sir J. J. Thomson. The study of CID 

lasted the entire 20th century. However, CID has not been applied to large protein molecules 

until the invention of so-called soft ionization methods such as matrix‐assisted laser desorption 

ionization (MALDI) and electrospray ionization (ESI). [3] 

CID occurs when accelerated ions collide with neutral molecules (usually helium, 

nitrogen, or argon) in the gas phase. CID of peptides or proteins is achieved through slow 

activation (<100 eV) where the precursor ions gain internal energy through bumping into a series 

of neutral molecules until reach the threshold of fragmentation. Usually b ions and y ions are 

generated (Figure 1.4). CID is very efficient thus in some cases spectra averaging is not 

necessary. Unlike ECD/ETD, who are only efficient with precursors of three or more positive 

charges, CID works well on any precursor regardless of charge state or type of charge. Therefore 

it is the most commonly used fragmentation method for peptides. However, the slow activation 
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makes CID suffer from the disadvantage of losing labile post-translational modifications (such as 

phosphorylation) during the dissociation. Therefore CID prevails in protein/peptide sequencing 

over identification of excessive amount of labile modifications.  

 

 

 

Figure 1.4 Process of collision induced dissociation. Note that the multiple arrows emphasize on 

the fact CID precursor ions gain internal energy for fragmentation through multiple collision 

events with small neutral gas molecules. Usually no charge is lost during this process. 

 

 

1.2.2 Electron Capture Dissociation (ECD) and Electron Transfer Dissociation (ETD) 

 

Electron capture dissociation (ECD) was first introduced by the McLafferty Lab in 

1998.[4] While investigating ultraviolet photodissociation with FT-ICR, Zubarev. et al. found 

some multi-charged protein ions captured the electrons generated by the ultraviolet laser and 

formed radical cations in the ICR cell. They also found some c and z types of fragments of the 

proteins and realized this could be a new fragmentation technique for tandem mass spectrometry. 

The electrons used in ECD nowadays are produced by heated filament sources. They are 

accelerated through a low electronic field to the ICR cell to meet the positive protein ion clouds. 

The positive protein ion then captures one (or more, in some cases) electron and forms a cation 

radical. (Figure 1.5) The radical soon breaks into 2 fragments: one c ion (or c· ion) and one z· 

ion (or z ion). The mechanism of ECD is not completely understood yet. The electrons used in 

ECD are usually “slow electrons” (6-12 eV). The electron capture efficiency is proportional to 
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the square of the precursor charge state thus ECD in general works better with proteins or large 

peptides than small peptides. 

 

 

 

Figure 1.5 Process of electron capture dissociation. Note that the total charges of the fragments 

is one less than the precursor due to the capture of one electron. Also, some fragments (c˙ or z˙ 

ions) are radicals. 

 

 

One significant disadvantage of electron capture dissociation is its low efficiency. 

Usually the most abundant peak in an ECD MS/MS is the precursor cation followed by the 

charge-reduced cation radical(s) (the precursor cation captured one or more electrons but does 

not break apart, forming peaks with the same mass but one or more charges less). Only a small 

portion of the precursors break into fragments. Therefore to maximize the sequence coverage, 

100-1000 spectra averaging is usually applied. Spectra averaging usually takes 5-30 minues and 

it increases the sample consumption by a factor of 10 compared with collision based 

fragmentation. In 2004, the Hunt Lab developed electron transfer dissociation (ETD), in which 

the electron beam was replaced by electron carriers (for example, negatively charged 

fluoranthene). Fluoranthene is first ionized through a chemical ionization (CI) source to form 

radical anions and then transported to the ion trap to react with the precursor cations (Figure 
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1.6). [5] Fragments generated by ETD are also c ions and z ions but the efficiency is much higher 

than ECD. Under optimized condition no precursor cation is observed in an ETD MS/MS and 5-

10 averaged spectra can yield good sequence coverage. 

 

 

 

Figure 1.6 Process of electron transfer dissociation. Similar with electron capture dissociation, 

the total charges of the fragments is one less than the precursor and some radical fragments (c˙ or 

z˙ ions) are generated. 

 

 

Due to the short life time of the transition state, both ECD and ETD preserve the labile 

post-translational modifications in the fragment ions, such as phosphorylation. In the study 

carried by Shi et al., only two out of eighty-one fragments identified in ECD MS/MS lose their 

phosphorylations while seven out of nine fragments assigned in CID MS/MS result from 

phosphorylation loss. [6] This advantage gains ECD/ETD popularity in the study of protein post-

translational modifications.  
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Another significant difference between ECD and ETD is that ECD occurs in the ICR 

cells while ETD is done in the ion trap prior to the ICR cell. Therefore ECD can take advantage 

of in-cell excitation techniques such as stored waveform inverse fourier transform (SWIFT) to 

ensure an accurate precursor selection. This issue will be further discussed in Chapter 4.  

 

1.2.3 Ultraviolet Photodissociation (UVPD) 

 

Recently, ultraviolet phosdissociation with 193 nm laser was applied to protein 

characterization by the Brodbelt Group. [7] UVPD generates all six types of fragment ions and is 

able to achieve >90% sequence coverage of mid-sized proteins. The efficiency of UVPD does 

not change much with the precursor charge state. These features gain UVPD great potential in 

top-down proteomics. 

 

1.3 Proteomics by Mass Spectrometry 

 

Proteomics is defined as a large-scale study of protein properties, such as expression 

level, post-translational modifications, and interactions. [8] Proteomics is essential to 

understanding the biology of human lives because despite the fact that DNA carries the genetic 

information, it is the proteins that fulfill the body functions. The human genome has already been 

deciphered in 2003 but the functions of a lot of proteins still remain unknown. [9] Determining 

the chemical structure of a given proteins is one of the most important goals of proteomics, 

which includes the identification of both the primary amino acid sequence and the post-

translational modifications associated. A new term “proteoforms” has been introduced recently 

to the community to provide the most accurate description of a protein molecule. A proteoform 

is defined as a specific protein product arising from a specific gene with a known primary 

sequence and all post-translational modifications localized (Figure 1.7). [10] 

Mass spectrometry and gel/antibody based methods are the most common analytical 

techeniques in proteomics. Although gel/antibody-based methods in general benefit from higher 

sensitivity, they suffer from limitations caused by the size of the antibodies’ recognition domain. 

Usually antibodies can only recognize a short sequence within a protein, or one or two specific 

post-translational modifications. It is hard to generate antibodies that can recogonize the whole 

protein without lossing their high selectivity. Also, gel/antibody based methods are limited in 
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throughput. Because one antibody usually binds to only one PTM or sequence, multiple 

antibodies need to be produced for multiple targets. The manufacturing can be both expensive 

and time-consuming. On the other hand, mass spectrometry based methods have much higher 

throughput and provide more defining results. Mass spectrometry has the ability to study the 

whole sequence of a protein regardless of the length and provides information on every post-

translational modification. There are two general approaches under the category of mass 

spectrometry based proteomics: bottom-up approach and top-down approach. 

 

 

 

Figure 1.7 Protein sequence variants, post-translational modifications, and proteoforms. 

Sequence variants refer to proteins that varies in primary sequence. And proteoforms describe 

both sequence variation and post-translational modifications. 

 

 

1.3.1 Bottom-up Proteomics 

 

A workflow of bottom-up proteomics is shown in Figure 1.8. The analyte protein or 

proteins is first digested into peptides by a protease of choice. The peptides are then injected into 

the online liquid chromatography coupled mass spectrometry (LC-MS) system. They are first 
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separated by liquid chromatography based on their physical property (usually hydrophobicity). 

However, co-elution occurs especially for complex samples. The chromatographicly unresolved 

peptides are further separated in the mass spectrometer based on their mass-to-charge ratio (m/z). 

The peptides are ionized through an electrospray source to gain one or multiple charges and then 

the m/z of the peptides are recorded in the MS1. Later, peptides of interest (often the most 5-10 

abundant peptides in the MS1) are selected individually by quadruple mass filters or ion traps for 

fragmentation. The m/z of the fragments are recorded in the MS2 (MS/MS). The information 

from both MS1 and MS2 is combined to provide identification of the sequence and localization 

of the post-translational modifications. 

 

 

 

Figure 1.8 Workflow of bottom-up proteomics. Proteins sample is digested into peptides prior to 

the LC-MS. The broadband mass spectra (MS1) are first recorded and some peaks in the MS1 

are selected separately for MS/MS (MS2). The MS2 precursor selection can be data-dependent 

(top 5-10 peaks in MS1) or targeted (peaks with certain m/z). 
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Figure 1.9 Limitations of bottom-up approach demonstrated by a putative example. In the 

analysis of a mixture of four proteoforms A, B, C, and D with 2 PTMs each, assume that bottom-

up experiments are perfectly done and all PTMs have been assigned. However, bottom-up 

approach can not rebuild the protein from the identified peptides because it fails to provide the 

information on how PTMs co-exist in one molecule. 

 

 

Bottom-up approach is robust and sensitive, benifiting from the sentitivity of the low 

resolving power mass spectrometry and the on-column concentration provided by the liquid 

chromatography. Bottom-up approach usually is not limited by the size of the analyte. With the 

help of carefully chosen internal standards it can provide accurate quantitation. However, 

bottom-up approach can not provide information of the whole protein because only the digested 

peptides are measured by the mass spectrometer. It could be problematic when the sample is a 

mixture. Here is a putative example to illustrate the limitation of bottom-up approach. (Figure 

1.9) A mixture sample consists of four proteins A, B, C, and D, each of which carries two PTMs. 

The different PTMs are labeled with different color blocks. Assume that a successful bottom-up 
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experiment is acomplished and all four PTMs are successfully identified and localized. However, 

when rebuilding the protein from the pepetides, bottom-up approach cannot provide the PTMs 

combinational information. For example, can PTM-orange and PTM-blue co-exist in the same 

protein molecule? Or PTM-orange can only pair with PTM-red? Or both combinations are 

present in the sample? The link between different PTMs or amino acid variantion sites on one 

protein molecule is lost during the digestion.  

 

1.3.2 Top-down Proteomics 

 

 

 

Figure 1.10 Workflow of top-down proteomics. Intact protein sample is directly ionized and 

measured by the mass spectrometer. Selected protein precursors are then isolated for 

fragmentation in which MS2 spectra are recorded. 

 

 

A workflow of top-down proteomics is shown in Figure 1.10. Compared with bottom-up 

approach, no digestion is involved in top-down approach. The analyte protein or proteins, rather 
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than peptide pieces, are directly ionized through an electrospray source to form multi-charged 

ions. Broadband spectra of intact protein ions are recorded and selected peaks in the MS1 are 

isolated for fragmentation. The fragment ions generated in top-down experiments are usually 

larger than those in bottom-up approach and result in more complicated MS2. Protein 

identification is achieved through both the intact protein mass calculated from MS1 and the 

fragments masses  from MS2.  

 

 

 

Figure 1.11 The power of top-down proteomics illustrated by a putative example. In the analysis 

of a mixture of four proteoforms A, B, C, and D with 2 PTMs each, the MS1 alone may be able 

to resolve all four proteoforms. 

 

 

Top-down approach seems to be more straightforward than bottom-up approach yet it 

appeared much later. Because top-down approach first requires much higher resolving power of 

the mass spectrometer. It is also less sensitive compared with bottom-up approach because A) 
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high resolving power mass detectors (FT-MS) in general is less sensitive than low-res detecters 

(ion-trap or quandrupole) ; B) duirng MS1 measument, the ion current of the protein splits 

between multiple charge states and the larger the protein, the wider the spread; C) during MS2 

measument the ion current of the precursor splits between more fragments ions. However, top-

down approach can provide true information on the whole protein and no PTMs combinational 

information is lost. Taken the previous example, proteins A, B, C and D may be easily resolved 

in the MS1 if they differ large enough in their intact protein masses. (Figure 1.11) In some 

unlucky situations in which some of them share the same or very similar intact protein masses, 

they can still be identified through the assignment of the fragmentation patterns. 

 

 



16 

CHAPTER 2 

 

 

METHODS OF TOP-DOWN MS/MS ANALYSIS 

 

 
Histones H4, H2A, and H2B are the analytes used in this dissertation. Histone H4 is 

usually heavily modified with PTMs (3-7 PTMs) whereas histones H2A and H2B possess large 

number of sequence variants (~20 for each), which makes histones great canditates for top-down 

MS/MS analysis.  

 

2.1 Cell Culture and Protein Purification 

 

2.1.1 Cell Culture 

 

HeLa S3 cells were maintained in Joklik modified media (pH=7.4) in the flasks equipped 

with spinners. The incubator was set at 37ºC with 5% CO2. Cells were harvested when reached 

10
7
 cells/mL density by spining at 1000g for 10 minutes. After removing the media, cell pellets 

were washed with PBS buffer and flash-frozen with liquid nitrogen. Cells pellets were stored at -

80 ºC. 

 

2.1.2 Nuclei Isolation 

 

Nuclei isolation buffer was made ahead of time and stored at -20 ºC. It contains 15 mM 

tris-hydrochloride, 60 mM potassium chloride, 15 mM sodium chloride, 5 mm magnesium 

chloride, 1 mM calcium chloride, 250 mM sucrose. 0.3% NP-40, 1 mM dithiothreitol, 10 nM 

microcystin, 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride, and 10 mM sodium butyrate 

were added to the buffer before the experiments. Cell nuclei were isolated by the procedures 

listed below. 

1. Thaw the frozen cell pellets on ice.  

2.  Add the nuclei isolation buffers to the cell pellets at the volumn ratio of 10:1 in 15 mL 

conical centrifuge tubes. For 50 million cells, add 3 mL nuclei isolation buffer. 

3.  Resuspend the cells in the buffer by pipetting gently and incubate on ice for 5 minutes. 
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4.  Pellet the nuclei at 1000 g for 5 minutes at 4°C. 

5.  Discard supernatant with an aspirator.  

6.  Resuspend the nuclei pellet gently with NP-40-free nuclei isolation buffer at the 

volumn ratio of 10:1. For 50 million cells, add 2 mL NP-40-free nuclei isolation buffer. (NOTE: 

nuclei pellet will be at ~half volume of the original cell pellet) 

7.  Pellet nuclei at 1000 g for 5 minuting at 4°C and then discard supernatant with an 

aspirator. 

8.  Repeat steps 6 and 7 four more times to remove NP-40. (Wash 5 times in total)  

9. Flash freeze the cell nuclei in liquid nitrogen or use promptly for acid extraction. 

 

2.1.3 Acid Extraction of Histones 

 

Raw histones were extracted from isolated cell nuclei through the following procedures: 

1. To a gently vortexed pellet of isolated nuclei, slowly add 0.4N H2SO4 at the volume 

ratio of 5:1. Make certain that all clumps have been disrupted by vortexing. (Add 1.2 mL acid 

solution to 50 million cell nuclei.) 

2. Rotate in cold room at 4 °C for two hours. 

3. Spin down at 3400g for 5 minutes at 4 °C.  

4. Transfer the supernatant to one or more 1.5 mL eppendorf tubes and record the 

supernatant volume. For 50 million cell nuclei, one eppendorf tube should be enough to hold all 

supernatant,.  

5. Add 25% of the pooled sup volume of 100% (w/v) trichloroacetic acid to the 

supernatant to yield a final concentration of 20% trichloroacetic acid. 

6. Let this mixture precipitate on ice for 45min. Do not disturb the precipitation.  

7. Spin down at 3400 g for 5 minutes at 4 °C and discard the supernatant. 

8. Add 1 mL acetone with 0.1% hydrogen chloride to the precipitate with a glass pipette. 

Avoid touching the precipitate on the tube walls. 

9. Spin down at 3400 g for 5 minutes at 4 °C and carefully remove the acetone with an 

aspirator. 

10. Repeat steps 8 and 9 once using 100% acetone (without hydrogen chloride). 

11. Air dry final pellet overnight.  
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2.1.4 Off-line RP-HPLC Purification of Raw Histones 

 

Histones were further separated and purified from by reversed-phase high-performance 

liquid chromatography (Thermo Ultimate 3000 system, Thermo Fisher Scientific, San Jose, CA) 

with a C18 column (218TP54, 250 mm × 4.6 mm, Grace, Deerfield, IL.). A linear gradient from 

30% B to 60% B in 100 minutes was used. Solvent A consists of 5% acetonitrile and 0.2% 

trifluoroacetic acid and Solvent B consists of 95% acetonitrile and 0.188% trifluoroacetic acid.  

Histone H4 eluted at ~44% B (Figure 2.1). Histone H2A eluted at 42% (H2A1), 43% (H2A2a), 

and 44% B (H2A2b) as three fractions, where the last two fractions were not baseline-resolved.  

For some samples, the last two H2A fractions were combined as fraction H2A2. Histone H2B 

eluted at ~41% B. Fractions eluted from the column were colleted by an auto-collector and dried 

overnight under vacumn. Approximately 25 µg of histone H4 (or H2A, or H2B) was yielded 

from 50 million cells. 

 

 

 

Figure 2.1 Off-line purification and separation of histone fractions by reversed-phase high-

performance liquid chromatography.  The 214 nm wavelength was chosen for its high sensitivity. 

Note that histone H2A elutes in 3 fractions. One fraction is before histone H4 and the other two 

elute later than H4 but are not baseline resolved. 
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2.2 Top-down Mass Spectrometry 

 

2.2.1 Top-down MS/MS by Use of 9.4T FT-ICR 

 

The layout of the custom-built 9.4T FT-ICR is shown in Figure 2.2. A typical top-down 

MS/MS experient is carried out as follows. The sample solution is ionized through a nano-

electron spray source and multiplely charged proteins cations are transferred into the mass 

spectrometer though the heated metal caplillary and focused by the tube lens and skimmer (or 

two ion funnels in some cases). The ions are then transferred to the accumulated octopole to be 

cooled with helium gas. The accumulation can go through several cycles to reach a higher ion 

target. The ions are then transferred to the ICR cell through multiple octopoles for SWIFT, ECD, 

or m/z measument. 

 

 

 

Figure 2.2 Layout of the custom-built 9.4T FT-ICR. 

 

 

Dried histone was resuspended with 50% acetonitrile and 1% formic acid to reach a 

concentration of ~2 µM. Sample solution was introduced in the custom-built 9.4T FT-ICR 

through a nano-electrospray source at 0.4 µL/min spray rate and 2100-2500 Volts. [11] Intact 

protein mass spectra were collected with one second (with tubelens and skimmers) or ten 



20 

milliseconds (with ion funnels) accumulation time and one second transient time for each scan 

and averaged between 100 scans. The precursor for MS/MS was selected first by filtering 

through a quadrupole with an m/z window of 2-5 and furthered isolated to an m/z window of ~1 

by stored waveform inverse Fourier transform (SWIFT).[12] Electron capture dissociation was 

performed in the ICR cell for 50 ms with 12 eV electrons. Each MS/MS collected was an 

average of 100–1500 scans. Mass calibration was achieved externally by two-term frequency-to-

m/z conversion from Pierce LTQ ESI Positive Ion Calibration Mix (Thermo Fisher Scientific, 

San Jose, CA). [13-14] 

 

2.2.2 Top-down MS/MS by Use of 14.5T FT-ICR 

 

A custom-built 14.5T FT-ICR mass spectrometer with Velos Pro front end (Thermo 

Fisher Scientific, San Jose, CA) was also used in the top-down experiments. ETD precursor ions 

were isolated twice with the window width of m/z 1.5 to 2.0 in the ion trap.  Front-end electron 

transfer dissociation (fETD) was performed for 3 ms and MS/MS was collected after averaging 

100 scans. Resolving power was set at 1,500,000 at m/z 400. [15] Mass was externally calibrated 

with Pierce LTQ ESI Positive Ion Calibration Mix. (Thermo Fisher Scientific, San Jose, CA) 
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CHAPTER 3 

 

 

TOP-DOWN ANALYSIS OF HISTONE H4 POST-TRANSLATIONAL 

MODIFICATIONS BY ELECTRON CAPTURE DISSOCIATION FT-ICR 

MASS SPECTROMETRY 

 

 
3.1 Introduction 

 

3.1.1 Chromatin Structure and Histones 

 

 

 
Figure 3.1 Chromatin structure at three levels. Bottom: basic level, “beads-on-a-string” model. 

The beads are nucleosomes and the string is double-strand DNA. Middle: the 30 nm fiber. It is 

formed by coiling the beads-on-a-string structure after cooperated with histone H1. Top: 

condensed “X” shape chromatin in mitosis. This structure can be observed directly through 

optical microscopy.  Figure is acquired from National Human Genome Research Institute with 

permission. 
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DNA in eukaryotic cell nuclei is packaged with some highly alkaline proteins called 

histones into chromosomes. Chromosomes have highly condensed structure during mitosis, 

which can be easily observed by optical microscopy (Figure 3.1). [16] Chromosomes can be 

unwrapped into a long 10 nm fiber that are usually described with the “beads on a string” model, 

in which the string is double-strand DNA and the beads are called nucleosomes. Nucleosome is 

the basic unit of chromosomes and it is composed of ~146 base pairs of DNA wrapped around a 

histone octamer core. (Figure 3.2) [17]  The octamer contains two copies each of histones H2A, 

H2B, H3, and H4. Those histones are also called core histones. 

 

 

 

Figure 3.2 Nucleosome structure. Center: histone octamer core with two copies each of histones 

H2A (yellow), H2B (red), H3 (blue), and H4 (green). Note the unstructured loosing tails of 

histones. Outside: ~146 base pairs of double-strand DNA wrapped in 1.67 left-handed 

superhelical turns around the core. 
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Histones serve as important structure components in chromosomes and allow the 1.8 

meters of DNA in a human cell to be packed into 90 µm of chromosomes, which are much 

stronger and more stable than the DNA itself. [18] Histones also play important roles in 

epigenetic regulation through their post-translational modifications (PTMs) or variations in 

primary sequence. For example, acetylation of lysine 56 (K56) of histone H3 associates with 

activation of gene transcription and methylation of lysine 27 of histone H3 (K27) has been 

related with gene repression. [19] 

 

3.1.2 Histone H4 and Its Post-translational Modifications (PTMs) 

 

Histone H4, although encoded by multiple genes at different loci, is the only histone with 

no sequence variants in human. The sequence of histone H4 is also preserved well through 

evolution. In fact, humans, mice, chicken, frogs, zebra fishes, and wheat all share the same 

histone H4. Histone H4 in those species consists of 102 amino acids (Figure 3.3). Among them, 

12 amino acid residues have known modifications (Uniprot database), which in theory could 

generate more than 4000 proteoforms. [20] Especially, the first 25 amino acid residues in the 

sequence, which are heavily loaded with lysine, are flexible in structure and heavily modified. It 

is ususally refered as the “histone H4 tail” and plays essential roles in epigenetic regulaion. 

 

 

 

Figure 3.3 Sequence of human histone H4. It consists of 102 amino acid residues, 12 of which 

possess known modifications (underlined). The histone H4 N-terminal tail, which refers to the 

first 25 amino acid residues, has divergent structures and is the most heavily modified region.  
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3.1.3 Histone Code 

 

Recent evidences suggest crosstalks between histone PTMs. Some proteins or protein 

complexes will only recognize certain PTM combinations. For example, Moriniere et al. 

demonstrated that the bromodomain of extraterminal (BET)-family proteins BD1 binds to four 

diacetylated H4 tails (first 20 amino acids) with the highest affinity for lysine 5/ lysine 8 (K5/K8) 

diacetylation but does not bind any monoacetylted ones (Figure 3.4 top). [21] In other cases, 

binding to one PTM is inhibited by the presence of another. The most famous example is that the 

presence of serine 10 phosphorylation of H3 (S10ph) inhibits the binding of heterochromatin 

protein 1 (HP1) to tri-methylated lysine 9 (K9me3) (Figure 3.4 bottom). [22] The fact that 

histone PTMs work in combination suggests the existence of “histone code”, in which the stage 

and function of a histone molecule is defined by not only one but multiple PTM marks on it. [23-

24] Top-down proteomics, with the power of studying all PTMs on one histone molecule and 

assigning proteoforms, is the best path to further decipher the histone code. 

 

 

 

Figure 3.4 Crosstalk between histone PTMs. Top: bromodomain protein BD1 has much higher 

binding affinity to the diacetylated histone H4 tail than the monoacetylated one. Bottom: histone 

H3 S10 phosphorylation inhibits the binding of heterchromatin protein HP1 to trimethylated K9.  
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3.2 Identifications of Histone H4 Proteoforms by Top-down MS/MS 

 

Sample preparation and top-down MS/MS experiments were performed as descriped in 

Chapter 2. This chapter will focus on data analysis and interpretation. 

 

3.2.1 Methyl Equivalent (m. e.) 

 

Histone H4 usually carries PTMs and the most common ones are methylation, 

acetylation, and phosphorylation. The first step in the analysis of histone H4 proteoform is to 

calculate the methyl equivalent for each isotopic distrubution in the MS1. PTMs would add extra 

weight to the protein molecules and those weight can be coverted into methyl equivalents. 

Methyl group (CH2) is chosen as the basic unit because it is relatively small among all common 

PTMs. Also, one acetylation weights as three methylations, which makes the weight of a methyl 

group a convenient unit. 

Methyl equivalent (m.e.) is calculated as following, 

m.e. =
M − M

0

14.01565Da
 (3.1) 

in which M is the measured most abundant isotopic mass of the sample protein, calculated from 

the most abundant isotopic peak in an isotopic envelop in the MS1; M0 is the most abundant 

isotopic mass of the unmodified histone H4, M0 =11235.35689 Da. In some cases monoisotopic 

masses are used for both M and M0. In this study the most abundant isotopic masses were chosen 

because they can be read directly from the mass spectra without deconvolution.14.01565 Da is 

the mono isotopic mass of a methyl group. 

For example, the most abundant isotopic peak of the isotopic envelop is at m/z 870.65989 

(Figure 3.5). Taking into account its 13+ charge state the mass is calculated as, 

M = (870.65989 ×13−13×1.007276)Da = 11305.4840Da  

in which 1.007276 Da is the mass of a proton. 

Therefore the methyl equivalent for this isotopic distribution equals to 

m.e. =
M − M

0

14.015Da
=
11305.4840Da −11235.3569Da

14.01565Da
= 5.0035  

 Methyl equivlent of five represents either five methylations or one acetylation with two 

methylations, which reduces the possible proteoform candidates from 4000 to less than 100. The 
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fragmentation information in MS/MS is then used to localized the PTMs and assign the 

proteoform. The broadband mass spectral segment of histone H4 at 13+ charge state with 

calculated methyl equivalents is shown in Figure 3.5. The majority of histone H4 proteoforms in 

HeLa have methyl equivalents between three and twelve and nearly half of them have methyl 

equivalent of five.  

 

 

 
Figure 3.5 ESI 9.4 T FT-ICR mass spectral segment of histone H4 at 13+ charge state from 

HeLa cells with methyl equivalents calculated for each isotopic distribution. The most 

abundance isotopic distribution has a methyl equivalent of five. The smallest six isotopic 

distributions (labeled with asterisks) were isolated separately with MS/MS collected. 

 

 

3.2.2 Proteoform Identification 

 

Proteoform identification is based on both the calculated methyl equivalent and MS/MS 

fragmentation ions. First, for a given isotopic distribution all possible proteoforms with the 
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matched methyl equivalent are generated and input into the in-house built software, in which the 

most abundant isotopic m/z of all theoretical fragments (c ions and z ions in this case) for each 

proteoforms are calculated and stored as a separate list. The possible candidate must have the 

matched methyl equivalent and meed the general rules of PTMs. Secondly, the software 

compares the peaks from the experimental MS/MS with the calculated fragments list of every 

proteoform candidate and assigns the fragment if the experimental m/z falls within 3 ppm 

window of the theoretical value. All assigned fragments from one proteoform candidate form the 

assigned-fragment list. For each fragment in the list the software further looks into its 

neighboring peaks to assure a reasonable isotopic distribution. Otherwise the assigned fragment 

would be removed from the list. The output of the software for each proteoform candidate is the 

modified assigned-fragment list. 

The last step is to determine which proteoform provides the best match. Usually the 

proteoform with the highest number of assigned fragments is considered as the correct 

assignment. For example, the peak with the methyl equivalent of five is assigned as 

H4NαacK20me2, which indicates one acetylation on the N-terminus and di-methylation on 

lysine 20 (K20), because it provides the highest amount of matched fragments. The assigned 

proteoforms of histone H4 in HeLa is shown in Figure 3.6. Notably all of them contain N-

terminal acetylation. 

 

3.2.3 Ambiguity of Proteoform Identification 

 

However, for each isotopic distribution the assigned proteoform may not be the only 

proteoform presents. It is more likely to be the most abundant proteoform in this isotopic 

distribution. The assignment of two or more co-existed isomeric/isobaric proteoforms is much 

harder and sometimes impossible. Usually the difficulty falls within PTMs localization rather 

than PTMs identification. The latter is more straightforward with accurate measurement of the 

intact protein mass. For example, methyl equivalent of five can only come from five 

methylations or two methylations with one acetylation. And the high mass accuracy of FT-ICR 

can even differentiate three methylations from one acetylation. The difference is 36 mDa and 

equals to 3 ppm of the intact protein mass of histone H4, which can be easily reached with 

proper calibration. 
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For histone H4, PTMs localization is where most ambiguities rise. A putative example is 

illustrated in Figure 3.7, in which only the first 20 amino acid residues of histone H4 is 

considered for simplification. The graphs indicate the number of acetylation observed on c1-c20 

ions. The first cause of ambiguity in assignment is insufficient sequence coverage (Figure 3.7 

Case ii). The insufficient sequence coverage between G7 and K12 renders the localization of the 

second acetylation impossible. It can be on either K12 or K16. Therefore the proteoform can 

only be ambiguously assigned as H4K5acXac (X=K12 or K16). It is also possible that both 

H4K5acK12ac and H4K5acK16ac are present in the sample. Ambiguity caused by insufficient 

sequence coverage can be reduced or eliminated by improving MS/MS fragmentation methods, 

optimizing experimental conditions, or switching to more efficient techniques such as UVPD. 

More efficient fragmentation technique and higher sequence coverage are currently hot research 

topics in the top-down proteomics community. 

 

 

 
Figure 3.6 ESI 9.4 T FT-ICR mass spectral segment of histone H4 at 13+ charge state from 

HeLa cells with assigned proteoforms labeled. Note the labeled proteoforms are not necessarily 

the only proteoforms present in the isotopic distribution but the most abundant one. All identified 

proteoforms are acetylated at N-terminus while H4NαacK20me2, H4NαacK16acK20me1, and 

H4NαacK16acK20me2 are the most abundant proteoforms. 
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Figure 3.7 Ambiguity of top-down mass spectrometry. i) No ambiguity with single proteoform 

and enough (100%) sequence coverage. ii) Ambiguity with single proteoform and insufficient 

sequence coverage. Both K8 and K12 could carry the second acetylation. iii) Ambiguity with 

mix spectra of multiple proteoforms and enough (100%) sequence coverage. K12 could carry 

one acetylation. 
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However, sometimes 100% sequence coverage is not enough to provide confident 

assignments, as demonstrated in Case iii of Figure 3.7. Assume the sample is a mixture of 

H4K5acK8ac and H4K8acK16ac and 100% sequence coverage is achieved during fragmentation 

and assignment. The resulted MS/MS, however, can generates false-positive assignments of 

H4K8acK12ac and H4K5acK12ac and therefore raises ambiguity. 

In this case the ambiguity arises from the mixed spectra and the false-positives are the 

combination of partial MS/MS fragments from two of more proteoforms. In some cases, the 

false-positive could generate the highest assignment score. One way to reduce the false-positives 

is to separate the proteoforms prior to mass spectrometry by liquid chromatography. Phanstiel 

et.al. has developed a weak cation exchange chromatography to provide base-line separation of 

the first 23 amino acids of histone H4 by their different degrees of acetylations. The idea is that 

acetylated lysine residues can no longer carry positive charges (protons) thus change the charge 

distribution of the entire pepetid. [25]  

However, chromatography could not prevent the generation of false-positives in Case iii 

because all proteoforms involved carry two acetylations and will most likely to co-elute from the 

column. Another strategy may help the case. It involves the relative quantitation by MS/MS 

fragments and will be further discussed in Chapter 7.    
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CHAPTER 4 

 

 

LABEL-FREE RELATIVE QUANTITATION OF ISOBARIC AND 

ISOMERIC HUMAN HISTONES H2A AND H2B VARIANTS BY 

FOURIER TRANSFORM ION CYCLOTRON RESONANCE TOP-DOWN 

MS/MS 

 

 
4.1 Introduction 

 

 

 

Figure 4.1 Sequence variants of canonical histone H2A in human. 

 

 

Histones H2A and H2B are core histones. However, unlike histones H3 or H4, which are 

usually heavily modified, histones H2A and H2B are lightly modifided but possess large amount 

of sequence variants.  There are at least 17 members in the H2A gene family and 19 in the H2B 

family in human (Figure 4.1 and Figure 4.2) and most of them have very similar primary 

sequences. The differences are usually on one or a few amino acid residues over an average span 



32 

of 125 AA. There are also exceptions such as H2A.Z and H2A.X that exhibit significantly 

difference sequences from the rest of the gene family members.  Thus, histones H2A and H2B 

function in epigenetic regulation and cellular events through both PTMs and sequence variation. 

[26-30]   

 

 

 

Figure 4.2 Sequence variants of histone H2B in human. 

 

 

Only a few members of the histone H2A family that possess very unique sequences have 

been studied (H2A.V H2A.Z, H2A.X, H2Abdb, and Macro H2A) [31-32]. The majority of the 

members, so-called canonical histone H2A, are not well characterized. And there is even less 

known about members of the histone H2B family. The high similarity in primary amino acid 

sequence renders the antibody specificity and most traditional physical separations incapable of 

revolving variants. [33-35] Also, the variations of sequences frequently occur near both the N- 
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and C-termini, which limits the success of bottom-up and middle-down MS/MS to identify these 

variants. Therefore, the best way to characterize these variants is top-down MS/MS. 

 

4.2 H2A and H2B Proteoform Identification and Relative Quantitation  

 

4.2.1 Proteoform Identification 

 

 

 

Figure 4.3 Workflow of the identification and relative quantitation of histone H2B proteoforms 

from HeLa cells.  A) ESI 9.4 T FT-ICR mass spectral segment of the 17+ charge state of histone 

H2B. B) Precursor ions are isolated by an external quadrupole mass filter followed by in-cell 

SWIFT excitation to a window within m/z range of ~1. C) Representative ECD product ion 

spectrum. D) Relative abundance ratios of the corresponding fragments from different 

proteoforms present in the isolated precursor at m/z 812.4. E) Partial results of relative 

quantitation of histone H2B proteoforms. 
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The high-resolution MS1 collected for each histone fraction from the off-line RPLC 

separation are used to measure the accurate masses of the intact proteins (Figure 4.3A). Each 

isotopic distribution may represent one or a few proteoforms. Stored waveform inverse Fourier 

transform (SWIFT) ensured that each precursor for MS/MS was limited to only one isotopic 

distribution and the interference from neighboring distribution(s) was eliminated (Figure 4.3B) 

in the MS/MS. 

As shown in Figure 4.1 and Figure 4.2, there are 16 possible single amino acid variant 

sites for histone H2A and 14 sites for histone H2B, which are considered as critical checkpoints 

for proteoform identification. A proteoform database is generated based on the sequences 

obtained from Uniprot with possible PTMs into consideration. [20] Each acquired MS/MS is 

searched against the proteoform database by the in-house built software described in Chapter 3 

and the intact protein mass of the precursor also serves as an important aspect.  A proteoform 

need to satisfy two criteria to be identified: 

Criterion One – intact protein mass. The measured intact protein mass must be within 3 

ppm tolerance window of the theoretical value. Exceptions will be made if more than one 

proteoforms co-exist in the same isotopic distribution due to their small mass differences.  

Criterion Two – check points. Between any two critical checkpoints, there must be at 

least two fragment cleavages observed in the MS/MS. Criterion Two does not apply to the 

adjacent checkpoints or the checkpoints near a terminus.   

However, these two criteria do not eliminate false-positive proteoform assignments. In 

the cases where three or more proteoforms are identified in the same MS/MS, more careful data 

interpretation is required. An example is discussed later in this chapter. 

An example is shown here to demonstrate the two criteria. The mass spectral segments of 

16+ charge state of histone H2A from three LC fractions are shown in Figure 4.5.  

The most abundant isotopic distribution at m/z 876 in the mass spectral segment of H2A 

fraction 1 is calculated to be 14005.880 Da as the most abundant isotopic mass with the equation 

described in Chapter 3. However, the observed most abundant isotopic peak could be off by 1 Da 

to the theoretical value especially for proteins because the most abundant two or three isotopic 

peaks of a protein can be similar in abundances. Also if two or more proteoforms are present in 

the same isotopic distribution but possess slightly different masses, the major proteoform could 

prevail over the less abundant proteoform(s). Therefore a larger ±3 Da filter window is chosen to 
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prevent the elimination of possible low-abundance proteoform candidates. In this specific case, 

only proteoform H2A2ANαac (N-terminus acetylated H2A2A) fits within the 14005.880 ± 3 Da 

mass window.  

The next step is to check if the proteoform candidate meets the two criteria. The assigned 

ECD MS/MS product ion map is shown in Figure 4.4. It satisfies Criterion Two with the 

sequence coverage of 80%. Also, the observed mass of 14005.880 Da fits within 3 ppm mass 

tolerance window of the theoretical value (14005.881 Da) and meets Criterion One. Therefore 

the isotopic distribution centered at m/z 876 is assigned as H2A2ANαac. (Table 4.1)  

 

 

 

Figure 4.4 Ion map of proteoform assignment H2A2ANαac. The identified c ions are labeled as 

“    ” and the z ions are labeled as “L”.  

 

 

Another example is shown here to demonstrate the assignment of two or more co-existed 

proteoforms in the same isotopic distribution. In the mass spectral segment of histone H2B at 

17+ charge state (Figure 4.6), the most abundant isotopic mass of the isotopic distribution 

centered at m/z 812.2 is calculated as 13788.598 Da. It has been proven previously by the 

Kelleher Lab that H2B contains little methylation in HeLa thus no methylation is considered 

during the proteoform database building. [36] After filtration, three proteoforms - H2B2E, 

H2B2F, and H2B1N - fitted within ± 3 Da mass window and ECD MS/MS confirmed the 

existence of all three proteoforms. However, the theoretical mass of proteoform H2B1N is 

13791.050 Da, which is ~2.5 Da heavier than the observed value. Even though proteoform 
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H2B1N fails at Criterion One it is still a valid assignment because the existence of the more 

abundant proteoforms H2B2E and H2B2F shifts the mass center of the isotopic distribution. 

 

 

Table 4.1 Intact protein masses calculated from measured m/z of 16+ charge state of histone 

H2A and 17+ charge state of histone H2B by 9.4T FT-ICR. Two-term calibration is achieved 

externally with Pierce LTQ ESI Positive Ion Calibration Mix.  

Proteoforms 
Theoretical 

Mass (Da) 

Measured 

Mass_rep1 

(Da) 

error 

(ppm) 

Measured 

Mass_rep2 

(Da) 

error 

(ppm) 
rep3 

Measured 

Mass_rep3 

(Da) 

H2A2CNαac 13898.832 13898.832 -0.007 13898.821 -0.813 13898.829 -0.237 

H2A2ANαac 14005.881 14005.880 -0.038 14005.884 0.190 14005.901 1.447 

H2A1DNαac 14017.935 14017.952 1.211 14017.949 0.983 14017.956 1.439 

H2A1BNαac 14045.941 14045.927 -1.046 14045.936 -0.363 14045.941 -0.021 

H2A1HNαac 13816.824 13816.818 -0.434 13816.823 -0.086 13816.810 -1.013 

H2A1Nαac 14001.940 14001.944 0.280 14001.944 0.280 14001.959 1.308 

H2A1CNαac 14015.931 14015.940 0.619 14015.932 0.048 14015.948 1.190 

H2A1BNαac 14045.941 14045.940 -0.135 14045.959 1.232 14045.940 -0.135 

H2B1K 13759.060 13758.589 -0.471 13758.681 -0.379 13758.833 -0.227 

H2B1C 13775.050 13774.588 -0.462 13774.680 -0.370 13774.794 -0.256 

H2B1J 13773.080 13774.588 - 13774.680 - 13774.794 - 

H2B1O 13775.050 13774.588 -0.462 13774.680 -0.370 13774.794 -0.256 

H2B1N 13791.050 13788.598 - 13788.690 - 13788.690 - 

H2B2E 13789.080 13788.598 -0.482 13788.690 -0.390 13788.690 -0.390 

H2B2F 13789.080 13788.598 -0.482 13788.690 -0.390 13788.690 -0.390 

H2B1D 13805.081 13804.590 -0.491 13804.759 -0.322 13804.759 -0.322 

H2B1B 13819.108 13818.585 -0.523 13818.678 -0.430 13818.793 -0.315 
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The proteoform assignments of histones H2A and H2B in HeLa cells are summarized in 

Figure 4.5 and Figure 4.6. A total of 10 proteoforms of histone H2A- H2A.V, H2A.Z, 

H2A2ANαac, H2A2CNαac, H2A1Nαac, H2A1BNαac, H2A1CNαac, H2A1DNαac, 

H2A1JNαac, and H2A1HNαac – are identified and a total of 9 proteoforms of histone H2B - 

H2B1K, H2B1C, H2B1J, H2B1O, H2B1N, H2B2E, H2B2F, H2B1D, and H2B1B – are 

identified. Note that proteoforms H2A1BNαac and H2A1DNαac are found in both LC fractions 

H2A-2a and H2A-2b, which explains the non-baseline resolution of the two fractions. All 

identified H2A proteoforms except H2A.V and H2A.Z are acetylated at N-terminus. No PTMs 

are detected in any of the H2B proteoforms. 

 

 

 

Figure 4.5 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fractions H2A1, H2A2a, 

and H2A2b at 16+ charge state from asynchronous HeLa cells. Proteoforms identified by ECD 

MS/MS are labeled.  Because H2A fraction 2a (containing 2 major proteoforms) and fraction 2b 

(containing 5 major proteoforms) are not baseline-resolved by RP-HPLC, proteoforms 

H2A1DNαac and H2A1BNαac are present in both fractions. 
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Figure 4.6 ESI 9.4 T FT-ICR mass spectral segment of histone H2B at 17+ charge state from 

asynchronous HeLa cells. Proteoforms identified by ECD MS/MS are labeled. 

 

 

4.2.2 Three-level Relative Quantitation 

 

A three-level relative quantitation method is implemented to perform label-free relative 

quantitation for histones H2A and H2B proteoforms (Figure 4.3).  

Level One – LC level. The first level of relative quantitation is applied to the RP-HPLC 

chromatogram (Figure 2.1). As mentioned before, histone H2A elutes in three fractions from the 

LC column (H2A-1, H2A-2a, and H2A-2b), whereas the later two are not baseline-resolved. The 

RP-HPLC equips with an UV detector and the 214 nm wavelength is chosen for relative 

quantitation because it has the highest sensitivity. The peak area in the chromatograph of each 

fraction is then normalized to represent the amount of protein it contains. The assumption here is 

that all histone H2A proteoforms exhibit the same molar absorptivity. It is a good approximation 

considering the high sequence similarity of the proteoforms. Histone H2B elutes in one fraction 

thus no LC quantitation is applied. 

Level Two-Broadband MS1 Level. The next level is on the broadband mass spectra of 

the intact proteins. Figure 4.3A is the mass spectral segment of histone H2B at 17+ charge state 

and it serves as a good example. Five isotopic distributions that are above 5% relative abundance 
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are picked and weighted based on mass spectral peak heights (Figure 4.3E). Note that each 

isotopic distribution may contain one or a few proteoforms therefore the peak height represents 

the sum of all proteoforms if multiple proteoforms are identified. The contribution of each 

proteoform would be further weighted based on MS/MS fragments in Level Three.   

Level Three- MS/MS Fragments Level. The last level of the relative quantitation is 

based on ECD MS/MS fragment ions to quantitate co-isolated proteoforms. Taken the previous 

example, three proteoforms (H2B1N, H2B2E, and H2B2F) are identified in the isotopic 

distribution centered at m/z 812.4 in Figure 4.6. Their sequences indicate that each of them 

would have unique c4-c38 ions and the c ions within this range are picked from the MS/MS. The 

ratios of the c ions of different proteoforms but possessing the same charge state and length are 

calculated and plotted in Figure 4.3D. The average of those ratios thus is used to weight the 

relative abundances of their precursor proteoforms in the given isotopic distribution (Figure 

4.3E).  

 

 

 

Figure 4.7 Results of the label-free relative quantitation of histone H2A proteoforms in HeLa. 

Error bars are calculated from three biological replicates. 
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The final results are calculated by integrating all three levels of relative quantitation. The 

results in HeLa are summarized in Figure 4.7 and Figure 4.8. 

 

 

 

Figure 4.8 Results of the label-free relative quantitation of histone H2B proteoforms in HeLa. 

Error bars are calculated from three biological replicates. 

 

 

4.3 Advantages of High Resolving Power and High Mass Accuracy  

 

4.3.1 High Mass Accuracy and Confident Level of Proteoform Assignment 

 

As discussed in Chapter1, high mass resolving power and high mass accuracy benefit 

top-down proteomics greatly. First, accurate intact protein mass measurement validates the 

proteoform assignments thus serves as Criterion One in the proteoform identification (Table 

4.1). Secondly, the resulted MS/MS of intact proteins are much more complicated than those of 

digested peptides because theoretically the number of fragments increase linearly with the size of 

the precursor. Therefore the peak capacity required to resolve the fragments in top-down 

proteomics is much larger. Thirdly, proteins precursors also yield much larger fragments that 
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naturally carry more charges. Because resolving isotopic distribution is the first step towards 

mass calculation or deconvolution, only high resolving power mass spectrometry could provide 

accurate mass information on those large fragments. 

 

4.3.2 High Resolving Power and Isomeric Proteoforms 

 

 

 

Figure 4.9 Putative ECD fragments of histone H2B proteoforms H2B1C, H2B1J, and H2B1O. 

Segments in orange or purple represent regions for which ECD fragments are identical in mass 

for two proteoforms. These three proteoforms yield unique fragments only in the region z87-

z124. 

 

 

Moreover, high resolving power is crucial for differentiate highly similar proteoforms. 

The assignment of the isotopic distribution centered at m/z 811 in Figure 4.6 is a good example. 

Three proteoforms are identified using the two criteria described above - H2B1C, H2B1J, and 

H2B1O. Among them, H2B1C and H2B1O are structural isomers with the same mass of 

13775.050 Da. H2B1J, with a mass of 13773.080 Da, is 1.979 Da lighter than H2B1C and 

H2B1O. The difference rises from the mass difference between O and CH2. However, The 1.970 

Da difference is too small to be resolved in the broadband mass spectrum of the ~14 kDa 
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proteins, partial due to their unequal abundances.  As discussed in Chapter 3, when three or more 

proteoform are identified in the same isotopic distribution, one of them could be false-positive 

assignment. Therefore the critical fragments, which defined as the fragments that can only derive 

from one of the proteoforms, are further investigated to eliminate possible false-positives. [37]  

 

 

 

Figure 4.10 ESI 14.5T FT-ICR mass spectral segment of the z90 10+ ions of H2B1C and 

H2B1J. The mass difference between H2B1C-z90 and H2B1J-z90 is 1.97926 Da (
16

O vs, 
12

C
1
H2) and the split at m/z 993.83 is due to the small mass difference of 27.4 mDa (

16
O

12
C2 and 

13
C2

12
C

1
H2).  

 

 

The sequences of H2B1C, H2B1J, and H2B1O are carefully examined to find critical 

fragments. H2B1C, H2B1J, and H2B1O only differ at 3 sites: AA2, AA39, and AA124 (Figure 

4.9), which causes H2B1C and H2B1J yield identical c3-c38 ions and H2B1C and H2B1O yield 
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identical z3-z86 ions as shown in the orange region in Figure 4.9. Also, H2B1C has isomeric 

fragments with H2B1O in the range of c39-c129 ions thus are indistinguishable by mass 

spectrometry (the purple region in Figure 4.9). Therefore, the only critical fragments for these 

three proteoforms are z87-z124 ions, which weight ~10 kDa or more. Among the critical 

fragments, the z ions of H2B1O are easily identified because they are 14 Da heavier than those 

of H2B1C and 16 Da heavier than those of H2B1J. The z ions from H2B1C and H2B1J create a 

more difficult situation in which they only differ by 2 Da as the mass difference between 
16

O and 

12
C

1
H2. Taken into consideration of the isotopic distribution generated by 

13
C isotopologues, the 

difference for the mass spectrometer to resolve is the separation between 
16

O
12

C and 
13

C2
1
H2, 

which equals to 27.4 mDa. Fortunately, the ultrahigh resolving power of FT-ICR MS is able to 

revolve such small difference and provide confident verification of the co-existence of all three 

proteoforms. 

As shown in Figure 4.10, the z90 ion of H2B1J is successfully resolved from that of 

H2B1C by the 14.5T FT-ICR thus confirms the co-existence of both proteoforms. If the two z90 

ions are of equal abundance, the resolving power required to barely resolve them (R=1) will be 

360,000 at m/z 1000. It is equivalent to ~1,000,000 resolving power at m/z 400. In fact, the z90 

ion of H2B1C is three times abundant as that of H2B1J thus even higher resolving power is 

required to confirm the existence of both of them. 

In terms of relative quantitation, however, there are too few critical peaks to generate 

statistic significance results. Therefore the ratios of proteoforms H2B1C, H2B1J, and H2B1O are 

calculated through the ratios of their non-critical fragments (Figure 4.11). In the graph, the 

significant discontinuity occurs at AA39 is due to the presence of H2B1C. From AA1 to AA39, 

the number represents the ratio of the sum of H2B1C and H2B1J to H2B1O and from AA39 to 

AA129, the ratio is between H2B1J and the sum of H2B1C and H2B1O.  Two equations are 

drew from the graph: 

H2B1J + H2B1C

H2B1O
= 5.75  

H2B1J

H2B1O + H2B1C
= 0.257  

By solving the equation system, the H2B1C:H2B1J:H2B1O ratio is calculated to be 

3.2:1.0:0.72, which matches the number derived from Figure 4.10. 
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Figure 4.11 Abundance ratios of the c ions (red crosses) or z ions (green dots) generated from 

H2B1C, H2B1J, or H2B1O in HeLa cells.  Note that from AA1 to AA38, the ratio is between the 

sum of H2B1C and H2B1J to H2B1O and from AA39 to AA129, the ratio is between H2B1J and 

the sum of H2B1C and H2B1O. 

 

 

4.4 Application  

 

The same method is applied to four different cell lines: HeLa S3 cells, human embryonic 

stem cells (WA09), U937 cells, and prostate cancer cells (LaZ). 16 proteoforms from 12 

sequence variants of histone H2A and 10 proteoforms from 10 variants of histone H2B are 

identified and relatively quantitated by top-down FT-ICR ECD MS/MS (Figure 4.12 and Table 

4.2).  

In terms of histone H2A variants and proteoforms, among all four cell lines histone H2A 

variants H2A2A and H2A1 are the most abundant ones. They in together populate more than half 

of histone H2A. Some variants (such as H2A2A, H2A1D, H2A2C) do not vary much across cell 
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lines whereas others exhibit great diversity (such as H2A.Z, H2A.V, H2A1J, and H2A1H). H2A 

variant H2A1H, in two proteoforms (H2A1HNαac and H2A1HNαacK5ac), is twice abundant in 

stem cells than in the other three cell lines. Also, stem cells exhibit a higher abundance of 

acetylation on lysine 5 (K5), which has been reported to be associated with transcriptional 

activation. [38] U937 cells are five times more phosphorylated at serine 1 (S1). S1 

phosphorylation in canonical histone H2A and histone H4 has been related to transcription 

repression. [39] Also, S1 phosphorylation exhibits at similar percentage for both H2A2A and 

H2A1. 

On the other hand, the abundances of histone H2B variants vary markedly across the four 

cell lines with the exception of variant H2B2F. The Dulac lab discovered that histone H2B 

variant H2BE affects olfactory function in mice. [27] However, mice H2B variants possess 

different sequences with human H2B variants and the functions of human H2B variants are not 

clear yet. The top-down method developed in this study provides a path to study the biological 

function of those important variants. 

 

 

 

Figure 4.12 Relative abundances of histone H2A proteoforms from HeLa cells, human 

embryonic stem cell line (WA09), U937 cell line, and prostate cancer cells LaZ. 
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4.5 Conclusion  

 

In this study, a new proteoform identification and label-free relative quantitation method 

has been developed for highly similar histones H2A and H2B proteoforms that are inaccessible 

by antibody-based methods or bottom-up tandem mass spectrometry. A total of 10 proteoforms 

of histone H2A- H2A.V, H2A.Z, H2A2ANαac, H2A2CNαac, H2A1Nαac, H2A1BNαac, 

H2A1CNαac, H2A1DNαac, H2A1JNαac, and H2A1HNαac – and a total of 9 proteoforms of 

histone H2B - H2B1K, H2B1C, H2B1J, H2B1O, H2B1N, H2B2E, H2B2F, H2B1D, and H2B1B 

– are identified in HeLa. The relative abundances of all identified proteoforms have been 

calculated with the label-free approach. This method enables study of each individual sequence 

variant and the sequence-dependence of individual PTM, which can provide more extensive 

elucidation of the biological functions of many previously unstudied histone proteoforms. 

 

 

 

Figure 4.13 Relative abundances of histone H2B variants from HeLa cells, human embryonic 

stem cell line (WA09), U937 cell line, and prostate cancer cells LaZ. 
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Table 4.2 Relative abundances of histones H2A and H2B proteoforms from HeLa cells, human 

embryonic stem cell line (WA09), U937 cell line, and prostate cancer cells LaZ. 

Proteoforms HeLa (%) Stem Cells (%) U937 (%) LaZ (%) 

H2A2ANαac 30.5 ± 1.1 19.04 ± 0.06 25.0 ± 0.8 17.8 ± 0.1 

H2A1Nαac 21.8 ± 0.4 23.2 ± 0.2 29.8 ± 0.4 41.7 ± 0.2 

H2A1BNαac 12.1 ± 0.3 14.97 ± 0.03 5.51 ± 0.03 8.95 ± 0.07 

H2A1CNαac 8.31 ± 0.2 4.27 ± 0.07 3.9 ± 0.1 3.9 ± 0.2 

H2A1DNαac 7.78 ± 0.3 5.7 ± 0.2 4.2 ± 0.1 4.2 ± 0.4 

H2A1HNαac 4.36 ± 0.08 9.12 ± 0.08 3.9 ± 0.3 5.00 ± 0.04 

H2A2CNαac 3.97 ± 0.6 3.5 ± 0.2 2.84 ± 0.09 4.1 ± 0.1 

H2A2BNαac 3.00 ± 0.4 1.97 ± 0.02 2.9 ± 0.2 1.3 ± 0.1 

H2A1JNαac 2.84 ± 0.06 5.3 ± 0.1 1.41 ± 0.07 4.0 ± 0.1 

H2A.Z 1.79 ± 0.4 0.66 ± 0.02 2.1 ± 0.3 1.2 ± 0.2 

H2A2ANαacK5ac 1.24 ± 0.3 4.28 ± 0.04 2.6 ± 0.3 0.7 ± 0.1 

H2A1NαacS1ph 0.98 ± 0.1 3.43 ± 0.04 7.70 ± 0.05 1.7 ± 0.3 

H2A.V 0.78 ± 0.07 0.35 ± 0.01 0.78 ± 0.01 0.57 ± 0.01 

H2A2ANαacS1ph 0.56 ± 0.1 1.15 ± 0.06 6.0 ± 0.2 0.44 ± 0.04 

H2A1HNαacK5ac 0.08 ± 0.08 3.14 ± 0.09 0.48 ± 0.05 0.68 ± 0.05 

H2A.XNαac 0.9 ± 0.2 0.51 ± 0.01 0.9 ± 0.1 0.88 ± 0.03 

H2B1K 16 ± 2  10.5 ± 0.6 12.7 ± 0.6 4.9 ± 0.2 

H2B1H Undetectable  5.9 ± 0.4 2.9 ± 0.3 1.47 ± 0.03 

H2B1C 25.9 ± 0.9 24.6 ± 0.3 11.9 ± 0.6 10.4 ± 0.7 

H2B1O 8.3 ± 0.2 6.76 ± 0.08 10 ± 1 4.88 ± 0.06 

H2B1J 5.6 ± 0.3 4.0 ± 0.3 7.38 ± 0.08 6.8 ± 0.4 

H2B2E 16 ± 2 9.8 ± 0.2 17 ± 2 25 ± 1 

H2B2F 7.8 ± 0.5 7.4 ± 0.3 7.4 ± 0.4 6.8 ± 0.4 

H2B1N 3.1 ± 0.2 2.0 ± 0.1 Undetectable Undetectable 

H2B1D 13.0 ± 0.2 16.6 ± 0.7 13 ± 1 27 ± 3 

H2B1B 4.6 ± 0.1 12.4 ± 0.2 11.3 ± 0.9 13 ± 1 
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CHAPTER 5 

 

 

TOP-DOWN MS/MS ANALYSIS OF HISTONES H2A AND H2B 

SEQUENCE VARIANTS AND POST-TRANSLATIONAL 

MODIFICATIONS UPON HIV INFECTION 

 

 
5.1 Introduction 

 

At least 1.2 million individuals are living with HIV/AIDS in the United States alone with 

1 in 8 (12.8%) are unaware of their infection. Currently the most effective treatment for active 

HIV infection is Highly Active Antiretroviral Therapy (HAART).  However, HAART is less 

effective to blear virus in latently infection state resting in CD4+ T cells. [40-41] Thus the HIV 

virus is able to persist and render the disease incurable. Reactivation of the latently infected virus 

therefore is necessary for viral clearance.  

HIV gene reactivation and expression is regulated by chromatin structure and epigenetic 

modifications, such as the post-translational modifications of histones. [42] In 2014, Britton et 

al. reported epigenetic changes of histones H3 and H4 during the HIV infection using bottom-up 

proteomics. [41] This chapter focuses on the characterization of epigenetic changes of the other 

half of the nucleosome core, histones H2A and H2B, during the HIV infection by top-down 

proteomics with the method described in Chapter 4. As discussed before, top-down proteomics is 

the best way to study histones H2A and H2B because their highly similar sequence variants raise 

great challenge for antibody based methods and bottom-up/middle-down proteomics.  

In this chapter, proteoforms of histones H2A and H2B in normal and latently HIV 

infected cells are extensively characterized, including sequence variants and the PTMs co-

existing in specific combinations. The relative abundances of identified proteoforms are 

compared between normal and infected cells to analyze their changes upon HIV infection. The 

results are further analyzed by marginalizing to be comparable to current methods and previous 

studies.  
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5.2 Results 

 

5.2.1 Identification of Histones H2A and H2B Proteoforms 

 

 

 

Figure 5.1 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 1 from normal and 

HIV-infected U937 cells. Proteoforms identified by ECD MS/MS are labeled. The proteoforms 

labeled with asterisks contain methionine oxidation (+16 Da) or sulfate/phosphate adducts (+98 

Da). 

 

 

Figure 5.1-5.3 show mass spectral segments of intact histone H2A at 18+ charge states 

and histone H2B at 19+ charge state from both normal and HIV-infected U937 cells. [81] 

Histones H2A and H2B proteoform identification is achieved as described in Chapter 4. 15 

proteoforms from 11 sequence variants of histone H2A, 11 proteoforms from 11 sequence 

variants of histone H2B are identified by top-down MS/MS and labeled in the figures. Note that 

all identified proteoforms of histone H2A but H2A.V and H2A.Z are acetylated at the N-

terminus. Di-acetylation is observed in histone H2A2A, where one acetylation is at the N-

terminus and the other is on the side chain of either lysine 5 (K5) or lysine 9 (K9). Mono-
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phosphorylation is observed on H2A2A and H2A1. No phosphorylation or other PTMs are 

identified on any histone H2B variants for both cell lines. One H2B variant, H2B1N, is only 

detected in HIV-infected cells.  

 

 

 

Figure 5.2 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 2 from normal and 

HIV infected U937 cells. Proteoforms identified by ECD MS/MS are labeled. The proteoform 

labeled with asterisk contains sulfate/phosphate adducts (+98 Da). 

 

 

5.2.2 Relative Abundances of Histone H2A and H2B Sequence Variants 

 

Relative quantitation of proteoforms is achieved by the three-level method described in 

Chapter 4. The results were further margined to calculate relative abundances of histone variants. 

The relative abundances of 20 histones H2A and H2B variants do not change after HIV infection 

among the total 22 variants identified. However, one H2B variant, H2B2F, increases 70.3% from 

7.4 ± 0.5% to 12.6 ± 0.2% after the infection (p value 9.2× 10
-3

). Also, no H2B variant H2B1N is 
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detected in the normal cells, which is at 1.99 ± 0.02% relative abundance in the HIV-infected 

cells (p value < 1.0 × 10
-4

). (Table 5.1 and Figure 5.4) 

 

5.2.3 Histone H2A PTM Site Localization and Phosphorylation Abundance 

 

Except H2A.V and H2A.Z, all other nine identified H2A variants are acetylated at the N-

terminus. A small portion (7.6 ± 0.9%) of variant H2A2A carries one additional acetylation and 

it is localized to two amino acid residues, lysine 5 (K5) and lysine 9 (K9), where K5 acetylation 

is more than twice as abundant as K9 acetylation. The ratio is calculated from the abundances of 

their c5-c8 fragment ions and one example is shown in Figure 5.5.  However, the abundances of 

di-acetylated proteoforms of histone H2A do not change during the HIV infection. (Table 5.2 

and Figure 5.6) 

 

 

 

Figure 5.3 ESI 9.4 T FT-ICR mass spectral segments of histone H2B from normal and HIV-

infected U937 cells. Proteoforms identified by ECD MS/MS are labeled. 
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A portion of variants H2A2A and H2A1 also carry one phosphorylation in addition to the 

N-terminal acetylation. The phosphorylation is located to serine 1 (S1) based on the fact that all 

identified c ions are mono-phosphorylated. About one fifth of H2A2A and H2A1 are 

phosphorylated in normal cells but the amount of phosphorylation drops 55.0% from 18.0 ± 

0.6% to 8.1 ± 1.3% for H2A2A (p value 1.1 × 10
-2

) and 52.9% from 20.6 ± 0.1% to 9.7 ± 1.6% 

in H2A1 (p value 1.1× 10
-2

) after HIV infection. (Table 5.2 and Figure 5.6). Notably, variants 

H2A2A and H2A1 hold the highest abundances among all H2A variants in both normal and 

HIV-infected cells, as well as in other cell lines (Figure 4.12, 6.12, and 7.4). Therefore the other 

less abundant variants may also be phosphorylated at S1 but their abundances fall below the limit 

of detection.  

 

 

 

Figure 5.4 Relative abundances of all identified histones H2A and H2B variants from normal 

and HIV-infected cells. Error bars are calculated from two biological replicates. Upright window 

shows the variants that change significantly in abundance. Asterisk denotes p values less than 

0.05 (statistically significant changes). 
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Table 5.1 Relative abundances and two sided p values of histones H2A and H2B variants from 

normal and HIV-infected cells. Standard deviation is calculated from two biological replicates. 

Note that p values greater than 0.05 are not shown. Data with p value greater than 0.05 are not 

considered statistically significantly changed. 

Variants Abundance normal(%) Abundance HIV(%) p value 

H2A.V            0.79 ± 0.01       0.88 ± 0.05  

H2A.Z              2.1 ± 0.3       2.13 ± 0.03  

H2A2C            2.89 ± 0.09         4.0 ± 0.4  

H2A2A            34.2 ± 0.4       33.0 ± 0.4  

H2A1H              4.0 ± 0.3         4.4 ± 0.3  

H2A1J            1.43 ± 0.07         2.0 ± 0.1  

H2A2B              2.9 ± 0.2         3.0 ± 0.1  

H2A1          37.89 ± 0.6       35.9 ± 0.9  

H2A1D              4.3 ± 0.1         4.8 ± 0.1  

H2A1C              4.0 ± 0.1         4.5 ± 0.1  

H2A1B            5.57 ± 0.04         5.5 ± 0.3  

    

H2B1H              2.9 ± 0.3         3.2 ± 0.1  

H2B1K            12.7 ± 0.6       13.2 ± 0.5  

H2B1C            11.9 ± 0.6       12.0 ± 0.5  

H2B1J              7.4 ± 0.1         6.8 ± 0.3  

H2B1O              9.6 ± 1.1         8.6 ± 0.3  

H2B1N            undetected       1.99 ± 0.02 < 1.0 × 10
-4

 

H2B2E            16.9 ±1.5       14.0 ± 0.3  

H2B2F              7.4 ± 0.4       12.6 ± 0.2 9.2× 10
-3

 

H2B1D            13.2 ± 1.3       12.2 ± 1.2  

H2B1B              7.5 ± 0.3         6.5 ± 0.3  

H2B1L              3.8 ± 0.9         3.7 ± 1.6  
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Figure 5.5 ECD MS/MS mass spectral segments of the c5 ions of proteoform H2A2ANαacK5ac 

(left, containing two acetylations) and H2A2ANαacK9ac (right, containing one acetylation). 

Note that the c5 ion of H2A2ANαacK5ac are three times as abundant as that from 

H2A2ANαacK9ac. 

 

 

5.3 Discussion 

 

5.3.1 Histone Variants 

 

The most significant change of histone variants revealed in this study is that the relative 

abundances of two H2B variants, H2B1N and H2B2F, statistically significantly increase after the 

infection while there are essentially no differences in other nine H2B variants. There is little 

known on the functions of H2B variants in human. Santoro et al. discovered that one H2B 

variant, Hist2h2be, is exclusively expressed by olfactory chemosensory neurons and affects 

olfactory function in mice. [27] Hist2h2be differs from other variants by only five amino acid 

residues, which indicates that small difference in primary sequence is enough to cause dramatic 

changes in biological functions. Another famous example is that histones H3.1 and H3.3, who 

also differ by 5 amino acid residues, have a well-known functional difference. However, little is 

known about the biological functions of these H2B variants in humans mostly due to the 

analytical challenge described in Chapter 4. The well-studied H3.1/H3.3 system is contributed to 

the availability of antibodies, whereas there are no antibodies that can distinguish H2B variants 
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at the moment. The top-down MS method developed in this dissertation, however, presents an 

opportunity to reveal the functions of these previously unstudied variants.  

 

 

Table 5.2 Relative abundances and two sided p values of total phosphorylations on different 

sites from normal and HIV-infected cells. Data has been normalized to total variant population. 

Standard deviation is calculated from two biological replicates. Note that p values greater than 

0.05 are not shown. Data with p value greater than 0.05 are not considered statistically 

significantly changed. 

PTM site Abundance_normal(%) Abundance_HIV(%) p value 

H2A2AK5ac              5.3 ± 1.1         5.6 ± 0.6  

H2A2AK9ac              2.3 ± 0.2         2.1 ± 0.3  

H2A2AS1ph            18.0 ± 0.6         8.1 ± 1.3 1.1 × 10
-2

 

H2A1S1ph            20.6 ± 0.1         9.7 ± 1.6 1.1 × 10
-2

 

 

 

5.3.2 Histone Acetylation 

 

Histone lysine acetylation at the long terminal repeat (LTR) promoter of HIV viral genes 

has been discovered to play a critical role in the modulation of gene expression. [43] Giacca et 

al. and Hassan et al. both discovered that the increase of histone H3 and H4 acetylation is 

associated with HIV gene activation through different pathways. [44-45] One goal of this chapter 

is to examine if lysine acetylation of H2A/H2B plays a role in HIV infection. Lysine acetylation 

is identified at both K5 and K9 of histone variant H2A2A but their relative abundances show no 

significant change after the infection. Therefore histone H2A2A K5 and K9 acetylations are 

unlikely to play any significant roles during HIV virus retroviral gene reverse transcription or 

proviral gene expression. 

 

5.3.3 Histone Phosphorylation  

 

Phosphorylation is one of the most intensively studied modifications. In this study 

phosphorylations are identified in H2A variants H2A2A and H2A1 at serine 1 (S1). S1 

phosphorylation in canonical histone H2A has been connected to condensed chromatin and 
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transcription inhibition. Barber et al. first showed that S1 phosphorylation on both histones H2A 

and H4 increases during mitosis in HeLa thus suggest they are related to chromatin 

condensation. [46] Zhang et al. discovered later that the mitogen- and stress-induced kinase 

(MSK1) phosphorylates histone H2A at S1 and inhibits transcription that would otherwise be 

activated by GAL4-VP16. Mutation of serine 1 to alanine results in resistance to MSK1 activity. 

Therefore the repression effect of MSK1 is very likely mediated by S1 phosphorylation of 

histone H2A. [39] In the same study they also showed that MSK1 phosphorylates histone H4 at 

S1. Canonical histone H2A variants have a remarkably similar N-terminal region with histone 

H4 (SGRGKQGGK in H2A and SGRGKGGK in H4) and they both have serine as the first 

amino acid residue. It is not surprising that they would both be the substrate of MSK1. Besides, 

S1 phosphorylation of histone H4 has also been demonstrated to be a mitosis-specific 

modification. [47] In the present study, S1 phosphorylation on histone H2A decreases 55.0% for 

variant H2A2A and 52.9% for variant H2A1 after HIV infection, which may indicate an up-

regulation of transcription caused by the infection. In the present study, H2A2A and H2A1 carry 

about the same level of S1 phosphorylation and the percentages of the phosphorylation decrease 

similarly after HIV infection, which indicates that S1 phosphorylation may not be variant 

specific in U937 cells. This is not unexpected considering that the first 9 amino acids in all 

canonical H2A variants are identical.  

 

5.4 Conclusion 

 

In this chapter, the relative quantitative top-down proteomics method developed in 

Chapter 4 has been applied to reveal changes of histone variants, PTMs, and proteoforms upon 

HIV infection. The method also enables the investigation of the sequence-dependence of 

individual PTM in histones H2A and H2B. The most notable changes observed are: (1) Dramatic 

increases of previously unstudied H2B variants H2B2F and H2B1N after HIV infection, whereas 

all other H2B variants are unchanged; (2) an approximately 50% decrease in Serine 1 

phosphorylation on H2A variants H2A2A and H2A1 after the infection. Characterized but 

notably unchanged are (1) H2A Lysine 5 and Lysine 8 acetylations in H2A2A; (2) the 

proportions of all H2A variants; (3) the proportions of all but two H2B variants. These findings 
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on epigenetic changes upon HIV infection with proteoform level specificity lay foundation for 

the understanding of the function of histones H2A and H2B variants.  

 

 

 

Figure 5.6 Relative abundances of proteoforms with multiple PTMs observed from normal and 

HIV-infected cells. Data has been normalized to variants. Error bars are calculated from two 

biological replicates. Asterisk denotes p value less than 0.05.  
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CHAPTER 6 

 

 

TOP-DOWN MS/MS ANALYSIS OF HISTONES H2A AND H2B 

PROTEOFORMS IN THE FLUORESCENCE UBIQUITINATION CELL 

CYCLE INDICATOR (FUCCI) STEM CELLS DURING THE CELL 

CYCLE TRANSITIONS 

 

 
6.1 Introduction 

 

6.1.1 Cell Cycle and DNA Replication Fork 

 

 

 

Figure 6.1 Cell cycle in eukaryotic cells. G1 phase: the first gap phase, where cells increase in 

size and ensure the condition for DNA synthesis through G1 checkpoint control. S phase: DNA 

replication and chromatin synthesis. G2 phase: the second gap phase, where cells ensure the 

condition for divide. M phase: one cell divides into two daughter cells and it is usually the 

shortest phase. 

 

 

Cell cycle is a group of events during cell proliferation and usually divided into four 

phases in eukaryotic cells: chromatin synthesis (S), mitosis where cells divide (M), and two gap 

phases in between (G1 and G2) (Figure 6.1). Cell cycle is fundamental to cell proliferation, 

differentiation, and reprogramming. During cell cycle, chromatin (mainly DNA and histones) 
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duplicates and divides equally into two daughter cells. The maintaining of chromatin states 

during the replication thus is crucial to determine the cell fate. [48] For example, DNA and 

histone modifications in cancer cells exhibit widespread alternations to normal cells, which may 

be a result of irregulated cell cycle.  

 

 

 

Figure 6.2 DNA replication fork in S phase. Chromatin replicates through a fork structure. The 

solid black line represents double-strand DNA, whose structure is broken by helicases at the fork 

to grant access to the replication machinery. After the fork, newly synthesized double-strand 

DNA is wrapped around new or old histone octamer cores to form new nucleosomes. Note that 

newly synthesized histone H3-H4 dimers usually carry multiple acetylations. 

 

 

Chromatin replication occurs during S phase through a structure called DNA replication 

fork, where the chromatin undergoes dramatic structural changes to open access for a number of 

replication machineries (Replisome). After the fork, chromatin refolds to its normal structure in 

the two daughter strains (Figure 6.2). Nucleosome remodeling and assembly is one of the key 
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events at the replication fork in which histones are heavily involved. Histones on one hand are 

important source material for newly synthesized nucleosomes because the number of 

nucleosomes doubles after the replication. Histones also regulate the process. For example, 

phosphorylation of histone H1 promotes chromatin decompaction before the fork. [80] Also, 

newly synthesized histone H3-H4 dimers are usually acetylated at K5 and K12 on H4 and at K14 

or K18 on H3. [49-50] The functions of variants and PTMs of histones H2A and H2B are less 

studied compared to histones H3 and H4. Xu et al. showed that while (H3-H4)2 tetramers rarely 

(~6%) split during DNA replication and deposit in the daughter nucleosome as a whole, H2A-

H2B dimers show much more dynamic behavior and undergo extensive exchanges between old 

and newly synthesized molecules. [51] However, due to the analytical challenge raised by the 

highly similar sequence variants, no further study is conducted on the biological functions of 

histones H2A and H2B in the cell cycle. This chapter presents a study on characterizing histones 

H2A and H2B proteoforms during four cell cycle stages: early G1, late G1, S, and G2/M in 

human pluipotent stem cells to understand their biological functions.  

 

6.1.2 FUCCI Stem Cells and Cell Sorting 

 

Human pluripotent stem cells (PSCs) draw attentions from researchers all over the world 

for their two key properties. The first is their ability to maintain as PSCs under proper condition 

and duplicates infinitely. The other is their potential to generate all types of somatic cells through 

differentiation. Besides their importance in understanding our basic biology, stem cells have the 

potential to be tools in medicine. 

The Fluorescence Ubiquination Cell Cycle Indicator (FUCCI) was invented by the 

Miyawaki Group in 2008. [52] It allows directly monitor of cell cycle phases in living cells by 

fluorescence thus started a revolution within in vivo analysis. The principle behind FUCCI is 

shown in Figure 6.3. It takes advantage of two controllers in the precisely regulated cell cycle, 

the licensing factors Cdt1 and Geminin. The abundances of Cdt1 and Geminin oscillate during 

cell cycle. Cdt1 reaches the highest abundance in G1 phase before DNA replication but its 

abundance declines rapidly after entering S phase as the result of degradation facilitated by E3 

ubiquitin ligases SCF
Skp2

. Geminin level is high during S and G2 phase but it is targeted for 

degradation by ubiquitin ligases APC/C
Cdh1

 from mid-M to G1 phase, resulting in low abundance 
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in late M and G1 phase. The reciprocally timed activity of APC/C
Cdh1

 and SCF
Skp2

 is due to the 

fact that SCF
Skp2

 is a substrate and feedback inhibitor of APC/C
Cdh1

. [53] 

 

 

 

Figure 6.3 The oscillating controller system in the cell cycle. Two ubiquitin ligases, APC/C
Cdh1

 

and SCF
Skp2

, are oscillating in population during the cell cycle because SCF
Skp2

 is a direct 

substrate and feedback inhibitor of APC/C
Cdh1

. As a result, the substrate of APC/C
Cdh1 

(Geminin) 

and SCF
Skp2 

(Cdt1) are also oscillating in concentration during the cell cycle. Geminin stays 

abundant in S and G2 phase while Cdt1 peaks in G1 phase. 

 

 

In the FUCCI stem cells, the degron derived from Cdt1 has been fused with a red 

fluorescence protein, Kusabira Orange-2 (KO2) and the degron from Geminin was fused with the 

green fluorescent protein Azami Green (Az1). [54] As a result of the engineering, immediately 

after exiting M phase, cells become double negative and emit no fluorescence. The red 

fluorescence of KO2 progressively increases in G1 and allows distinguishing of cells in late G1 

phase from those in early G1 phase. The degradation of KO2 fused Cdt2 and accumulation of 
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AZ1 fused Geminin both start slightly after entry into S phase. Therefore after a short period of 

double positive yellow fluorescence (red + green) at the beginning of S phase, the cells transit to 

emitting green fluorescence with growing intensity and reach the maximum intensity at M phase 

(Figure 6.4).   

 

 

 

Figure 6.4 The double-fluorescence indicators in FUCCI stem cells. In FUCCI stem cells, Cdt1 

degron is engineered with a red fluorescence protein KO2 and Geminin degron is coupled with a 

green fluorescence protein Az1. Therefore the cells gain red fluorescence when Cdt1 peaks and 

emit green fluorescence when Geminin is in high concentration. The overall result is that FUCCI 

stem cells have no fluorescence at early G1 phase but emit strong red fluorescence at late G1 

phase. They yield a light green color in S phase and a bright green color in G2 and M phase. 

 

 

The FUCCI system will not only allow in vivo monitoring of the cell cycle in living cells 

but can also facilitate chemical-free cell synchronization by fluorescence activated cell sorting 

(FACS).  FUCCI stem cells are sorted based on their fluorescence into four fractions - early G1, 
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late G1, S, and G2/M phases- in the Dalton lab and each sorted sample consists of 50 million 

cells. This chemical-free cell sorting eliminates artifacts introduced by cell blocking agents and 

provides more reliable results. The top-down MS/MS method developed in Chapter 4 is used to 

perform unbiased characterization of histones H2A and H2B proteoforms during the cell cycle to 

understand their roles in cell replication. 

 

6.2 Results 

 

6.2.1 Identification of Histones H2A and H2B Proteoforms  

 

Figure 6.5-6.7 shows 9.4T FT-ICR mass spectral segments of intact histones H2A (18
+
 

charge states) and H2B (19
+
 charge state) from FUCCI stem cells at four cell cycle stages: early 

G1, late G1, S and G2/M. Identification is achieved with method described in Chapter 4. 15 

proteoforms from 11 sequence variants of histone H2A and 10 proteoforms from 10 sequence 

variants of histone H2B are identified by top-down MS/MS. All identified proteoforms of 

histone H2A but H2A.V and H2A.Z are acetylated at the N-termini. Di-acetylation is observed in 

variants H2A2A and H2A1H, where one acetylation is at the N-terminus and the other is on the 

side chain of lysine 5 (K5). Mono-phosphorylation is observed in H2A2A and H2A1. No PTMs 

have been identified on any histone H2B proteoforms for all samples. H2B proteoform H2B1N 

is not detected in Late G1 phase and barely detected in early G1 phase. 

 

6.2.2 Relative Abundances of Histones H2A and H2B Proteoforms 

 

The relative abundances of all identified proteoforms are calculated using the label-free 

three-level quantitation method described in Chapter 4 (Figure 6.8-6.9, Table 6.1). 20 out of 25 

identified histones H2A and H2B proteoforms do not show significant changes through the cell 

cycle. The results are also marginalized to variants for histone H2A proteoforms (Figure 6.10). 

In terms of sequence variants, 17 out of 21 variants identified remain at constant abundances. 

However, H2B variant H2B1N is barely detected in G1 phase but holds a ~2.4% relative 

abundance from S to M phase. H2A variant H2A1H remains at 7.2 ± 0.9% from G1 to S phase 

and increases 105% to 14.75 ± 0.02% in G2/M phase. Another two H2A variants, H2A.Z and 
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H2A.V, decrease from 3.8 ± 0.4% and 0.71 ± 0.09% to 0.5 ± 0.1% and 0.38 ± 0.00% in G2/M 

phase. (Table 6.2 and Figure 6.10) 

 

 

 

Figure 6.5 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 1 from FUCCI 

stem cells at 18+ charge state in early G1, late G1, S, and G2/M phases. Proteoforms identified 

by ECD MS/MS are labeled. Proteoforms labeled with asterisks contain methionine oxidation 

(+16 Da) or phosphate/sulphate adducts (+98 Da). 
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Figure 6.6 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 2 from FUCCI 

stem cells at 18+ charge state in early G1, late G1, S, and G2/M phases. Proteoforms identified 

by ECD MS/MS are labeled. The proteoform labeled with asterisk contains phosphate/sulphate 

adducts (+98 Da). 
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Figure 6.7 ESI 9.4 T FT-ICR mass spectral segments of histone H2B from FUCCI stem cells at 

19+ charge state in early G1, late G1, S, and G2/M phases. Proteoforms identified by ECD 

MS/MS are labeled. 
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Figure 6.8 Relative abundances of all identified proteoforms of histone H2A from FUCCI stem 

cells in early G1, late G1, S, and G2/M phases. Error bars are calculated from three technical 

replicates. 

 

 

 

Figure 6.9 Relative abundances of all identified proteoforms of histone H2B from FUCCI stem 

cells in early G1, late G1, S, and G2/M phases. Error bars are calculated from three technical 

replicates. 
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Table 6.1 Relative abundances of histones H2A and H2B proteoforms from FUCCI stem cells at 

early G1, late G1, S, and G2/M phases. Standard deviation is calculated from three technical 

replicates. 

Proteoforms Early G1 (%) Late G1 (%) S (%) G2/M (%) 

H2A.V 0.73 ± 0.05 0.79 ± 0.03 0.61 ± 0.04 0.38 ± 0.00 

H2A.Z 4.2 ± 0.3 3.87 ± 0.01 3.4 ± 0.3 0.5 ± 0.1 

H2A2CNαac 4.3 ± 0.4 4.65 ± 0.03 4.8 ± 0.3 5.2 ± 0.2 

H2A2ANαac 24.5 ± 0.3 24.3 ± 0.1 24.9 ± 0.4 25.4 ± 0.2 

H2A2ANαacK5ac 2.8 ± 0.2 2.70 ± 0.00 3.30 ± 0.07 3.37 ± 0.01 

H2A2ANαac1ph 2.6 ± 0.2 3.0 ± 0.1 2.57 ± 0.03 2.22 ± 0.06 

H2A1HNαac 6.13 ± 0.04 5.2 ± 0.2 5.0 ± 0.2 9.35 ± 0.01 

H2A1JNαac 4.82 ± 0.03 4.65 ± 0.01 4.5 ± 0.3 5.19 ± 0.03 

H2A1HNαacK5ac 1.21 ± 0.01 1.04 ± 0.03 0.92 ± 0.02 2.42 ± 0.03 

H2A2BNαac 1.57 ± 0.05 1.6 ± 0.1 1.56 ± 0.08 1.72 ± 0.01 

H2A1Nαac 21.2 ± 0.1 21.1 ± 0.2 22.2 ± 1.2 19.4 ± 0.5 

H2A1Nαac1ph 3.97 ± 0.01 4.35 ± 0.03 3.46 ± 0.07 2.69 ± 0.09 

H2A1DNαac 5.47 ± 0.09 5.4 ± 0.5 5.81 ± 0.08 4.99 ± 0.09 

H2A1CNαac 3.7 ± 0.2 4.4 ± 0.4 4.4 ± 0.1 3.28 ± 0.02 

H2A1BNαac 12.0 ± 0.2 12.2 ± 0.4 12.1 ± 0.7 11.0 ± 0.2 

     

H2B1K 10.3 ± 0.4 9.4 ± 0.2 10.9 ± 0.3 11.58 ± 0.06 

H2B1H 6.34 ± 0.07 5.0 ± 0.2 7.0 ± 0.4 6.46 ± 0.05 

H2B1C 23.0 ± 0.2 20.7 ± 1.0 25.0 ± 0.3 24.93 ± 0.06 

H2B1O 7.4 ± 0.2 7.1 ± 0.2 7.0 ± 0.1 6.57 ± 0.05 

H2B1J 6.6 ± 0.1 5.00 ± 0.04 5.5 ± 0.3 4.85 ± 0.01 

H2B2E 14.2 ± 2.9 15.7 ± 1.0 10.65 ± 0.04 11.80 ± 0.09 

H2B2F 7.1 ± 1.3 9.4 ± 0.4 7.7 ± 0.1 7.6 ± 0.2 

H2B1N 1.1 ± 1.5 Undetectable  2.42 ± 0.03 2.39 ± 0.00 

H2B1D 16.3 ± 0.4 17.7 ± 0.1 16.2 ± 0.1 15.83 ± 0.07 

H2B1B 7.7 ± 0.1 10.0 ± 0.2 7.7 ± 0.1 7.93 ± 0.04 
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Figure 6.10 Relative abundances margined to histone H2A variants from FUCCI stem cells at 

early G1, late G1, S, and G2/M phases. Error bars are calculated from three technical replicates. 

 

 

Table 6.2 Relative abundances of histone H2A variants from FUCCI stem cells at four cell cycle 

stages (Early G1, Late G1, S, and G2/M). 

Variants Early G1 (%) Late G1 (%) S (%) G2/M (%) 

H2A.V 0.73 ± 0.05 0.79 ± 0.03 0.61 ± 0.04 0.38 ± 0.00 

H2A.Z 4.2 ± 0.3 3.87 ± 0.01 3.4 ± 0.3 0.5 ± 0.1 

H2A2C 4.3 ± 0.4 4.65 ± 0.03 4.8 ± 0.3 5.2 ± 0.2 

H2A2A 29.90 ± 0.02 30.08 ± 0.01 30.1 ± 0.5 31.0 ± 0.2 

H2A1H 8.21 ± 0.03 6.8 ± 0.2 6.4 ± 0.2 14.75 ± 0.02 

H2A1J 4.82 ± 0.03 4.65 ± 0.01 4.5 ± 0.3 5.19 ± 0.03 

H2A2B 1.57 ± 0.05 1.6 ± 0.1 1.56 ± 0.08 1.72 ± 0.01 

H2A1 25.1 ± 0.1 25.5 ± 0.2 25.7 ± 1.1 22.0 ± 0.4 

H2A1D 5.47 ± 0.09 5.4 ± 0.5 5.81 ± 0.08 4.99 ± 0.09 

H2A1C 3.7 ± 0.2 4.4 ± 0.4 4.4 ± 0.1 3.28 ± 0.02 

H2A1B 12.0 ± 0.2 12.2 ± 0.4 12.1 ± 0.7 11.0 ± 0.2 
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6.2.3 Histone H2A PTM Localization and Abundances 

 

Three identified H2A variants carry additional PTMs besides the N-terminal acetylation. 

Acetylation on lysine 5 is observed in H2A2A and H2A1H. Mono phosphorylation is detected in 

H2A2A and H2A1.The abundances of these modifications are normalized to total variant 

population and summarized in Table 6.3 and Figure 6.11. They all remain at constant levels 

through the entire cell cycle. 

 

 

Table 6.3 Relative abundances of PTMs (except acetylation on the N-termini) of histone H2A 

from FUCCI stem cells in early G1, late G1, S, and G2/M phases. Results are normalized within 

each variant. Standard deviation is calculated from three technical replicates. 

PTM site Early G1 (%) Late G1 (%) S (%) G2/M (%) 

H2A2ANαacK5ac 9.3 ± 0.6 8.98 ± 0.01 10.74 ± 0.05 10.87 ± 0.02 

H2A2ANαac1ph 8.6 ± 0.6 10.1 ± 0.4 8.35 ± 0.04 7.2 ± 0.2 

H2A1HNαacK5ac 14.7 ± 0.1 15.3 ± 1.0 14.4 ± 0.2 16.4 ± 0.2 

H2A1Nαac1ph 15.79 ± 0.06 17.1 ± 0.3 13.5 ± 0.8 12.2 ± 0.6 

 

 

 

Figure 6.11 Relative abundances of PTMs (except acetylation on the N-termini) of histone H2A 

from FUCCI stem cells in early G1, late G1, S, and G2/M phases. Results are normalized within 

each variant. Error bars are calculated from three technical replicates.  
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6.3 Discussion 

 

6.3.1 Histone Variants 

 

 

 

Figure 6.12 Relative abundances of histone H2A variants H2A.V, H2A.Z, and H2A1H from 

FUCCI stem cells at early G1, late G1, S, and G2/M phases. Error bars are calculated from three 

technical replicates. 

 

 

The most significant changes of histone H2A variants during the cell cycle are the 

statistically significantly increase of variant H2A1H and decrease of H2A.Z and H2A.V in G2/M 

phase, as illustrated in Figure 6.12. 

Histone H2A.Z is one of the most studied H2A variants. It only shares 64% similarity 

with canonical H2A variants in human (Figure 6.13). Crystal structure of nucleosomes that 

consist of recombinant mouse H2A.Z (with the rest being Xenoupus laevis H2B, H3, and H4) 

was compared with that from canonical H2A-containing nucleosomes. The ladle-shaped docking 
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domain at the interaction surface with (H3-H4)2 tetramer in the H2A.Z-containing nucleosome is 

less stable compared with canonical H2A-containing nucleosome but provides a binding site for 

metals. Also, the stronger interaction between H2A.Z molecules causes H2A.Z preferring to pair 

in the nucleosome core thus form the altered docking domain. [55] The sequence of H2A.Z 

conserves well between organisms and it is essential to life. Knockout of H2A.Z gene results in 

embryos failure in mice. [56] Most researches of H2A.Z were done with yeast. Allis et al. 

showed that H2A.Z inhibits the spread of silent chromatin. H2A.Z in yeast has also been proven 

to associate with active gene and more likely to be found within the promoter region in yeast. 

[57-58] Another reported function of H2A.Z is to promote DNA repair. [59] In the current study 

the significant increase of H2A.Z population is observed in G1 and S phase, where chromatins 

are loosed to grant access for replication machineries. 

H2A.V is another variant that increases in G1 and S phase. H2A.V is highly similar with 

H2A.Z in primary sequence (Figure 6.14). In fact, the difference is only on three amino acid 

residues. Therefore H2A.V may serve as a variation to H2A.Z and perform similar biological 

functions. 

 

 

 

Figure 6.13 Sequence comparison between histone H2A variants H2A.Z, H2A1H, and H2A1. 

The differences are highlighted in red. H2A.Z shares only ~64% similarity with H2A1. H2A1H 

is only short in the last two amino acid residues compared with H2A1. The underlined regions 

form ladle-shaped docking domain in nucleosomes.  
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Figure 6.14 Sequence comparison between histone H2A variants H2A.Z and H2A.V. The small 

difference suggests H2A.V may be a variation of H2A.Z. 

 

 

H2A1H, opposite to H2A.Z or H2A.V, increases significantly in G2/M phase. H2A1H is 

one member of the canonical H2A variants and is only two amino acid residues short at the C-

terminus compared to H2A1. H2A1 is one of the two most abundant H2A variants in FUCCI 

stem cells as well as other 5 human cell lines (Figure 4.12, 6.12, and 7.4). The relative 

abundance of H2A1 does not vary through the cell cycle, indicating H2A1H may carry special 

biological functions despite the small difference in sequence. Little is known about the functions 

of H2A1H and this may be the first discovery of it. Also, FUCCI stem cells maintain a higher 

level of H2A1H than other human cell lines (Figure 4.12). FUCCI stem cells contain ~9% 

H2A1H in unsorted cells, 6-8% at G1/S phase, and 15% at G2/M phase whereas other human 

cell lines consist of only 4-5% H2A1H in unsorted cells. In the breast cancer cell line MDA-MB-

231, H2A1H remains at 6-7% at S and M phases (Figure 7.4). Therefore the change of H2A1H 

population in FUCCI stem cells may be specific to stem cells.  

In terms of H2B variants, H2B1N falls below the limit of the detection in G1 phase but 

exhibits 2.4% relative abundance in S and G2/M phases. Again, there is little known on the 

functions of H2B variants in human partially due to the analytical challenge. The top-down MS 

method developed here, however, provides an opportunity to reveal the functions of these 

previously unstudied variants.  
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6.3.2 Histone PTMs 

 

Two PTMs sites, acetylation on lysine 5 and mono-phosphorylation, are identified and 

relatively quantitated in this study. The fact that the abundances of these modifications do not 

change significantly through the entire cell cycle suggests that they are well inherited from 

mother nucleosomes to the daughter nucleosomes. The result is in agreement with previous 

studies. [60] 

 

6.4 Conclusion 

 

The label-free relative quantitation method developed in Chapter 4 is applied to FUCCI 

stem cells at early G1, late G1, S, and G2/M phases to identify and relatively quantitate histones 

H2A and H2B proteoforms. The changes of histone variants, PTMs, and proteoforms during the 

cell cycle are revealed. The most notable observations are: (1) absence for previously unstudied 

H2B variant H2B1N in G1 phase; (2) dramatic increase of histone H2A variant H2A1H and 

decrease of H2A.Z and H2A.V in G2/M phase; (3) other H2A and H2B variants remains at 

constant level; (4) The levels of lysine 5 acetylation and mono-phosphorylation for identified 

H2A variants remain unchanged. These findings on epigenetic changes during the cell cycle lay 

foundation for the understanding of the functions of histones H2A and H2B variants, especially 

histone variants H2A1H, H2A.Z, H2A.V, and H2B1N. 
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CHAPTER 7 

 

 

TOP-DOWN MS/MS ANALYSIS OF HISTONE H2A 

PHOSPHORYLATION IN MDA-MB-231 BREAST CANCER CELLS 

DURING THE CELL CYCLE 

 

 
7.1 Introduction 

 

Breast cancer is the No 1 diagnosed cancer in women and ranks the second leading cause 

of cancer death in women. According to American Cancer Society, in 2016 estimated 246,660 

women and 2,600 men will be diagnosed with breast cancer and 40,450 women and 440 men are 

expected to die of it in the United States alone. [61] 

 

7.1.1 Cancer, Epigenetic Regulations, and Histone PTMs 

 

Even thought the cause of cancer has not fully revealed, researchers believed that both 

genetics and epigenetic share their contributions. [62] One cause of cancer is dysregulated gene 

silencing, which could spread progressively over genomic regions. And epigenetic processes are 

capable of silencing key regulatory genes. A well-studied case is the silencing of tumor-

suppressor gene caused by abnormal DNA methylation (epigenetic). [63] Hypermethylation of 

DNA in the CpG promoter regions is the most characterized epigenetic change in cancer. 

Histone PTMs also play essential roles in epigenetic regulations. For example, acetylation on 

lysine 9 of histone H3 (H3 K9ac) causes open chromatin configuration and actives gene 

expression whereas methylation on the same amino residues (H3 K9me) marks gene silencing. 

Phosphorylation on serine 10 (H3 S10ph) can also control the process by preventing the 

methylation on lysine 9. [64-67] Overall, hypoacetylation and hypermetylation of histones 

usually associate with DNA methylation and repressed gene. PTM patterns are also heritable in 

cell proliferation during the cell cycle, making histone PTMs good candidates as biomarkers for 

cancers. 

In order to understand how histones are modified and inherited during the cell cycle in 

breast tumors, a breast cancer cell line MDA-MB-231 are cultured and synchronized to S phase 
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and M phase by thymidine double block and nocodazole block by my collaborator Michael 

Hoover in the Freitas Lab at Ohio State University. Previous work by Dr. Yu Chen demonstrated 

that progressive phosphorylation of histone H1.4 occurs in M phase. [68] In this chapter I present 

my work regarding the dynamic changes of histone H2A phosphorylations during the breast 

cancer cell cycle. 

 

7.1.2 Histone Phosphorylation in the Cell Cycle 

 

Changes of histone phosphorylation during the cell cycle have been well studied in 

histone H3. In 1978, Shoemaker and Chalkley reported single-site phosphorylated histone H3 in 

metaphase and purified a cAMP-independent H3 kinase that phosphorylates histone H3 on that 

site. [69] Taylor later found a cAMP-dependent kinase that phosphorylates histone H3 at serine 

10 (S10) in vitro. [70] Since then, a handful of other kinases have been discovered to 

phosphorylate histone H3 at S10. Histone H3 S10 phosphorylation functions in both 

transcriptional activation of genes and chromatin condensation in mitosis. [71-74] 

Phosphorylations of histone H4 and canonical histone H2A have also been found enhanced in 

mitosis and Zhang et al. further discovered a kinase that could be responsible: mitogen- and 

stress-induced kinase (MSK1). [39,75] Mahanjan et al. showed that phosphorylated histone H2B 

at tyrosine 37 (Y37) has the dual functions of preventing early entry to mitosis and suppressing 

histone transcription in late S phase. [76] The method developed in this chapter would be a 

powerful tool to extensively characterize histone phosphorylations and study their biological 

functions. 

 

7.1.3 Phosphorylation Analysis by Mass Spectrometry- A Labile Modification 

 

Compared with methylation or acetylation, phosphorylation is more labile during 

fragmentation of the precursor ions in the gas phase. In the study carried by Shi et al., after CID 

of a 28-mer phosphopeptide, 7 out of 9 phosphorylated fragments identified in the MS/MS result 

in phosphorylation loss. [6] Loss of phosphorylation during fragmentation could raise great 

ambiguity during data assignment, which will be discussed later in this chapter. However, the 

fast process of ECD and ETD enables them to preserve the labile phosphorylation, which has 

been well reported by different research groups. For the same 28-mer peptide in Shi’s study, only 
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two out of 81 fragments identified in the ECD MS/MS lose their phosphorylations. Also, in a 

study carried by Ayaz-Guner et al., no loss of phosphorylations is detected for the ECD MS/MS 

of a 26 kDa cadiac troponin I (cTnI). [77] Therefore ECD is chosen as the fragmentation 

technique for this study of histone H2A phosphorylations. 

 

7.2 Results 

 

7.2.1 Identification of Histone H2A Proteoforms  

 

 

 

Figure 7.1 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 1 from MDA-MB-

231 breast cancer cells at 16+ charge state (15+ charge state for H2A.Z) in S and M phases. 

Proteoforms identified by ECD MS/MS are labeled. The proteoform labeled with single asterisk 

contains methionine oxidation (+16 Da) and proteoforms labeled with double asterisks contain 

sodium or phosphate/sulphate adducts (+23 Da or +98 Da). 
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Figure 7.2 ESI 9.4 T FT-ICR mass spectral segments of histone H2A fraction 2 from MDA-MB-

231 breast cancer cells at 16+ charge state in S and M phases. Proteoforms identified by ECD 

MS/MS are labeled. The proteoform labeled with double asterisks contains phosphate/sulphate 

adducts (+98 Da). 

 

 

Figure 7.1 and Figure 7.2 show the ESI 9.4T FT-ICR mass spectral segments of intact 

histone H2A (15-16+ charge states) from MDA-MB-231 cells at S phase and M phases. The 

changes are highlighted within red boxes. Histone H2A proteoform identification is achieved as 

described in Chapter 4. Note that all mono-phosphorylated H2A proteoforms are margined 

together because detailed localization of the phosphorylation sites will be discussed later. 14 

proteoforms from 11 sequence variants of histone H2A are identified by top-down MS/MS and 

labeled. All identified proteoforms of histone H2A but H2A.V and H2A.Z are acetylated at the 

N-termini, in agreement with previous data in Chapter 4-6. Di-acetylation is observed on variant 

H2A2A, where one acetylation is at the N-terminus and the other is localized to lysine 5 (K5). 
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Mono-phosphorylation is observed on variants H2A2A and H2A1. Note that variants H2A2A 

and H2A1 are the most abundant variants present in the sample and they may be the only 

phosphorylated variants that are abundant enough to be detected.  

 

7.2.2 Relative Abundances of Histone H2A Proteoforms 

 

 

 

Figure 7.3 Relative abundances of all identified proteoforms of histone H2A from MDA-MB-

231 breast cancer cells in S and M phases. Error bars are calculated from two biological 

replicates. Proteoforms with multiple PTMs are highlighted at the upper right corner. 

 

 

Relative abundances of all identified proteoforms are calculated using the label-free 

three-level quantitation method described in Chapter 4 and summarized in Figure 7.3 and Table 

7.1. The abundances of 12 histone H2A proteoforms do not change significantly between S 
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phase and M phase among the total 14 proteoforms identified. But two mono-phosphorylated 

H2A proteoforms, identified as H2A1Nαac1ph and H2A2ANαac1ph, increased ~100% from 1.5 

± 0.6% and 1.3 ± 0.3% to 3.2 ± 0.4% and 2.3 ± 0.05% in M phase compared with S phase. 

However, the relative abundance of the di-acetylated proteoform (H2A2ANαacK5ac) does not 

vary much in the cell cycle.  

The results are also marginalized to variants for identified histone H2A proteoforms 

(Figure 7.4 and Table 7.2). All 11 identified variants, including H2A.Z, stay at constant 

abundances between S phase and M phase. 

 

 

 

Figure 7.4 Relative abundances of histone H2A variants in MDA-MB-231 breast cancer cells in 

S and M phases. Error bars are calculated from two biological replicates.  
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Table 7.1 Relative abundances and two sided p values of identified proteoforms of histone H2A 

from MDA-MB-231 breast cancer cells in S and M phases. Standard deviation is calculated from 

two biological replicates. Note that p values greater than 0.1 are not shown in the table. 

Proteoforms Abundance S Phase(%) Abundance M Phase(%) p value* 

H2A2ANαac 27.6 ± 0.6 27.70 ± 0.01  

H2A1Nαac 25.1 ± 0.4 23.8 ± 1.3  

H2A1C&1DNαac 14.4 ± 1.0 12.2 ± 1.2  

H2A2CNαac 6.4 ± 0.2 6.4 ± 0.6  

H2A1HNαac 6.2 ± 0.1 7.4 ± 0.6  

H2A.Z 5.7 ± 0.1 4.96 ± 0.07  

H2A1BNαac 5.3 ± 0.5 6.3 ± 0.1  

H2A1JNαac 2.83 ± 0.01 2.6 ± 0.4  

H2A2ANαacK5ac 2.0 ± 0.2 1.5 ± 0.6  

H2A1Nαac1ph 1.5 ± 0.6 3.2 ± 0.4 0.08 

H2A2ANαac1ph 1.3 ± 0.3 2.3 ± 0.05 0.04 

H2A2BNαac 0.83 ± 0.02 0.86 ± 0.02  

H2A.V 0.71 ± 0.04 0.61 ± 0.01  

 

 

Table 7.2 Relative abundances of histone H2A variants from MDA-MB-231 cells in S and M 

phases. Standard deviation is calculated from two biological replicates.  

Variants Abundance S Phase(%) Abundance M Phase(%) 

H2A2A 30.9 ± 0.1 31.57 ± 0.7 

H2A1 26.7 ± 0.2 27.06 ± 0.9 

H2A1C&1D 14.4 ± 1.0 12.25 ± 1.2 

H2A2C 6.4 ± 0.2 6.42 ± 0.6 

H2A1H 6.2 ± 0.1 7.35 ± 0.6 

H2A.Z 5.7 ± 0.1 4.96 ± 0.07 

H2A1B 5.3 ± 0.5 6.29 ± 0.1 

H2A1J 2.83 ± 0.01 2.60 ± 0.4 

H2A2B 0.84 ± 0.02 0.87 ± 0.02 

H2A.V 0.73 ± 0.05 0.62 ± 0.01 
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7.2.3 Relative Abundances of Histone H2A Phosphorylations 

 

The most significant change of histone H2A from S phase to M phase is that the amount 

of mono-phosphorylation doubles in M phase. When normalized to variants, mono-

phosphorylation increasedsfrom 4.2 ± 1.0% to 7.48 ± 0.01% in H2A2A and from 5.9 ± 2.1% to 

12.0 ± 2.0% in H2A1. (Figure 7.5 and Table 7.3) 

 

 

 

Figure 7.5 Relative abundances of mono-phosphorylation in histone H2A variants H2A2A and 

H2A1 observed from MDA-MB-231 breast cancer cells in S and M phases. Results have been 

normalized within each variant. Error bars are calculated from two biological replicates.  

 

 

Table 7.3 Relative abundances of mono-phosphorylation in histone H2A variants H2A2A and 

H2A1 observed from MDA-MB-231 breast cancer cells in S and M phases. Results have been 

normalized within each variant. Standard deviation is calculated from two biological replicates.  

PTM site Abundance S Phase(%) AbundanceM Phase(%) p value* 

H2A2AS1ph 4.2 ± 1.0 7.48 ± 0.01 0.05 

H2A1S1ph 5.9 ± 2.1 12.0 ± 2.0 0.09 
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7.2.4 Localization of Phosphorylation Sites 

 

 

Figure 7.6 Ion maps of proteoform assignments H2A1NαacS1ph (top) and H2A1Nαac (bottom) 

for ECD MS/MS of mono-phosphorylated and mono-acetylated histone H2A1. Identified c ions 

are labeled as “   ” and the z ions are labeled as “L”. Note that both assignments yield a series of 

c ions from c4 to c46, meaning that part of the c ions contain one acetylation and one 

phosphorylation whereas others carry only one acetylation. It indicates that the sample is a 

mixture of proteoforms with phosphorylations at different amino acid residues. 

 

The next step is to localize the phosphorylation sites. However, both phosphorylated and 

non-phosphorylated c ions are identified. (Figure 7.6), which indicates the existence of several 

mono-phosphorylated proteoforms with different phosphorylation sites. In this situation, in 

which all proteoforms share some identical or isomeric fragments, the database search method 

used in Chapter 4 will not work well because of the interference. Taken mono-phosphorylated 

H2A1 as an example, the ECD spectrum of most possible candidates for H2A1Nαac1ph will 

consist of some phosphorylated c/z ions and some non-phosphorylated c/z ions thus the key to 
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localization is to decide where the c/z ions start to lose/gain the phosphorylation. To narrow the 

possible range of phosphorylation sites, an assignment with the phosphorylation on the last 

possible amino acid, which is serine 122 (S122), is tested. No phosphorylated z ions are 

identified with the assignment H2A1NαacS122ph, suggesting a wrong proteoform candidate 

(Figure 7.7 top). However, under the assignment H2A1Nαac (which is wrong) non-

phosphorylated z ions are identified from z5 to z57 (Figure 7.7 bottom).  Therefore the 

phosphorylation could only be on the first ~70 amino acid residues. Otherwise, some 

phosphorylated z ions would have been assigned.    

 

 

 

Figure 7.7 Ion maps of proteoform assignments H2A1NαacS122ph (top) and H2A1Nαac 

(bottom) for ECD MS/MS of mono-phosphorylated and mono-acetylated histone H2A1. 

Identified c ions are labeled as “   ” and the z ions are labeled as “L”. Note that a series of z ions 

from z5 to z57 are identified in assignment H2A1Nαac but only non-phosphorylated z5-z7 ions 

are assigned with proteoform H2A1NαacS122ph, indicating the phosphorylation is on the first 

~70 amino acid residues. 
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The fragment ions identification (qualitative information) alone will not able to provide 

accurate localization of the phosphorylations, the fragment ion abundances (quantitative 

information) are then used to further localize the phosphorylations. A non-phosphorylated c ion 

vs. phosphorylated c ion ratio plot is drawn in Figure 7.8. The c ions are chosen because the 

phosphorylations have been limited to the first ~70 amino acid residues and c ions would provide 

much more sequence coverage than z ions in this region.  

 

 

 

Figure 7.8 Abundance ratio of non-phosphorylated to mono-phosphorylated c ions as a function 

of the c ion size. Data are taken from ECD MS/MS of mono-phosphorylated H2A1 from cells at 

S phase. The existence of small mono-phosphorylated c ions indicates part of the 

phosphorylation is on AA1. The fact that the ratio never reaches zero suggests a deeper 

phosphorylation at AA47-70. The discontinuities around AA16-19 and at AA39 indicate partial 

phosphorylation on AA16-19 and AA39. 
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The y-axis is the abundance ratio of non-phosphorylated to mono-phosphorylated c ions 

of the same size and charge state.  The x-axis is the number of amino acid residues, which is also 

the length of the c ions. The plot starts at AA4 because c1 - c3 ions are too small in mass and fall 

out of the low mass cut-off of the mass spectrometer. The plot ends at AA46 because no larger c 

ions are identified. For mono-phosphorylated H2A1 at S phase, a total of 41 points are found and 

plotted. The fact that some small c ions (c4-c15) are phosphorylated suggests that partial 

phosphorylation is on serine 1 (S1). And the fact that some large c ions (c40-c46) are not 

phosphorylated, in other words the plot does not end with zero, indicates that partial 

phosphorylation locates in the middle region of the sequence where no coverage is provided by 

the fragments. Based on the sequence of H2A1 there are three possible sites: tyrosine 50 (Y50), 

tyrosine 57 (Y57), and threonine 59 (T59).   

In the range between c4-c46, there are two discontinuities at AA16-18 and AA39, which 

represent additional phosphorylation sites. Three amino acid residues can be phosphorylated 

within AA16-18: threonine 16 of H2A1 (or serine 16 of H2A2A), serine 18 (S18), and serine 19 

(S19). Because the localization method used here is based on the trend and average of the 

abundance ratios, it can not reach the precision of singe amino acid residue. It is also possible 

that the phosphorylation is on more than one residues within AA16-18. It is much clear with the 

case around AA 39, where only tyrosine 39 (Y39) could be phosphorylated therefore partial 

phosphorylation is localized to Y39. 

A mathematical model is built to calculate the relative abundances of these mono-

phosphorylated proteoforms. Taken mono-phosphorylated H2A1 in S phase from replication one 

for example (Figure 7.8), assume that the relative abundances of H2A1NαacS1ph, 

H2A1Nαac16-19ph, H2A1NαacY39ph, and H2A1Nαac50+ph are a, b, c, and d. Then 

a

b + c + d
= 1.39

a + b

c + d
= 0.83

a + b + c

d
= 0.33

(7.1) 

in which 1.39, 0.83, 0.33 are the averaged ratios of the non-phosphorylated to 

phosphorylated c ions in the range of c4-c15, c16-c38, c39-c46. 

And there is also 
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a + b + c + d = 4.38%  (7.2) 

in which 4.38% is the percentage of mono-phosphorylated histone H2A1 normalized to 

total H2A1 variant abundance in S phase from replication one. 

By solving (7.1) and (7.2), a, b, c, d are calculated as 

a = 1.83%

b = 0.72%

c = 0.75%

c = 1.08%

 

The calculated relative abundances of mono-phosphorylated histone H2A proteoforms 

are summarized in Figure 7.9 and Table 7.4 after applying the same method to both 

phosphorylated H2A1 and H2A2A in all H2A samples. All mono-phosphorylated proteoforms 

increase in M phase compared with S phase. However, the increment is larger with S1 

phosphorylation and exhibits sequence-dependence. 

 

 

 

Figure 7.9 Relative abundances of phosphorylated proteoforms of histone H2A from MDA-MB-

231 cells in S and M phases. Data has been normalized to total variant population. Error bars are 

calculated from two biological replicates. 
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7.3 Discussion 

 

7.3.1 H2A1H and H2A.Z  

 

The most significant changes on histone H2A variants during the cell cycle in FUCCI 

stem cells are the statistically significantly increase of variant H2A1H and decrease of H2A.Z 

and H2A.V in G2/M phase. However, no such trends are observed with MDA-MB-231 cells. 

Because not much research have been conducted with the functions of these variants in the cell 

cycle, it is hard to draw any definitive conclusion. One possible explanation is that the changes in 

the FUCCI stem cells actually happen in G2 phase rather than M phase, which is possible 

considering the fact that G2 phase is usually much longer than M phase. Another hypothesis is 

that the changes in FUCCI stem cells are specific to stem cells. Also, there is always the 

possibility that the artifact induced by the chemical blocking in MDA-MB-231cells causes the 

difference. Follow-up experiments are needed to prove the hypotheses.  

 

 

Table 7.4 Relative abundances and two sided p values of phosphorylated proteoforms of histone 

H2A from MDA-MB-231 cells in S and M phases. Data has been normalized to total variant 

population. Standard deviation is calculated from two biological replicates.  

Proteoforms Abundance S Phase(%) Abundance M Phase(%) p value 

H2A2AS1ph 2.2 ± 1.4 4.5 ± 1.0 0.22 

H2A2A16-19ph 0.42 ± 0.07 0.77 ± 0.06 0.03 

H2A2AY39ph 0.4 ± 0.2 0.6 ± 0.3 0.47 

H2A2A50+ph 1.2 ± 0.3 1.6 ± 0.7 0.47 

    

H2A1S1ph 2.4 ± 0.8 4.7 ± 1.0 0.13 

H2A116-19ph 0.8 ± 0.2 1.49 ± 0.01 0.03 

H2A1Y39ph 1.1 ± 0.4 2.8 ± 0.5 0.07 

H2A150+ph 1.6 ± 0.7 3.1 ± 0.6 0.12 
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7.3.2 H2A Phosphorylations 

 

4 possible phosphorylation sites have been identified in this study though two of them are 

not preciously localized. Among them, only phosphorylation on serine 1 (S1) has been studied 

before. Canonical histone H2A S1 phosphorylation has been related with mitosis and condensed 

chromatin. Barber et al. reported significant enhancement of S1 phosphorylation in histones H2A 

and H4 in mitosis and the timing of these phosphorylations are similar with that of H3 S10. [73]. 

Increase of histone H2A S1 phosphorylation is also observed in the present study. H2A S1 

phosphorylation doubles in M phase compared with S phase in both variants H2A2A and H2A1.  

Other studies on histone H2A phosphorylation include Y59 and T119 phosphorylations. 

Aihara et al. discovered that Nucleosomeal histone kinase-1 (NHK-1) phosphorylates histone 

H2A at threonine 119 (T119) during mitosis in early Drosophila embryo. [78] Basnet, et al. 

showed that casein kinase 2 (CK2) phosphorylates H2A on tyrosine 59 (Y59) and it involves in 

transcriptional elongation. [79] No T119 phosphorylation is observed in the present study but the 

AA50+ phosphorylation identified here might be on Y59. AA50+ phosphorylation in variant 

H2A2A stayed at constant relative abundance in S and M phase while it doubles in M phase in 

variant H2A1. It is the first time sequence dependence has been observed in canonical histone 

H2A phosphorylations. 

However, there is no literature about phosphorylations on H2A 16-19 amino acid 

residues or on tyrosine 39 (Y39). These two sites might be novel phosphorylation sites and yet to 

be confirmed by bottom-up proteomics. In the present study, the H2A 16-19 phosphorylation 

doubled in both H2A2A and H2A1 in M phase. However, H2A2AY39ph only increased 50% 

while H2A1Y39ph increased 150% in M phase. This is another observation on the sequence 

dependence of canonical histone H2A phosphorylations. 

 

7.3.3 Sequence Dependence of H2A Phosphorylations 

 

Besides the two observation of sequence dependence of canonical histone H2A 

phosphorylations on AA50+ and Y39, mono-phosphorylation in general is ~1.5 times as 

abundant in variant H2A1 than H2A2A (Table 7.3 and Figure 7.5). This trend maintained well 

during the cell cycle and is unlikely to be caused by the difference in ionization efficiency 

because of the high similarity of the sequences. Also, the phosphorylations spread on S1, Y39 
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and AA50+ in variant H2A1 while they are more localized on S1 in H2A2A. The sequence 

dependency can only be detected with top-down mass spectrometry because bottom-up or 

antibody-based methods are not capable of separating H2A1 from H2A2A.   

 

7.4 Conclusion 

 

The relatively quantitative top-down proteomics method developed in this chapter has 

revealed changes of histone H2A phosphorylations during the cell cycle in MDA-MB-231 breast 

cancer cells. The most notable observations are: (1) Histone H2A variants remain at constant 

level between S and M phases. (2) Dramatic increase of histone H2A mono-phosphorylation in 

M phase. (3) Two novel H2A phosphorylation sites: Y39 and 16-19 AA. 
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CHAPTER 8 

 

 

FUTURE WORK 

 

 
8.1 Method Validation 

 

The three-level relative quantitation method developed in Chapter 4 for histones H2A and 

H2B proteoforms is base on three assumptions: all histones H2A/H2B proteoforms exhibit the 

same molar absorptivity, ionization efficiency, and fragmentation efficiency. They are good 

approximations considering their high sequence similarity. However, testing the method with 

standards would further validate the assumptions. 

 

8.1.2 Sequence-dependence of Molar Absorptivity  

 

The first assumption to test is that if the small alternation in primary amino acid sequence 

significantly changes molar absorptivity. The standard chosen here is recombinant human H2A 

variants H2A2A and H2A1. H2A2A elutes in fraction 1 and H2A1 is in fraction 2. 

Sample: 25 µg of standard sample consists of 1:1 ratio of H2A2A and H2A1 

Data to collect: Peak area of the LC chromatograph. 

 

8.1.2 Sequence-dependence of Ionization Efficiency  

 

The next assumption to test is that if the small alternation in primary amino acid sequence 

significantly changes ionization efficiency. The standard chosen here is recombinant human H2B 

variants H2B1K (13759 Da), H2B1C (13775 Da), and H2B2E (13789 Da). The mass difference 

between them is large enough to prevent any overlap in the intact protein mass spectra. 

Sample: 2 µM of standard sample consists of 1:1:1 ratio of H2B1K, H2B1C, and H2A2E 

in 50% acetonitrile with 1% formic acid. 

Data to collect: Peak height of the intact protein mass spectrum. 
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8.1.3 Sequence-dependence of Fragmentation Efficiency  

 

The last assumption to test is that if the small alternation in primary amino acid sequence 

significantly changes fragmentation efficiency. The standard chosen here is recombinant human 

H2B variants H2B1C (13775 Da), H2B1J (13773 Da), and H2B1O (13775 Da). The mass 

difference between them is small enough to be co-isolated during precursor selection. 

Sample: 2 µM of standard sample consists of 1:1:1 ratio of H2B1C, H2B1J, and H2A1O 

in 50% acetonitrile with 1% formic acid. 

Data to collect: Ratios of the fragment ions of different variants in the ECD MS/MS. 

 

8.2 Follow-up on H2A1H 

 

One of the most significant changes during the cell cycle in FUCCI stem cells is the 

statistically significant increase of histone H2A variant H2A1H in G2/M phase. However, this 

tread does not repeat with MDA-MB-231 breast cancer cells. Also, FUCCI stem cells exhibit 

higher level of H2A1H than other cell lines (HeLa, breast cancer MDA-MB-231, prostate cancer 

LaZ, and U937 cells). Therefore H2A1H may exhibit unique biological functions that are 

specific to stem cells. Additional experiments are required to further understand the biological 

functions of H2A1H. The first experiment is to measure the relative abundance of H2A1H from 

differentiated FUCCI stem cells. H2A1H knockdown will be another good choice. 
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REUSE PERMISSION 
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