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ABSTRACT OF THE DISSERTATION 

 
 

Identification and Functional Characterizations of Novel Post-Translational 

Modifications of DNA Repair Proteins 

 

 

by 
 

 

Qian Cai 

 

Doctor of Philosophy, Graduate Program in Environmental Toxicology 

University of California, Riverside, December 2014 

Dr. Yinsheng Wang, Chairperson 

 

 

Post-translational modification (PTM) constitutes a ubiquitous mechanism to 

expand proteins’ structure, interactions, localization, and function. The research covered 

in this dissertation focuses on the identification and characterization of the functional 

roles of the novel PTMs of damaged DNA-binding protein 2 (DDB2) and MRG15, which 

are important in nucleotide excision repair (NER) and homologous recombination (HR), 

respectively.  

In Chapters two and three, by employing LC-MS/MS, I discovered, for the first 

time, that DDB2 could be methylated on the -amino group of N-terminal alanine (after 

cleavage of the initiating methionine) and phosphorylated at serine 26 in HEK293T 

human embryonic kidney epithelial cells. In addition, this -N-methylation was found to 

be catalyzed by the N-terminal Xaa-Pro-Lys N-methyltransferase 1 (NTMT1). I also 

observed that the level of serine 26 phosphorylation was significantly reduced in cells 
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treated with flavopiridol, an inhibitor for cyclin-dependent kinases (Cdks), suggesting the 

involvement of Cdks in this phosphorylation. 

The importance of this -N-methylation and Ser26 phosphorylation of DDB2 is 

illustrated by the observation that methylation-defective mutant of DDB2 displayed a 

reduced efficiency, while DDB2 mutant deficient in Ser26 phosphorylation failed, to be 

recruited to ultraviolet (UV) light-induced cyclobutane pyrimidine dimer (CPD) foci. 

Moreover, while Ser26 phosphorylation was also demonstrated to crosstalk with DDB2 

ubiquitination and critical for proteasomal degradation of DDB2, loss of -N-methylation 

or Ser26 phosphorylation of DDB2 conferred reduced ATM activation, decreased 

efficiency in CPD repair, and elevated sensitivity of cells toward UV light exposure. 

Collectively, I concluded that -N-methylation and the phosphorylation of Ser26 in 

DDB2 plays a significant role in NER. This study also expanded the biological functions 

of protein -N-methylation to DNA repair.  

In Chapter four, I further expanded the targets of NTMT1 in human cells to 

MRG15. Importantly, I demonstrated, for the first time, the involvement of -N-

methylation in protein-protein interaction. My results showed that the -N-methylated N-

terminus of MRG15 enables its interaction with TIP60 histone acetyltransferase through 

binding to the chromo domain of TIP60 and stimulates allosterically the enzymatic 

activity of the latter. In addition, I found that this -N-methylation-chromo domain 

interaction is indispensable for the acetylation of lysine 16 in histone H4 (H4K16Ac), for 

DNA damage-induced ATM activation, for the repair of DNA double strand breaks via 

the homologous recombination pathway, and for protecting cells from the genotoxic 
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effects of ionizing radiation and interstrand cross-linking agents. Moreover, I defined 

MRG15 as a molecular determinant for a novel histone crosstalk between histone H3 

lysine 36 trimethylation (H3K36me3) and H4K16Ac. Together, my study unveiled, for 

the first time, the -N-methylation of MRG15 and discovered novel functions of protein 

-N-methylation in the context of DNA damage response and repair. I also uncovered a 

novel trans-histone modification where H3K36me3 drives H4K16Ac in human cells, 

revealed the essential role of MRG15 in this process, and demonstrated the importance of 

this trans-histone modification in ATM activation and homologous recombination repair. 
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Figure 2. 7. -N-methylation of DDB2 stimulates CPD repair in human cells. (a) Flow 

cytometry results showing the level of CPD in GM01389 with empty control, wild-type 

DDB2 and DDB2-K4Q at various time intervals (0, 12, 24, and 48 hr) after irradiation 

with 10 J/m2 UV-C light. (c) Quantitative results showing that CPD was repaired more 

efficiently in GM01389 cells with transient expression of wild-type DDB2 than those 

with DDB2-K4Q. The results represent the mean and standard deviation of data obtained 

from three biological replicates.  “***”, P < 0.001.  The P values were calculated by 

using unpaired two-tailed t-test. ........................................................................................ 76 

 

Figure 2. 8. -N-methylation of DDB2 is important for ATM activation and for cellular 

resistance toward UV irradiation. (a) 30 mins after irradiation with 25 J/m2 UV-C light, 

ATM autophosphorylation (ATM-S1981p) and CHK1 phosphorylation (CHK1-S345) 

were increased in GM01389 cells complemented with wild-type DDB2 but not -N-

methylation-defective DDB2-K4Q mutant. (b) After siRNA-induced knockdown of 

NRMT, ATM autophosphorylation (ATM-S1981p) and CHK1 phosphorylation (CHK1-

S345) were reduced relative to control siRNA knockdown in HEK293T cells at 30 mins 

after irradiation with 25 J/m2 UV-C light. (c) -N-methylation is important for cellular 

resistance toward UV-induced cytotoxicity. Cellular sensitivity toward UV-C light as 

measured by clonogenic survival assay. The results represent the mean and standard 

deviation of results obtained from three independent experiments. “*”, P < 0.05; “**”, P 

< 0.01.  The P values were calculated by using unpaired two-tailed t-test. ...................... 79 

 

Figure 3. 1. ESI-MS/MS of the [M+2H]2+ ions of (a) the unmodified 

24SRSPLELEPEAK35 and (b) monophosphorylated 24SRSPLELEPEAK35 from the 

tryptic digestion mixture of C-terminally FLAG-tagged DDB2 isolated from HEK293T 

cells. Asterisk (*) and triangle (Δ) designate those ions bearing a phosphate group and 

carrying a neutral loss of H3PO4, respectively. ............................................................... 94 

 

Figure 3. 2. S26 phosphorylation of DDB2 is mediated by Cdks, but not p38 MAPK. (a) 

Selected-ion chromatogram for monitoring the [M+2H]2+ ions of the unmodified (m/z 

678.3619) and monophosphorylated (m/z 718.3451) peptide 24SRSPLELEPEAK35 from 

the tryptic digestion of FLAG-tagged DDB2 isolated from HEK293T cells without any 

treatment, treated with 1 M flavopiridol for 6 hr, or treated with 10 M SB203580 for 

30 min. (b) Relative levels of  phosphorylation of S26 in DDB2 in HEK293T cells under 

various treatment conditions as described in (a). (c) Relative levels of S26 

phosphorylation of DDB2 in HEK293T cells without treatment or exposed with 40 J/m2 

UV-C light. The results represent the mean and standard deviation of results obtained 

from three independent experiments. “***”, P < 0.001.  The P values were calculated by 

using unpaired two-tailed t-test. ........................................................................................ 96 

 

Figure 3. 3. S26 phosphorylation of DDB2 plays a significant role in its recruitment to 

DNA damage foci. (a) Representative images for monitoring the co-localization of 

transfected wild-type DDB2 and DDB2-S26A to CPD foci in GM01389 cells; (b) The 

percentage of CPD foci that are co-localized with DDB2 foci. In cells transfected with 
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the DDB2-S26A construct, almost no DDB2 foci co-localized with CPD foci, whereas 

almost all DDB2 foci displayed co-localization with CPD foci in cells transfected with 

the wild-type DDB2 plasmid. The results represent the mean and standard deviation of 

results obtained from three biological replicates, and approximately 100 cells were 

counted in each replicate.  “***”, P < 0.001.  The P values were calculated by using 

unpaired two-tailed Student’s t-test. (c) Western blot analysis of wild-type DDB2 and 

DDB2-S26A in whole-cell extracts of GM01389 cells transfected with the corresponding 

DDB2 constructs. -actin was used as a loading control. (d) Western blot revealed the 

attenuated nuclear localization of DDB2-S26A relative to wild-type DDB2 in HEK293T 

cells with or without exposure to UV-C light. -actin and histone H3 were employed as 

loading controls for the cytoplasmic extract (CE) and nuclear extract (NE), respectively.

........................................................................................................................................... 97 

 

Figure 3. 4. S26 phosphorylation of DDB2 promotes CPD repair in GM01389 cells. (a) 

Flow cytometry results showing the levels of CPD in GM01389 cells reconstituted with 

empty control vector, wild-type DDB2 and DDB2-S26A at various time intervals (0, 12, 

24, and 48 hr) after irradiation with 10 J/m2 UV-C light. (b) Quantitative analysis of CPD 

repair efficiency in GM01389 cells with transient expression of empty control, wild-type 

DDB2 and DDB2-S26A. The results represent the mean and standard deviation of results 

obtained from three biological replicates.  “*”, P < 0.05; “***”, P < 0.001.  The P values 

were calculated by using unpaired two-tailed Student’s t-test. ......................................... 99 

 

Figure 3. 5. S26 phosphorylation of DDB2 stimulates the proteasomal degradation of 

DDB2, promotes ATM activation and enhances cellular resistance toward UV irradiation. 

(a) HEK293T cells transfected with FLAG-tagged wild-type DDB2 or S26A mutant were 

irradiated with 40 J/m2 UV-C light, and recovered in fresh DMEM medium for the 

indicated periods of time. The level of wild-type DDB2 is diminished more rapidly than 

the S26A mutant. (b) HEK293T cells transfected with FLAG-tagged wild-type DDB2 or 

S26A mutant were pretreated with 10 M MG132 for 2 hr before exposure to 40 J/m2 

UV-C light. The cells were then recovered for another 2 hr. Cell lysates were 

immunoprecipitated with anti-FLAG M2 beads and analyzed by anti-ubiquitin and anti-

FLAG antibody. (c) At 30 min after irradiation with 25 J/m2 UV-C light, GM01389 cells 

complemented with wild-type DDB2, but not the phosphorylation-defective DDB2-S26A 

mutant, exhibited increased ATM autophosphorylation (ATM-S1981p) and CHK1 

phosphorylation (CHK1-S345). (d) Clonogenic survival assay revealed that S26 

phosphorylation of DDB2 enhanced cellular resistance toward UV-induced cytotoxicity. 

The data represent the mean and standard deviation of results obtained from three 

independent experiments. “**”, P < 0.01; “***”, P < 0.001.  The P values were 

calculated by using unpaired two-tailed Student’s t-test. ............................................... 102 

 

Figure 4. 1. NTMT1 catalyzes the -N-methylation of MRG15. (a) Positive-ion ESI-MS 

of the N-terminal peptide APKQDPKPKFQE of MRG15 isolated from HEK293T cells. 

(b) Relative abundances of different methylation forms of N-terminal peptide 

APKQDPKPKFQE of MRG15 isolated from HEK293T cells with control and NTMT1 
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siRNA demonstrated that NTMT1 can catalyze the -N-methylation of MRG15 in cells. 

The level of methylation was quantified by dividing the signal intensity for the doubly 

charged ion of the specific methylated form of the aforementioned N-terminal peptide by 

the total signal intensities for the doubly charged ion of the unmethylated and all 

methylated forms of the N-terminal peptide. The results represent mean and standard 

deviation of data acquired from three independent experiments. The P values were 

calculated by using unpaired two-tailed Student’s t-test. ............................................... 118 

 

Figure 4. 2. NTMT1 -N-methylation of MRG15 plays an important role in histone 

H4K16 acetylation and NCS-induced ATM activation. (a) C-terminally FLAG-tagged 

wild-type MRG15, but not MRG15-K4Q, could allow for the pull-down of TIP60 histone 

acetyltransferase. (b) HA-tagged wild-type TIP60 and TIP60-W26A, but not TIP60-

Y47A, led to the pull-down of MRG15 by anti-HA magnetic beads. (c) -N-methylation 

of MRG15 facilitates the recruitment of TIP60 to chromatin. Western blot results 

revealed that the reduction in chromatin-occupied MRG15 in HEK293T cells emanating 

from MRG15 depletion could be rescued by reconstituting the cells with the plasmid for 

expressing wild-type MRG15, but not MRG15-K4Q. -actin and histone H3 were used as 

loading controls for the soluble (SF) and chromatin (CF) fractions, respectively. (d) -N-

methylation of MRG15 facilitated the TIP60-mediated H4K16 acetylation. Core histone 

extracts were used for the Western blot. (e) -N-methylation of MRG15 is important for 

NCS-induced ATM activation. (f) -N-methylated N-terminal peptide of MRG15 

stimulates allosterically the enzymatic activity of TIP60. The relative level of H4K16Ac 

as compared to the control case in the first lane is labeled under the H4K16Ac band, the 

results represent the mean and standard deviation obtained from two biological replicates.  

Histone H4 was used as the loading control. .................................................................. 121 

 

Figure 4. 3. -N-methylation of MRG15 functions in homologous recombination repair. 

(a) Diminished HR repair in U2OS-DR-GFP cells emanating from siRNA-induced 

knockdown of endogenous MRG15 can be fully rescued by complementing cells with 

siRNA-resistant construct for expressing wild-type MRG15, but not MRG15-K4Q. (b)-

(d) The hypersensitivity to MMC (b), NCS (c), and -ray (d) in HeLa cells arising from 

MRG15 knockdown could be restored by transfecting cells with the plasmid for 

expressing wild-type MRG15, but not MRG15-K4Q. (e) Treatment with MMC and 

NCSled to elevated trimethylation on the N-terminus of MRG15. The results represent 

mean and standard deviation of data acquired from three independent experiments. The P 

values were calculated by using unpaired two-tailed Student’s t-test. ........................... 125 

 

Figure 4. 4. The chromo domain of MRG15 promotes homologous recombination repair 

and confers cellular resistance toward ionizing radiation and MMC. (a) Western blot 

revealed diminished interaction of the chromo domain mutant of MRG15 (MRG15-

Y46AW49A) with H3K36me3. Whole cell lysate of HEK293T cells expressing FLAG-

tagged wild-type MRG15 and MRG15-Y46AW49A were titrated (input) to equal 

amounts and incubated with excess amount of core histones extracted from HEK293T 
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cells. The FLAG-tagged proteins were immunoprecipitated using anti-FLAG M2 beads 

and detected using antibody specifically recognizing H3K36me3. (b) The loss of SETD2 

in Hela-shSETD2 abolished the interaction between MRG15 and H3 as demonstrated by 

Western blot. Similar amounts of Hela-shScr and shSETD2 lysate (input) were incubated 

with Dynabeads protein A prebound with MRG15 antibody to pulldown MRG15, H3 and 

H3K36me3. (c) LC-MS-based relative quantification showed that the chromatin-bound 

MRG15, but not that isolated from the whole cell lysate, is primarily trimethylated. (d) 

MRG15 knockdown in U2OS-DR-GFP cells led to diminished homologous 

recombination repair, which can be fully restored by complementing the cells with wild-

type MRG15, but not MRG15-Y46AW49A. The results for (c)-(d) represent the mean 

and standard deviation of data obtained from three biological replicates. The P values 

were calculated by using unpaired two-tailed Student’s t-test. ....................................... 127 

 

Figure 4. 5. Interaction between H3K36me3 and the chromo domain of MRG15 

facilitates TIP60’s recruitment to chromatin, H4K16 acetylation and ATM activation. (a) 

TIP60 is present at a higher level in chromatin fraction from SETD2-proficient HeLa-

shScr cells than the corresponding SETD2-deficient HeLa-shSETD2 cells, and depletion 

of endogenous MRG15 in HEK293T cells led to a reduced chromatin localization of 

TIP60, which could be restored by ectopic expression of wild-type MRG15, but not 

MRG15-Y46AW49A. -actin and histone H3 were employed as loading controls for the 

soluble (SF) and chromatin (CF) fractions, respectively. The relative level of TIP60 in SF 

and CF as compared to the one in HeLa-shScr or the one in HEK293T with control 

siRNA knockdown were labeled underneath the Tip60 band. The data represent mean 

and standard deviation of results obtained from two biological replicates. (b) Defective 

SETD2 or MRG15 chromo domain resulted in loss of H4K16 acetylation. Core histone 

extracts were used for the Western blot. (c) Dysfunctional SETD2 or MRG15 chromo 

domain led to compromised ATM activation in response to NCS treatment. Cells were 

treated with 100 ng/mL NCS for 1 hr. During cell lysis, 5 mM sodium orthovanadate was 

added to prevent dephosphorylation by phosphatase...................................................... 128 

 

Figure 4. 6. MRG15 as a molecular determinant in trans-histone crosstalk between 

H3K36me3 and H4K16ac. .............................................................................................. 132 

 

Figure A. 1. MS/MS/MS of y6 ion observed in the MS/MS of the di-methylated form of 

the peptide 1APKKRPE7. ................................................................................................ 146 

 

Figure A. 2. ESI-MS/MS of unmodified, mono-, di-, tri--N-methylated forms of the 

peptide 1APKKRPE7  from X-factor-cleaved recombinant DDB2: (a) without the addition 

of NRMT, (b) with the addition of NRMT. (c) ESI-MS/MS of unmodified, mono-, di-, 

tri--N-methylated forms of the peptide 1AAKKRPE7 arising from Glu-C digestion of X-

factor-cleaved recombinant DDB2 with incubation with NRMT. Certain regions of the 

spectra were amplified to visualize better the peaks for some fragment ions. ............... 147 
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Chapter 1. General overview 

1.1 Introduction  

            The introduction of novel technologies often leads to rapid advances in biology. 

For instance, Sanger sequencing paved a road for the completion of the sequencing of the 

human genome (1), and the development of next-generation sequencing technologies 

made it faster, easier and cheaper to sequence the whole genome (2). Likewise, the 

introduction of proteomics also revolutionalized biological research.  The term 

“proteomics” was first introduced by Peter James (3), which is the study of all expressed 

proteins, in terms of its interactions, localization, modifications and ultimately function. 

            Modern techniques applied to proteomics include protein-detecting microarray 

and chromatin immunoprecipitation followed by sequencing (CHIP-seq) analysis (4,5), 

one-dimensional or two-dimensional polyacrylamide gel electrophoresis (1D/2D-PAGE) 

(7) and mass spectrometry (8).        

            Protein-detecting microarray is composed of a plethora of affinity reagents 

immobilized on a solid phase, which allows a great number of reactions occur in a very 

restricted space. However, this method is commonly used for targeted groups of proteins, 

thus requires existing knowledge about what proteins to study and is more biased as 

compared with other methods (5). In addition, the major impediment is generation of 

large quantities of affinity reagents.   

            For studying genome-wide protein-DNA interactions, CHIP-seq has evolved into 

a high-throughput method recently, yet the drawbacks are the high costs, restricted 

availability and bias towards the GC content of fragment selection (4).  
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            PAGE is often used prior to mass spectrometric analysis to separate proteins to 

subgroups according to their molecular weight for 1D-PAGE and also according to their 

isoelectric focusing on immobilized pH gradient strip for 2D-PAGE (7). To determine 

identities of the proteins, the subgroups of protein bands could be cut out from the gels, 

enzymatically digested and detected by mass spectrometry.  Despite the various 

applications for this techniques, it displayed limitations for detection of membrane 

proteins due to their low resolution of hydrophobic, acidic and alkaline proteins and poor 

loading capacities (11).   

            Owing to its rapid development, mass spectrometry (MS) has established itself as 

a powerful ‘hypothesis-generating engine’ for proteomics study (12). In general, the mass 

spectrometry-based proteomics have three applications. First, mass spectrometry is 

applied to quantitative proteomics for determining absolute and relative amounts of 

expressed proteins from samples with different physiological or pathophysiological 

conditions (e.g. ‘disease’ vs. ‘normal’, or ‘drug-treated’ or ‘untreated’) (13). Several 

strategies are widely used for protein quantification, includes stable isotope labeling by 

amino acids in cell culture (SILAC) (14), isotope-coded affinity tag (ICAT) (15), isobaric 

tag for relative and absolute quantitation (iTRAQ) (16), stable isotope dimethyl labeling 

(17) and absolute quantification of proteins (AQUA) (18).  Second, mass spectrometry is 

well suited for mapping protein interactome (19). Other than expression level, protein 

interaction is a key parameter by which protein exerts its function. Bait, affinity 

purification and complex analysis are the three key components for elucidating protein 

interaction network. In theory, antibody that specifically interacts with the bait protein 
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can be used directly for enrichment. However, the antibody bank is not comprehensive 

and the quality is not adequate for some proteins. To overcome this problem, more 

frequently a tag allows for purification is attached to proteins. In 1998, Mann’s group 

characterized the splicesome complex in mammalian cells, which is the first mass 

spectrometry-based study of protein complex (20). Investigations of numerous large 

complexes, for example, mitochondrial complex which is associated with apoptosis and 

glycolysis (21), were subsequently characterized. Along with this, technical 

developments like quantitative mass spectrometry-based approach combined with stable 

isotope labeling (22) were also developed to distinguish true binders from the non-

specific binding contaminants. Third, mass spectrometry becomes widely employed for 

the study of post-translation modifications (PTMs) of proteins, which is the focus of this 

dissertation. 

            Although challenges still exist in two aspects: dynamic ranges of protein 

concentrations (five orders of magnitude difference between low and high abundance 

proteins), complexity of protein samples (i. alphabetic protein had 21 amino acids which 

comprise the basic structure, while DNA or RNA is composed of 4 bases; ii. biofluid 

samples are difficult to handle). Tremendous improvements in sample preparation, 

instrumentation, data processing and analysis for mass spectrometry-based proteomics 

over the past decades have brought great impact on medicine and biology. 
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1.2 Mass Spectrometry-based characterization of novel post-translational 

modifications 

            Proteins, after translation will undergo various decorations including PTMs to 

become mature. PTMs are often regulatory and reversible, which play significant roles in 

the localization, interaction and function of protein. Traditionally, dissection of PTMs 

relies on Edman degradation, amino acid analysis, isotopic labeling and 

immunochemistry (23). These methods are often time-consuming and painstaking, mass 

spectrometry-based method for the characterizations of protein PTMs overcomes these 

drawbacks and has become the main technology since its development. MS can provide 

the chemical nature, the exact site, and sometimes quantitative information about the 

modification in an efficient and cost-effective fashion. In this chapter, I will review the 

studies of PTMs by mass spectrometry from the following perspectives. 

1.2.1 Instrumentation 

            Mass spectrometry is an analytical technique which comprises of an ion source, a 

mass analyzer which measures the mass-over-charge ratio (m/z) of the ionized analyte 

and a detector that records the ions at each m/z (24).  

            Two soft ionization techniques widely utilized to ionize proteins and peptides are 

electrospray ionization (ESI) (25) and matrix-assisted laser desorption/ionization 

(MALDI) (26).  Due to the fact that ESI is capable of ionizing analyte out of a solution 

(27), it is suitable for the applications which are in combination with liquid-based 

separation tools (e.g., chromatography and electrophoresis). On the other hand, MALDI 

ionizes sample out of a dry and crystalline matrix via laser pulses. Therefore, ESI-MS is 
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preferred for the analysis of complicated samples. In ESI-MS, samples enter the 

ionization source through a fused silica capillary or needle, where a potential is applied 

which initiates the samples to spray and form highly charged fine droplets (12). In 

traditional electrospray ionization invented by Fenn et al. (28), samples were normally 

injected at a flow rate of 2-20 l/min. Later, the development of nanospray ionization 

solved the problem faced by previous method when dealing with limited biological 

samples (29). 

            Mass analyzer is the heart of the mass spectrometer where ions are separated 

based on their m/z values. Four basic types of mass analyzers widely used in proteomics 

research are the ion trap, time-of-flight (TOF), quadruple and Fourier transform ion 

cyclotron resonance (FT-ICR).  Each of these mass analyzers has its limitations and 

advantages in terms of sensitivity, resolution, mass accuracy, dynamic range and cost. 

Therefore, hybrid instruments, including the quadruple-time-of-flight (QTOF), are 

developed to accommodate the strengths of different types of mass analyzers. MS alone 

can provide valuable information in some circumstances, yet it is more informative to 

have tandem mass spectrometry (MS/MS) data. In tandem mass spectrometry, different 

stages of mass analysis can be performed in different mass analyzers (tandem-in-space) 

or in the same mass analyzer sequentially (tandem-in-time).  

            The main instrument used in this thesis is a Thermo Electron LTQ Orbitrap Velos 

which allows for acquiring MS/MS in both tandem-in-space and tandem-in-time modes. 

The unique advantage of this instrument lies in the capability of the Orbitrap mass 
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analyzer to offer high mass accuracy and high mass resolution, and ability of the linear 

ion trap to provide high scan speed and high sensitivity (30).  

1.2.2 Dissociation methods  

            Several ion dissociation methods are frequently used in MS/MS analysis, which 

include collisionally induced dissociation (CID), higher energy collisional dissociation 

(HCD), electron capture dissociation (ECD) and electron transfer dissociation (ETD). 

CID is a common method which induces cleavage in peptides at the amide linkages and 

generates b and y ions as illustrated in Figure 1.1a. From these fragment ions, amino acid 

composition and sequence can be dissected (31,32). Nevertheless, for labile PTMs such 

as phosphorylation, glycosylation and sulfation, fragment ions arising from neutral loss 

of the modification moiety may dominate the spectrum, rendering it difficult to locate the 

site of modification (33). In this situation, MS3 spectrum from further cleavage of the 

dominant neutral loss fragment sometimes helps to provide diagnostic fragment ions for 

determining the modification site (23). Alternatively, HCD, which was recently 

developed, is preferred for these circumstances for several reasons: (a) The high mass 

accuracy enables the determination of charge state; (b) immonium ions sometimes 

indicate the types of modifications (e.g. phosphotyrosine); (c) The mass range is dynamic 

(34). ECD (35), exclusively applied to FT-ICR, occurs for multiply protonated ions of 

peptides and proteins. In this method, cleavage of peptide backbones occurs mainly at the 

N-C bond and generates c and z ions (Figure 1.1a). Later, ETD was introduced by Hunt 

and co-workers (36).  This dissociation method can be performed in linear ion trap, 

Orbitrap and QTOF instrument (37). ECD and ETD complement CID in several aspects. 
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First, labile PTMs remain intact; second, the fragmentation pattern is evenly distributed 

over the entire peptide backbone; third, in light of their capability to dissociate ions of 

high charge states, they are useful for large peptides and proteins (38,39). Collectively, 

these four different dissociation methods complement each other and combining some of 

these dissociation methods offers better characterizations of PTMs.  

 
Figure 1. 1.Mass spectrometry-based identification of PTMs. a) Three peptide 

fragmentation patterns occur at the peptide bond. N-terminal b ions and C-terminal y ions 

are the major products observed in CID. b) The b and y ions can indicate the localization 

of a PTM on a peptide. The serine residue is phosphorylated in the artificial peptide 

“RIVERPSIDE”. The b5-b7 and y4-y7 ions with a mass shift (80-Da increment) indicating 

the site of phosphorylation. 
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 1.2.3 Bottom-up, top-down and middle-down MS 

            Bottom-up is the traditional approach for PTM discovery which gained 

widespread applications. In this approach, peptides resulting from proteolytic digestion of 

whole proteins are separated by liquid chromatography and analyzed by MS and MS/MS. 

In light of its robustness and reproducibility, trypsin is always the first choice for protein 

digestion. Trypsin cleaves the amide bonds on the C-terminal sides of arginine and lysine 

and gives rise to peptides with basic amino acids at the C-termini. However, it is rare to 

obtain full sequence coverage with trypsin alone; in this case, multiple enzymes (e.g. 

Glu-c, Asp-N, and chymotrypsin) can be used in combination to provide better 

identification of PTMs that cannot be detected after trypsin digestion (40,41). The 

bottom-up approach is a mature approach, and full automation from high-resolution 

separations of peptide digestion mixtures to MS analysis is achieved by online HPLC-

MS/MS system (42). More importantly, recent developments of bioinformatics tools, 

such as Peptide Sequence Tags (43), Sequest (44) and Mascot (45), render the facile 

interpretation of bottom-up proteomic data.  

            Another alternative approach is top-down MS, initially developed by McLafferty 

et al. (46,47). In top-down MS, intact proteins are directly ionized by ESI, fragmented by 

ECD or ETD, and analyzed in a mass analyzer with high resolution and high mass 

accuracy (e.g. FT-ICR, Orbitrap and Q-TOF). Therefore, it has advantages over 

conventional bottom-up approach in several applications including chromatin biology, 

protein-level variation and membrane proteins (48). Yet, top-down MS has not been 

widely employed since it is hampered by challenges in separation of large intact proteins 
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Scheme 1.1. A typical affinity-purification coupled with mass spectrometry-based 

PTM identification. 
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and limited computational tools (ProSight PTM is the only tool currently) for data 

analysis (49,50). 

            Middle-down approach is a combination of top-down and bottom-up, in which 

limited proteolysis (normally by Asp-N, Glu-C) is performed to produce peptides in a 

mass range of 3-20 kDa. This approach provides high efficiency by combining the 

advantages of top-down and bottom-up (51), yet, this limited digestion is unpredictable 

(52).  

1.2.4 Affinity-purification coupled with mass spectrometry-based PTM 

identification 

            Detailed workflow of affinity-purification coupled with mass spectrometry-based 

PTM identification used in my thesis study is shown in Scheme 1.1. In this regard, to 

enrich the specific proteins of interest, we first construct plasmids allowing for the 

expression, in human embryonic kidney 293 (HEK-293) cells, of fusion proteins where a 

FLAG-tag was conjugated to the C-termini of these proteins. The FLAG-tagged proteins 

were isolated from the whole cell lysate by using affinity purification with anti-FLAG 

M2 beads. Using “bottom-up” approach, the purified proteins were digested on beads 

with appropriate proteases, and the resulting peptide mixtures were then subjected to LC-

MS/MS analysis in data-dependent acquisition (DDA) or selected-ion monitoring (SIM) 

mode. Finally, the acquired mass spectrometric data were processed by searching tools 

such as Mascot and validated by manual analysis.  
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1.3 DNA damage and repair 

            DNA, a double helical molecule, encodes and stores the genetic information 

which ensures the proper function of all living organisms. However, every day cells 

incessantly encounter alterations of the chemical structure in DNA, resulting in DNA 

damage. Under normal physiological processes, errors can be introduced during DNA 

replication and DNA strand break can arise from abortive actions of topoisomerases I and 

II (53), and thousands of DNA lesions are generated per cell per day by DNA hydrolysis, 

deamination and non-enzymatic methylations (54). In addition, DNA lesions are 

generated by reactive oxygen species (ROS) emanating from normal aerobic metabolism 

and phagocytes at sites of inflammation (55,56). Aside from these, a plethora of DNA 

lesions arise from environmental agents including ultraviolet (UV) light from sunlight 

exposure, ionizing radiation and environmental toxins. To counteract the deleterious 

effects of endogenous and exogenous sources of genotoxic agents, cells respond to DNA 

damage by triggering the activation of several cellular pathways including DNA repair, 

cell cycle checkpoint, and apoptosis, thereby maintaining genome stability and delivering 

intact genetic material to the next generations. 

            The perplexing diversity of DNA lesions necessitates a diverse array of DNA-

repair pathways. Some types of DNA lesions are coped with direct reversal pathway such 

as methylation of guanine bases is reversed by the protein methylguanine DNA 

methyltransferase (MGMT) (57) and pyrimidine dimers which are induced by UV light 

can be processed directly by photolyase that is catalyzed by blue light (350-450 nm) (58). 

To remove errors from newly synthesized DNA, mismatch repair (MMR) machinery 
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recognizes base-base mismatches and insertion/deletion loops and elicits incision in the 

newly synthesized DNA strand which are followed by polymerase synthesis and ligation 

(59). Base-excision repair (BER) and nucleotide excision repair (NER) constitute two 

major mechanisms for removing DNA lesions involving modifications of a single DNA 

strand. The former repairs chemical alterations of single nucleobases (60), whereas the 

latter targets helix-distorting base lesions (61). Double strand breaks (DSBs), where both 

strands are affected, are particularly lethal and are repaired by the homologous 

recombination (HR) and non-homologous end joining (NHEJ) pathways (62,63). While 

HR is restricted to S and G2 phase in the cell cycle because it requires the presence the 

sister-chromatid sequence as a template for error-free repair, NHEJ can operate through 

the entire cell cycle phases. 

            Here, I will focus on nucleotide excision repair and homologous recombination 

repair, in which the two proteins investigated in this thesis, i.e. damaged DNA-binding 

protein 2 (DDB2) and mortality factor on chromosome 4 (MORF4), are involved, 

respectively. 

1.3.1 Nucleotide excision repair and DDB2 

            Nucleotide excision repair, a sophisticated DNA repair mechanism protects cells 

from catastrophic effects caused by a wide variety of helix-distorting DNA lesions, such 

as UV light-induced cyclobutane pyrimidine dimer (CPD) and pyrimidine(6-

4)pyrimidone photoproducts (6-4PPs), as well as bulky DNA adducts induced by 

numerous environmental carcinogens. As displayed in Figure 1.2, although both CPD and 

6-4PP result in distortion in DNA structure, 6-4PP induces a greater distortion to DNA   
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Figure 1. 2. Structure of UV-induced CPD and 6-4PP formed at neighboring thymines. 
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helical structure (64). In addition, CPD is the major form of DNA lesion formed from UV 

light exposure (64). Two distinct subpathways are involved in NER: global genome NER 

(GG-NER) and transcription-coupled NER (TC-NER), which removes lesions from the 

entire genome and from the template strand of actively transcribed genes, respectively 

(65,66).  

            Four continuous steps are involved in NER, lesion detection, local helical 

unwinding, an excision step of the damaged strand, and finally DNA synthesis and 

ligation. Figure 1.3 shows the details for these steps, GG-NER and TC-NER share many 

common factors except for the first DNA damage recognition step (67). Specifically in 

mammalian cells, while UV-DDB complex (which is composed of the DDB1/DDB2 

heterodimer) and XPC-RAD23B are associated with GG-NER (68-70), whereas a stalled 

RNA polymerase together with CSA and CSB are involved in TC-NER (71-73). After 

detection of the helix-distorting DNA lesions, TFIIH unwinds a short region containing 

the UV-induced lesion (74). Meanwhile, XPA and RPA are recruited, which facilitate the 

translocation and damage verification by TFIIH. Endonuclease ERCC1/XPF (for 5’ 

incision) and XPG (for 3’ incision), although not recruited simultaneously, function 

together to remove approximately a 22-30 nt lesion-containing oligonucleotide (75). 

Finally, the resulting gap is filled in via DNA synthesis by DNA polymerases such as 

Pol, Pol, Pol together with replication factor PCNA, and ligation by DNA ligases I 

and III (67,71,76). 

            Three distinct genetic disorders are associated with defective NER, namely, 

xeroderma pigmentosum (XP), Cockayne syndrome (CS) and trichothiodistrophy (TTD).   



15 

 

   

Figure 1. 3. Mammalian nucleotide excision repair pathway. (Adapted from Ref 67). 
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XP patients are hypersensitive to sunlight and predispose to skin cancers. Both TTD and 

CS patients are not susceptible to skin cancer development, but are associated with 

developmental and neurological abnormalities (77,78). XPE constitutes one of the eight 

complementation groups of XP (XPA-XPG and XPV) and the XPE gene encodes DDB2 

(79). The presence of functional DDB2 is essential for efficient removal of CPD in GG-

NER, as discussed previously (80-82). 

            DDB2, which is composed of an N-terminal helix-loop-helix segment and a 7-

bladed WD40 -propeller domain, exhibits high binding ability towards UV-damaged 

DNA (83). Previously, the importance of UV-DDB2 complex in NER is underestimated 

since in-vitro reconstitution assay shows sufficient repair capability even without the 

presence of UV-DDB2 (84-86). However, several lines of evidences suggest the critical 

role of UV-DDB2 in early detection of UV-damaged DNA in GG-NER in vivo. DDB2 

binds to both CPDs and 6-4PPs independent of XPC (68,82); nevertheless, XPC in itself 

only localizes to 6-4PPs efficiently, but to a much lower extent to CPD (87,88).            

            DDB2 was found to be present in a complex with the DDB1-CUL4-ROC1 

(CRL4) E3 ubiquitin ligase (89,90). In parallel, CSA, a TC-NER-specific protein which 

bears WD40 domains, also forms complex with CRL4 (91,92). In the complex, DDB2 

functions as a dedicated substrate receptor (DCAF). In the absence of DNA damage, 

DDB2 associates with COP9 signalosome (CSN), which inhibits the E3 ligase activity. 

Upon DNA damage, CSN was released to allow for the E3 ligase activity that facilitates 

NER (90,92).  The tight association of DNA with histones in chromatin precludes the 

access of DNA repair proteins in normal circumstances. One of the mechanisms 
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facilitating chromatin relaxation in DNA repair is through the PTMs of histone proteins. 

DDB2-associated CRL4 complex helps prepare the chromatin environment that is 

conducive the recruitment of repair proteins by monoubiquitination of histones H2A, H3 

and H4 (93,94).  Additionally, XPC and DDB2 are also polyubiquitinated by this E3 

ligase complex (95-97). Polyubiquitination of XPC and DDB2 alters their binding 

affinity to UV-damaged DNA and is essential for the handover of XPC to DNA lesions 

(95). Although a mouse model suggested abrogation of DDB2 degradation triggers 

elevated CPD repair (98), the pervasive opinion is that XPC recruitment and proper NER 

depend on ubiquitination-mediated degradation of DDB2 (99-102). 

            DDB2 serves as a damage sensor to regulate cell fate upon low and high doses of 

UV damage (103,104). Under low-dose UV-irradiation, DDB2 promoted the degradation 

of p53S18P but not the levels of total p53. It is of note this degradation is not detected upon 

high-dose of UV (50 J/m2). One of the p53 transcriptional target p21 abrogates DNA 

synthesis during NER through action on PCNA. Under all conditions DDB2 induced 

ubiquitination-mediated proteasomal degradation of p21. Therefore, as illustrated in 

Figure 1.4 (105), under low-dose UV-irradiation, DDB2 regulates the level of p21 both 

through ubiquitin-mediated proteasomal degradation and transcriptional regulation by 

p53 (103). However, under high-dose UV-irradiation, p53 level is maintained, which 

enables apoptosis (104). It is worth mentioning that DDB2 is transcriptionally regulated 

by p53 in humans, thus resulting in a UV-associated regulatory feedback loop (106,107). 

            In reminiscence of the observation of the UV damage-induced activation of the 

apical checkpoint kinase Mec1 (homolog of human ATR) and Rad53 (homolog of human   
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Figure 1. 4. The mechanisms that DDB2 decide cell fate upon low- and high-dose UV 

damage, A) DDB2 facilitates NER upon low-dose UV irradiation; B) DDB2 stimulates 

apoptosis under high-dose UV irradiation when DNA damage is irreversible (Adapted 

from Ref 105). 
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Chk2) in Saccharomyces cerevisiaen (108,109), recently human ATM and ATR were 

found to be recruited to UV-mediated DNA damage foci and activated, which is 

promoted by DDB2 and XPC through physical interaction (110). 

            Maintaining the proper function of DDB2 necessitates a delicate balance of 

regulation by a wide categories of PTMs, including -N-methylation, phosphorylation, 

SUMOylation, ubiquitination and poly(ADP-ribosyl)ation (111-116). Moreover, many 

proteins, such as USP24, PCNA and p97, are responsible for the regulation of DDB2 

stability (117-119). All these investigations shed light on the critical role of DDB2 in 

nucleotide excision repair, yet DDB2 also have roles in other cellular processes such as 

cell proliferation in breast cancer cell lines (120).  

1.3.2 Homologous recombination repair and MRG15 

            Pleiotropic sources, such as replication-folk collapse and exposure to interstrand 

cross-linking agent and ionizing radiation (IR), can induce DSBs in DNA. IR can result 

from decay of radioactive compounds in nature or man-made radioisotopes. The common 

use of IR in cancer therapy renders it necessary to understand how cells respond to DSBs. 

Despite the employment of DSBs in controlling biological processes such as genetic 

recombination during meiosis (121), DSBs are the most devastating DNA lesions. One 

single DSB, if left unrepaired, may potentially lead to the loss of millions of base pairs of 

genetic information.  

            Present exclusively in late S- and G2-phase of the cell cycle, homologous 

recombination repair (HR), which operates in a template-dependent fashion, is one of the 

two major mechanisms for repairing DSBs (122). More than a dozen proteins are 
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involved in the HR, among which the MRE11-NBS1-RAD50 (MRN) complex is the 

earliest recruited to DSBs. The critical role of the MRN complex is highlighted by its 

ability to tether DNA ends and recruit ATM (123,124). ATM activation, which occurs 

within 5 min and reaches to the maximum level by 15 min (123), triggers a pleiotropic 

effect by phosphorylating hundreds of proteins (125). One of the critical target is H2AX, 

the protruded tail of which undergoes phosphorylation at serine-139 (126). 

Phosphorylated H2AX (H2AX) spreads up to 2 million base pairs of chromatin which 

renders it a universal biomarker for DSBs. Importantly, H2AX facilitates recruitment of 

MDC1 through its BRCT domain (127). The localization of MDC1 provides additional 

docking sites for DSB repair proteins MRN-ATM complex (128,129) and promotes 

recruitment of E3 ubiquitin ligases RNF8 and RNF168. The chromatin-wide 

ubiquitination by RNF8 and RNF168 further stimulates loading of BRCA1 and 53BP1 

(130,131). In late S and G2 phase of cell cycle, BRCA1 counteracts 53BP1 to promote 

HR (132,133). Through physical interaction of BRCA2 via partner and localizer of 

BRCA2 protein (PALB2), BRCA1 is defined a critical determinant for the assembly of 

HR factors, including RAD51 which ensures filament formation (134-136).  

            MRG15, consisted of an N-terminal chromo domain and a C-terminal MORF4-

related gene (MRG) domain, is first identified as a member of the highly conserved MRG 

family of proteins (137). MRG15 was found in several distinct protein complexes 

including the histone deacetylase (138) and histone acetyltransferase (HAT) complexes 

(139,140), which are critical in chromatin remodeling during transcriptional regulation 

and cell proliferation (141-145). The first clue that MRG15 is involved in DNA damage 
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repair in mammalian cells is that MRG15-null and heterozygous knockout mouse 

embryonic fibroblasts display DNA repair defects, as manifested by the delayed 

formation of H2AX and 53BP1 foci (146). In addition, Mrg15-/- mice were found to be 

embryonically lethal with developmental delay in the few survivals (147). Further 

support for the role of MRG15 in DNA repair was evidenced by the fact that MRG15 

interacts with PALB2 and plays a crucial role in repairing DNA DSBs and interstrand 

cross-link lesions through the HR pathway (148,149).  

1.4 -N-methylation 

            -N-methylation, referred to methylation (mono-, di- or tri-methylation) on the -

amino group in the N-terminal amino acid of proteins, is a conserved PTM which has 

been known for several decades (150). Here, we review the studies of this type of PTM in 

the following aspects. 

1.4.1 History of -N-methylation: from bacteria to eukaryotes 

            The identification of -N-methylation can be traced back to 1976 when the 

ribosomal proteins L16 (151) and L33 (152,153) in Escherichia coli were shown to carry 

this modification. Later, more proteins in bacteria were identified to be -N-methylated, 

which include ribosomal protein L11 (154-157), S11 (158), the associated IF3 (159), 

pilin (160-164), and chemotaxi-flagellar apparatus (CheZ) (165). While the nature of -

N-methylation in these bacterial proteins have been reviewed in detail by Stock et al. 

(150), we will focus on -N-methylated proteins in eukaryotes.  
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            Histone H2B from different organisms are among the known -N-methylated 

eukaryotic proteins.  In this context, methylation of N-terminal proline has been observed 

in H2B from Neurospora crassa (40), Drosophila melanogaster (166) and from gonads 

of the starfish Asterias rubens (167).  Additionally, N-terminal alanine methylation was 

found for Tetrahymena histone H2B (168,169), and Arabidopsis histone H2B variants 

HTB9 and HTB11 (170).  Other eukaryotic proteins known to be -N-methylated include 

rabbit myosin light chain LC-1 (171) and LC-2 (172), cytochrome c-557 from Crithidia 

oncopelti (173,174), and ribosomal proteins L12 (175-177) and S25 (178). Additionally, 

several human proteins including RCC1 (179), SET, and retinoblastoma (Rb) (180), 

centromere protein B (CENPB) (181), centromere protein A (CENPA) (182) and 

damaged DNA-binding protein 2 (DDB2) (183) were identified to be -N-methylated, 

and these proteins were found to be substrates for the newly discovered human N-

terminal methyltransferase 1 (NTMT1) (180). 

1.4.2 Yeast and human -N-methyltransferases and their substrate specificity 

            In 2010, the long-sought -N-methyltransferase in yeast and human were 

discovered to be Ntm1 encoded by gene YBR261C/TAE1 and its homolog NTMT1 

encoded by gene METTL11A, respectively (180,184). Unlike N-terminal acetylation, 

which normally occurs in the cytoplasmic fraction, the -N-methyltransferase is 

predominantly distributed in the nuclear fraction. Originally, Ntm1 in yeast and NTMT1 

in human were thought to recognize a consensus N-terminal sequence motif of XPK (“X” 

represents S, P or A, with the initiator methionine removed) (180,184). Subsequent 
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studies to characterize substrates of human NTMT1 expanded this recognition motif 

(185). These investigations elevated the number of potential -N-methylated proteins to 

be about 300, and thus unlike the previous view as a rare PTM, -N-methylation could be 

a widespread PTM in cells. In addition, NTMT2 encoded by gene METTL11B in human 

is discovered to be an -N-methyltransferase which primarily monomethylates the same 

categories of substrates as NTMT1 (186). As shown in Table 1.1, almost all identified -

N-methylated proteins from different organisms carry the same XPK motif, suggesting 

that the NTMT orthologs throughout the eukaryotic organisms carry the same enzymatic 

activity and are potential N-terminal methyltransferase. Blast result displayed in Figure 

1.5 indeed show homologs of NTMT from Schizosaccharomyces pombe, Drosophila 

melanogaster, Caenorhabditis elegans and Arabidopsis thaliana, which all belong to 

class I methyltransferase family, shared conserved seven-stranded structure motif I, II 

and III (184). Indeed, NTMT homolog dNTMT in Drosophila was also demonstrated to 

catalyze -N-methylation of H2B (187). Therefore, characterization of authentic N-

terminal methyltransferase is in need for understanding better this conserved -N-

methylation. 

1.4.3 Putting -N-methyltransferase into a regulatory view 

            Various cellular stress such as high cell density, heat shock and arsenite treatment 

can stimulate the -N-methylation in H2B from Drosophila melanogaster (166,187) and 

human CENPB (181).  In addition, -N-methylation in H2B from   



24 

 

  

Proteins N-terminal 

sequence 

Reference 

Histone H2B   

Neurospora crassa PPKPADKK   44 

Drosophila melanogaster PPKTSGKA  166 

Asterias rubens PPKPSGKG                  167 

Tetrahymena thermophila APKKAPAA  168,169 

Arabidopsis thaliana, HTB11 APKAEKKP  170 

Arabidopsis thaliana, HTB9 APRAEKKP  170 

Other proteins   

Saccharomyces cerevisiae ribosomal protein S25 PPKQQKSK       178 

Saccharomyces cerevisiae ribosomal protein L12 PPKQQKSK  175 

Saccharomyces pombe ribosomal protein L12 PPKFDPNE  176 

Arabidopsis thaliana ribosomal protein L12 PPKLDPSQ       177 

Rabbit myosin light chain LC-1 APKKNVK  171 

Rabbit myosin light chain LC-2 APKKAKR  172 

Crithidia oncopelti cytochrome c-557 PPKAREPL  173,174 

Human RCC1 SPKRIAKR  179 

Human SET translocation APKRQSAI  180 

Human retinoblastoma protein 1 PPKTPRKT  180 

Human CENPB GPKRRQLT  181 

Human CENPA GPRRRSRK  182 

Human DDB2 APKKRPET  183 

Table 1.1. A list of known α-N-methylated eukaryotic proteins. 
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Figure 1. 5. Human NTMT1 and Yeast Ntm1 homologs in eukaryotes. (Adapted from 

Ref. 184). 
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Drosophila melanogaster and in human CENPA increases during development and cell 

cycle progression, respectively (182,187). Our unpublished data in Chapter 4 also 

revealed that -N-methylation of human MRG15 is elevated under the treatment of 

radiomimetic drug neocarzinostatin (NCS) and interstrand cross-linking agent mitomycin 

C (MMC). These results suggest that -N-methylation is dynamic and mechanisms must 

exist to control its level. 

            Two potential mechanisms for the regulation of -N-methylation were proposed 

based on a study in Drosophila melanogaster, which revealed the interaction between 

dNTMT and histone arginine methyltransferase dART8 and the negative correlation 

between the expression level of dART8 and the level of -N-methylation in H2B (187).  

One hypothesis attributed the observations to negative crosstalk between methylation at 

arginine 2 in histone H3 (H3R2me) and -N-methylation in H2B. The other argues that 

the phenomena arise from the competition of these two enzymes for the same cofactor, 

namely, S-adenosyl-L-methionine (SAM). However, further studies are in need to 

characterize whether any binding partners of NTMT1 can regulate its enzyme activity in 

human cells. 

            While the above hypotheses may also apply to human cells, it is worth mentioning 

that NTMT1 exhibits high binding affinity towards its own product, i.e., fully -N-

methylated proteins (185).  This binding is thought to occur through a cation-π interaction 

between a conserved triad of aromatic residues (Y19, W20 and H141) with the 

trimethylated amine group, as shown in Figure 1.6 (185). In this respect, a product 

feedback inhibition and competition between substrates are implicated to regulate 
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NTMT1. Additionally, other ways to restrict NTMT1 substrate include cellular 

localization (only nuclear protein can be -N-methylated since NTMT1 is predominantly 

distributed in nuclear fraction) and tissue specificity (MLC9 from 293LT cell is N-

terminally acetylated but from mouse spleen extract is N-terminally methylated) (185). 

Furthermore, it is of significance to examine whether NTMT1 carry important PTMs 

which control its function upon cellular stress.   

            Viewing the fact that demethylases such as LSD1 and LSD2 can regulate histone 

methylation by demethylation (188,189) and the great similarity between histone 

methylation and -N-methylation, it is hypothesized that demethylase may also exist for 

-N-methylation. Thus, demethylation is another potential mechanism through which -

N-methylation is regulated. 

1.4.4 Functional implications of -N-methylation  

            -N-methylation was initially identified as an N-terminal blocking group which 

protects cells from digestion by aminopeptidases (155,174) and hinders the N-end rule 

pathway (190). Unlike N-terminal acetylation which removes the positive charge from N-

terminus, -N-trimethylation (or dimethylation of proline residue) introduces a 

permanent cation to the N-terminal amino group. This positive charge can be sustained 

even under hydrophobic environment where unmodified amino group is readily 

deprotonated (150). Therefore, -N-methylation is well-suited to promote protein/DNA 

and protein/protein interactions.  
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Figure 1. 6. Predicted binding module of NTMT1 for methylated peptide. (Adapted from 

Ref185). 
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            Several lines of evidence support that -N-methylation can promote the 

interaction of -N-methylated protein to DNA, which carries negative charged phosphate 

groups, via electrostatic interaction. RCC1 mutants defective in N-terminal methylation 

bind much more weakly to chromatin during mitosis (179); in line with this observation, 

depletion of NTMT1 was found to exert similar effects (180). Likewise, loss of -N-

methylation of CENPB triggers a declined binding toward centromeric CENP-B box 

DNA (181), and -N-methylation in DDB2 was found to promote its localization to 

DNA damage sites (183). 

            Since -N-methylated proteins are often found to be present in multi-subunit 

complexes, it is proposed that -N-methylation can promote protein-protein interaction 

(150,191). The “Royal Family” modules such as chromo, Tudor and PWWP domains 

possess an aromatic cage that can read specific histone methyl-lysine marks (192). We 

hypothesize that proteins containing this “Royal Family” module are promising readers 

for -N-methylated proteins. Indeed, our unpublished data in chapter 4 revealed that the 

-N-methylated N-terminal tail of MRG15 can be recognized by the chromo domain of 

TIP60, a histone acetyltransferase. Moreover, the interaction allosterically stimulates 

TIP60’s enzyme activity.               

            The diversity of the proteins which can be -N-methylated determined the 

dynamic range of its functional implications.  In yeast, -N-methylation in a proteasome 

protein Rpt1 was demonstrated to play a significant role in cell growth and stress 

tolerance (193). Strains which carry deletion for the TAE1 gene that encodes yeast -N-



30 

 

methyltransferase Ntm1 display an altered ribosome profile with declined translation 

efficiency and fidelity (194). In human cells, reduced chromatin localization of -N-

methylation-defective mutant of RCC1 leads to a spindle pole defect and increased 

aneuploidy (179). Likewise, loss of -N-methylation in DDB2 results in reduced repair 

efficiency toward CPDs, decreased ATM activation and less tolerance of the genotoxic 

effects of UV exposure (183). Moreover, -N-methylation in MRG15 serves as a 

molecular hook to hold the chromo domain of TIP60 and promotes histone crosstalk 

between H3K36me3 and H4K16ac. In addition, defective -N-methylation in MRG15 

contributes to reduced HR and ATM activation (unpublished data in Chapter 4).  

            Consistent with the importance of -N-methylation, abnormal NTMT1 expression 

has been recorded in numerous cancer cells. For instance, while up-regulation of NTMT1 

was documented in colorectal cancers (195,196) and lymphomas (197), down-regulation 

of NTMT1 was observed in testicular seminomas (198) and the breast tumor stromal 

(199). Moreover, numerous phenotypes associated with defective DNA repair such as 

smaller size, female infertility, liver degeneration and premature death are displayed in 

NTMT1 knockout mice (191).  

1.5 Phosphorylation 

            Unlike -N-methylation, the functional importance of which has only begun to be 

investigated in the recent years, phosphorylation is a type of PTM of which the 

significance is well appreciated. In 1992, in light of “their discoveries concerning 

reversible protein phosphorylation as a biological regulatory mechanism”, Edmond H. 
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Fischer and Edwin G Krebs were awarded with Nobel Prize in Physiology/Medicine. As 

a reversible modification, phosphorylation, which is carefully regulated by protein kinase 

and phosphatase, acts as a central mechanism to regulate almost every cellular process. 

Due to the strong correlation of misregulation of phosphorylation and cancer, kinases 

have been considered as good targets for drug development in cancer therapy (200).   

            Cyclin-dependent kinases (Cdks), which belong to serine/threonine kinases, being 

correctly switched on and off for their enzyme activity ensures the smooth transition 

between different phases of the cell cycle (201). Recently, the roles of Cdks were found 

to be beyond cell cycle regulation (202). For example, Cdk1-dependent phosphorylation 

of yeast nucleases Sae2 and Dna2 spur DNA-end resection and HR (203,204). 

Flavopiridol, a flavone synthetically derived from an alkaloid isolated from the leaves 

and stems from plants indigenous to India, is one of the effective inhibitors of Cdks 

(Cdk1, 2, 4, 6 and 7) (205,206).            

            Besides working individually, phosphorylation can crosstalk with other PTMs, 

one well-documented example of which is ubiquitination. In this respect, phosphorylation 

can regulate ubiquitination either through the substrates or the E3 ubiquitin ligase (207).  

1.6 PTMs of core histones  

              In mammals the genetic information is compacted to a hierarchy structure-

chromatin. Core unit of chromatin is nucleosome which is composed of 147 base pair 

DNA wrapping around a histone octamer consisting of two H2A-H2B dimers and a (H3-

H4)2 tetramer (208). The protruded N-terminal tails of histones render them good targets 

for PTMs. To regulate cellular function, some of the PTMs in histones directly modify 
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chromatin structure and others operate through binding modules for chromatin modifier 

proteins (209). Here I mainly discuss about two types of histone PTMs, i.e. acetylation of 

lysine 16 in histone H4 (H4K16ac) and trimethylation of histone H3 at lysine 36 

(H3K36me3) which are highly relevant to the research in this dissertation. 

1.6.1 H4K16ac  

              Previously, it was reported that high extent of acetylation hinders the higher 

order compaction of nucleosome arrays (210). Moreover, N-terminal tails of H4, 

specifically residues 14-19 were found to be critical for the formation of 30 nm chromatin 

fibers (211). In line with this, the acetylation of lysine 16 on H4 (H4K16ac) alone is 

found to be able to decompact the 30 nm fiber structure of chromatin (212). The 

relaxation of chromatin allows easy access of chromatin by non-histone proteins, which 

is important in many biological processes such as ATM activation (213). Not 

surprisingly, hypoacetylation of H4K16 is redeemed as a hallmark for human cancer 

(214). 

1.6.2 H3K36me3 

              In human cells, H3K36 can be methylated by several histone methyltransferases 

(HMTs) which harbor the same catalytic SET domain to enable the mono-, di- or tri-

methylation of substrate proteins (215). Among these HMTs, SETD2 is the sole enzyme 

responsible for the methylation of H3K36me2 to H3K36me3 (216). The role of 

H3K36me3 in regulation of gene expression is well established (215); however, the 
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critical role of H3K36me3 in DNA damage repair including MMR and HR was revealed 

only recently (217-220).                    

1.7 Scope of the dissertation 

              The research covered in this dissertation focuses on identification and functional 

characterizations of the novel PTMs of DDB2 and MRG15, which are important in NER 

and HR, respectively. These studies aim to improve our understanding of -N-

methylation in DNA repair pathway and delineate biological implications of a novel 

serine 26 phosphorylation in DDB2. 

      In Chapter two, by using LC-MS/MS, we found that, in human cells, the 

initiating methionine residue in DDB2 was removed and the N-terminal alanine could be 

methylated on its -amino group, with trimethylation being the major form.  I also 

demonstrated that the -N-methylation of DDB2 is catalyzed by NTMT1. In addition, a 

methylation-defective mutant of DDB2 displayed diminished nuclear localization and 

was recruited at a reduced efficiency to UV-induced CPD foci.  Moreover, loss of this 

methylation conferred compromised ATM activation, decreased efficiency in CPD repair, 

and elevated sensitivity of cells toward UV light exposure.  Together, my study provided 

new knowledge about the post-translational regulation of DDB2 and expanded the 

biological functions of protein -N-methylation to DNA repair.  

        In Chapter three, I reported that DDB2 could be phosphorylated at Serine 26 in 

HEK293T cells. The phosphorylation level was significantly reduced in cells treated with 

flavopiridol, an inhibitor for Cdks, suggesting the involvement of Cdks in this 

phosphorylation. I also found that a DDB2 mutant deficient in Ser26 phosphorylation 
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failed to be recruited to UV light-induced CPD foci. Furthermore, this phosphorylation 

was shown to be critical for proteasomal degradation of DDB2, ATM activation, CPD 

repair, and cellular resistance toward UV light. I conclude that the phosphorylation of 

Ser26 in DDB2 plays a significant role in NER. 

      In Chapter four, I further extended the target of NTMT1 in human cells to 

MRG15. I observed that the -N-methylated N-terminus of MRG15 enables its 

interaction with TIP60 histone acetyltransferase through binding to the chromo domain of 

TIP60 and stimulates allosterically the enzymatic activity of the latter. Additionally, I 

found that this -N-methylation-chromo domain interaction is indispensable for 

H4K16Ac, for DNA damage-induced ATM activation, for the repair of double strand 

breaks via the homologous recombination pathway, and for protecting cells from the 

genotoxic effects of ionizing radiation and interstrand cross-linking agents. Moreover, I 

observed that the function of -N-methylation of MRG15 in H4K16Ac and DNA 

damage-induced ATM activation necessitate MRG15’s binding to chromatin via the 

interaction between its chromo domain and H3K36me3. Collectively, my study unveiled, 

for the first time, the -N-methylation of MRG15, and discovered novel functions of 

protein -N-methylation in the context of DNA damage response and repair. I also 

uncovered a novel trans-histone modification where H3K36me3 drives H4K16Ac in 

human cells, revealed the essential role of MRG15 in this process, and demonstrated the 

importance of this trans-histone modification in ATM activation and homologous 

recombination repair. 
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Chapter 2. -N-Methylation of Damaged DNA-Binding Protein 

2 (DDB2) and Its Function in Nucleotide Excision Repair 

  

Introduction 

            Nucleotide excision repair (NER), a versatile DNA repair pathway that eliminates 

a wide variety of helix-distorting DNA lesions, including ultraviolet (UV) light-induced 

cyclobutane pyrimidine dimer (CPD) and pyrimidine(6-4)pyrimidone photoproducts (6-

4PPs), as well as bulky DNA adducts induced by numerous environmental carcinogens 

(1). There are two subpathways of NER, i.e., GG-NER and transcription-coupled NER 

(TC-NER), which operates throughout the entire genome and removes lesions from 

transcribed strand of active genes, respectively (1,2).  

            DDB2 is normally present as a heterodimer known as UV-DDB, which comprises 

of DDB1 (p127) and DDB2 (p48) (3). UV-DDB serves as a GG-NER factor for the 

detection of UV-induced DNA damage in chromatin, where DDB2’s binding to damaged 

DNA precedes the recruitment of XPC to chromatin (4). XP-E cells and Chinese hamster 

ovary cells lacking UV-DDB exhibit a defect in the repair of CPDs, but not 6-4PPs (4,5), 

and overexpression of DDB2 in Chinese hamster ovary cells can increase UV resistance 

(6). Furthermore, DDB2 regulates  ATM/ATR activation and decides cell fate by 

coordinating with XPC (7) and stimulating the proteasomal degradation of  p21 (8), 

respectively. 

            Protein -N-methylation is a type of post-translational modification that is 

conserved from E. coli to man (9), and a number of proteins were found to be -N-
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methylated in eukaryotic cells. In this context, -N-methylation of histone H2B was 

observed in several organisms (10-15). Other eukaryotic proteins known to be -N-

methylated include human RCC1, SET, retinoblastoma protein (Rb), etc. (16-27). 

Recently, the long-sought -N-methyltransferase in human and yeast have been 

discovered (17,20).  The human -N-methyltransferase NRMT (also known as NTMT1) 

recognizes a common N-terminal sequence motif of XPK (‘X’ represents S, P or A) (17).  

Lately, the recognition motif of NRMT was further expanded based on an in vitro peptide 

methylation assay (18).  Considering that DDB2 harbors an N-terminal APK motif, we 

reason that DDB2 might constitute an NRMT substrate and be -N-methylated in cells. 

            Herein we report our identification and characterization of -N-methylation of 

DDB2. We demonstrated that NRMT could catalyze the -N-methylation of DDB2 in 

vitro and in human cells, and this methylation promoted DDB2’s nuclear localization, 

facilitated DDB2’s recruitment to CPD foci, augmented CPD repair efficiency, enabled 

ATM activation, and conferred the resistance of human cells toward UV damage. 

Furthermore, results from our study expanded the function of protein -N-methylation to 

DNA repair. 

 

Materials and Methods 

Cell culture conditions 

            The HEK293T human embryonic kidney epithelial cells were purchased from 

ATCC. AA8 and GM01389 cells were kindly provided by Dr. Michael M. Seidman 
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(National Institute of Aging).  HEK293T cells were cultured in Dulbecco’s modified 

Eagle’s medium (ATCC), and AA8 and GM01389 cells were cultured in  Minimum 

Essential Medium (MEM, ATCC). The media contained 10% (v/v, for HEK293T and 

AA8 cells) or 15% (v/v, for GM01389 cells) fetal bovine serum (Invitrogen), 100 

units/ml penicillin, and 100 g/ml streptomycin. The cells were cultured at 37°C in 5% 

CO2 atmosphere. 

Constructs 

            The expression plasmid for NRMT-His6 was kindly provided by Dr. Ian Macara 

(17). The human DDB2 open-reading frame was amplified to introduce a 5’ XbaI 

restriction site and a 3’ BamHI site, and subcloned into a modified mammalian 

expression vector pRK7 in which three tandem repeats of the FLAG epitope tag 

(DYKDDDK) were inserted between BamHI and EcoRI sites to give pRK7-DDB2-

3×FLAG. DDB2-K4Q mutant was amplified from pRK7-DDB2-3×FLAG plasmid using 

site-directed mutagenesis. DDB2-His6 was generated by subcloning DDB2 coding 

sequence with 5’ SacI, N-terminal X-factor cleavage site (IEGR) and 3’NotI into E. coli 

expression vector pET28a. 

Preparation of recombinant proteins  

            NRMT-His6 and DDB2-His6 were expressed in Rosetta (DE3) pLysS E. coli 

strain after growth at 37°C in Luria broth supplemented with 2% (v/v) ethanol to an 

optical density at 600 nm of approximately 0.8, followed by induction with 0.5 mM 

isopropylthiogalactopyranoside at room temperature overnight for NRMT-His6, and at 
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37°C for 4 hr for DDB2-His6. The proteins were then purified by using Talon affinity 

resin (Clontech) following the manufacturer’s recommended procedures. pRK7-DDB2-

3×FLAG was transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen) and 

the resulting C-terminally FLAG-tagged DDB2 was purified by using Anti-FLAG M2 

affinity beads (Sigma). 

siRNA knockdown  

            Control and human NRMT SMARTpool siRNA were obtained from Thermo 

Scientific. Sequences of NRMT SMARTpool siRNA were 

GCGAGGUGAUAGAAGACGA, AGGUGGAUAUGGUCGACAU, 

UGAGGGAAGGCCCGAACAA and GGACUGUGGAGCUGGCAUU. HEK293T cells 

were cultured in 6-well plates in antibiotic-free medium at a density of 5×105 cells per 

well for 24 hrs, and transfected with 100 pmol siRNA using Lipofectamine 2000 

(Invitrogen). Cells were harvested 48 hr later for RT-PCR analysis. 

Real-time quantitative RT-PCR - Total RNA was isolated using the Total RNA Kit I 

(Omega). cDNA was generated by using M-MLV reverse transcriptase (Promega) and an 

oligo(dT)16 primer. Real-time quantitative RT-PCR for evaluating the extent of siRNA 

knockdown was performed by using the iQ SYBR Green Supermix kit (Bio-Rad) and 

gene-specific primers for NRMT or the control gene GAPDH. The primers were 5'-

GCCCTCCCTTCCTCTTCC-3' and 5'-CCAACCACGGCTCTACTCA -3' for NRMT, 

and 5'-TTTGTCAAGCTCATTTCCTGGTATG-3' and 5'-

TCTCTTCCTCTTGTGCTCTTGCTG -3' for GAPDH.  
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In vitro methylation assay  

            Purified NRMT-His6 (0.3 g) was incubated with 1 g X-factor-cleaved DDB2-

His6 or synthetic N-terminal peptide of DDB2 (Genemed Synthesis, Inc.) with 100 M S-

adenosyl-L-methionine (S-AdoMet) as the methyl donor and brought to 50 L with 

methyltransferase buffer (50 mM Tris, 50 mM potassium acetate, pH 8.0). Reactions 

were continued at 30°C for 2 hr. 

LC-MS/MS analysis 

            The FLAG-tagged DDB2 was isolated using affinity purification with anti-FLAG 

M2 beads. The sample was subsequently reduced, alkylated and digested with Glu-C at 

an enzyme:protein ratio of 1:20 (w/w) at room temperature overnight. Peptide mixtures 

were subjected to online LC-MS/MS analysis with an EASY-nLC II that is coupled with 

an LTQ Orbitrap Velos mass spectrometer equipped with a nanoelectrospray ionization 

source (Thermo, San Jose, CA) following similar procedures as described previously 

(28). The separation was conducted by using a homemade trapping column (150 m × 50 

mm) and a separation column (75 m ×120 mm), packed with ReproSil-Pur C18-AQ 

resin (3 m in particle size, Dr. Maisch HPLC GmbH, Germany). Peptide samples were 

initially loaded onto the trapping column with a solvent mixture of 0.1% formic acid in 

CH3CN/H2O (2:98, v/v) at a flow rate of 4.0 L/min. The peptides were then separated 

with a 90-min linear gradient of 2-40% acetonitrile in 0.1% formic acid and at a flow rate 

of 220 nL/min. The mass spectrometer was operated in the positive-ion mode, and the 

spray voltage was 1.8 kV. The data were acquired in a data-dependent scan mode where 
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one full-scan MS was followed with 20 MS/MS scans. To obtain high-quality MS/MS, 

the data were also collected in selected-ion monitoring mode where the fragmentations of 

the protonated ions of the unmodified and mono-, di- or tri-methylated forms of the N-

terminal peptide of DDB2 were monitored. All the MS/MS data were manually analyzed. 

Fluorescence microscopy  

            The AA8 and GM01389 cells transiently expressing the wild-type or K4Q mutant 

of DDB2 were grown on glass coverslips, and irradiated with UV-C light at 40 J/m2 

through a 5-m isopore polycarbonate filter (Millipore). After the irradiation, the 

membrane was removed, and the cells were incubated at 37°C for 30 min.  The cells were 

subsequently fixed with 4% (w/v) paraformaldehyde, permeated using 0.5% (v/v) Triton 

X-100 in PBS, washed with PBS, and the DNA was denatured by incubation in 2 M HCl 

for 5 min.  Cells were then incubated in a solution containing 20% (v/v) goat serum, 

0.3% (v/v) Triton X-100, and 5% (w/v) bovine serum albumin (BSA) to block non-

specific binding.  Primary anti-FLAG (Cell Signaling) and anti-CPD (Kamiya 

Biomedical Company) antibodies and secondary antibodies (Invitrogen) were 

subsequently added and incubated at 4C for overnight and then at room temperature for 

1 hr.  After the incubation, the coverslips were washed with PBS and mounted onto 

microscope slides in ProLong Gold Antifade Reagent with DAPI (Invitrogen).  Images 

were captured with a Leica TCS SP2/UV confocal microscope (Leica Microsystems).   

Colonogenic Survival assay - For survival assay, GM01389 cells, at 24 hr following 

transfection with pRK7-DDB2-3×FLAG, pRK7-DDB2-K4Q-3×FLAG or empty control, 

were plated in 6-well plates in triplicate at densities of 200-2000 cells per well. The cells 
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were subsequently exposed to various doses of UV-C light and the cells were attached to 

the plates immediately afterwards. Cell colonies grown for 10-14 days (29) were then 

fixed using 6% (v/v) glutaraldehyde and stained with 0.5% (w/v) crystal violet. Colonies 

containing at least 50 cells were counted under a microscope.  

Nuclear fractionation and Western blot   

            HEK293T cells transiently expressing the wild- type DDB2 or DDB2-K4Q were 

collected immediately, or at 30 min, after irradiation with 40 J/m2 UV-C light. The 

nuclear and cytoplasmic fractions were obtained using NE-PER Nuclear and Cytoplasmic 

extraction kit (Thermo Scientific) following the manufacturer’s recommended 

procedures. Antibodies that specifically recognized histone H3 and FLAG epitope tag 

were purchased from Cell Signaling and used at 1:10000 dilution. Antibody that 

specifically recognized human actin (abcam) was used at 1:5000 dilution. For ATM 

activation, antibodies that specifically recognized human ATM or phospho-ATM 

(Ser1981), and human CHK1 or phospho-CHK1 (Ser345) were purchased from Cell 

Signaling and used at 1:1000 dilution. Horseradish peroxidase-conjugated secondary goat 

anti-rabbit antibody (abcam) was used at a 1:10000 dilution. 

Flow cytometry-based DNA repair assay  

            The CPD repair assay was performed following similar procedures as described 

previously (30).  The GM01389 cells were plated in 6-well plates at a density of 3×105 

cells/well,  after 16 hr, plasmids for overexpressing wild-type DDB2 or DDB2-K4Q 

mutant and the empty control were transfected individually into the plated GM01389 
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cells. At 28 hr after transfection, the DMEM medium was replaced with 1×PBS buffer 

and the cells were irradiated with UV-C light at 10 J/m2. After the irradiation, PBS buffer 

was removed and fresh medium with 200 ng/ml nocodazole was added to the cells. At 

various time intervals following UV irradiation, the cells were washed with PBS, 

resuspended in 125 L PBS and fixed by adding 375 L pre-chilled 100% ethanol at -20 

°C for at least 1 hr. The cells were subsequently permeated and denatured with 0.5% 

(v/v) Triton X-100 in 2 N HCl in ddH2O at room temperature for 15 min. Cells were 

washed trice with PBS and resuspended in 200 L PBS with 100 g/ml RNase at 37 °C 

for 1 hr.  After that, cells were blocked in blocking buffer, which contained 5% (v/v) 

bovine serum albumin and 0.3% (v/v) Triton X-100 in PBS, at room temperature for 20 

min.  Cells were then resupended in the blocking buffer containing mouse anti-CPD  

antibody (Kamiya Biomedical Company, 1:1000 dilution ) at room temperature for 45 

min and then at 4°C overnight. Cell pellets were subsequently washed thrice with 

washing buffer, which contained 0.3% (v/v) Triton X-100 in PBS, and then resupended in 

Alexa Fluor 647 Goat anti-Mouse antibody (1:200 dilution, Invitrogen) at room 

temperature for 1 hr. Pellets were again washed thrice with washing buffer then 

resuspended in sorting buffer (1PBS, 1 mM EDTA, 25 mM HEPES, 1% FBS, v/v, pH 

7.0) for flow cytometry analysis (BD FACS Aria I). 
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Results  

Human DDB2 is mono-, di- and tri-methylated on the -amino group of its N-

terminal alanine residue  

            We first assessed whether DDB2 can be -N-methylated. To this end, we 

expressed the C-terminally FLAG-tagged DDB2 in HEK293T cells and purified the  

protein from the cell lysate using anti-FLAG M2 beads (Figure 2.1a). Glu-C digestion of 

the resulting protein yields the N-terminal peptide of APKKRPE. From our MS result, we 

were able to identify doubly charged ions of the unmodified as well as the mono-, di- and 

tri-methylated forms of the peptide 1APKKRPE7 at m/z values of 413.2481, 420.2558, 

427.2634, and 434.2742, respectively (Figure 2.2a). As depicted in Figure 2.2 b-d and 

2.3a, we observed the y2-y6 ions for the mono- and di-methylated peptide, and the y2, y3-

y5 ions for tri-methylated peptide. These ions display the same m/z values as those for the 

corresponding unmodified peptide. In addition, we observed the b2+Me, b3+Me and 

b5+Me ions in the MS/MS of the monomethylated peptide, as well as the b2+2Me, 

b3+2Me, b5+2Me ions and neutral loss of an NH(CH3)2
 in the MS/MS for the 

dimethylated peptide (Figure 2.2c&d). On the other hand, the MS/MS for the 

corresponding trimethylated peptide displays the b2+3Me, b3+3Me, b4+3Me, b5+3Me 

ions and a fragment ion arising from the elimination of an N(CH3)3 (Figure 2.2a). The 
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Figure 2. 1. SDS-PAGE characterizations of recombinant DDB2 and NRMT. Shown as 

the image for SDS-PAGE gels for the C-terminally FLAG-tagged DDB2 isolated from 

HEK293T cells (a), and NRMT-His6 (b) and DDB2-His6 (c) purified from E. coli Rosetta 

(DE3) pLysS cells. * indicates antibody heavy and light chains. 
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observation of the y6+Me ion for the trimethylated peptide (Figure 2.3a) is perhaps 

attributed to the methyl group migration prior to amide bond cleavage during collisional 

activation, as observed previously (31). To further confirm this, we acquired the 

MS/MS/MS arising from the further fragmentation of the y6+Me ion found in the MS/MS 

of the trimethylated peptide (Figure 2.3b). The observation of the b2, b2+Me, b3+Me, 

b4+Me and b5+Me+H2O ions, but not the b3, b4, or b5+H2O ion, demonstrated that the 

methyl group is migrated to the third lysine, or one of the two residues on the N-terminal 

portion (proline or lysine). In this regard, the ion of m/z 639.6 found in Figure 2.3b may 

be potentially attributed to the y5-H2O ion; the observation of the b5+H2O, but not the y5- 

H2O ion in the MS/MS/MS for the y6 ion observed for the dimethylated peptide (Figure 

A1) suggested that the ion of m/z 639.6 can only be assigned to the b5+Me+H2O ion. 

Together, the above results provide solid evidence for supporting the mono-, di- and tri-

methylation of the N-terminus of DDB2. 

NRMT can catalyze the -N-methylation of DDB2 in human cells and in vitro        

            Considering that NRMT can catalyze the -N-methylation of RCC1 and several 

other human proteins carrying the conserved N-terminal XPK motif, we asked whether 

this enzyme can also induce the -N-methylation of DDB2, which harbors an N-terminal 

APK motif.  To this end, we knocked down the expression of NRMT in HEK293T cells 

by using siRNA and co-transfected the cells with NRMT siRNA together with the 

plasmid for expressing the C-terminally FLAG-tagged DDB2. Quantitative real-time 

PCR and Western blot results showed that NRMT knockdown efficiency was greater than 

80% (Figure 2.4a and 2.4b).  We then estimated the extent of N-terminal methylation  
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Figure 2. 2. ESI-MS and MS/MS characterizations of -N-methylation of DDB2 isolated 

from HEK293T cells. (a) ESI-MS showing the presence of unmodified as well as mono-, 

di-, tri--N-methylated forms of the peptide 1APKKRPE7 of C-terminally FLAG-tagged 

DDB2 isolated from HEK293T cells. (b-d) ESI-MS/MS of unmodified (b) as well as 

mono- (c), di-methylated (d) forms of the peptide 1APKKRPE7. A region of the spectrum 

in Fig. 2.2d was amplified to visualize better the peaks for some fragment ions of low 

abundance. 
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Figure 2. 3. MS/MS and MS/MS/MS characterizations of the -N-trimethylated peptide 

of DDB2. (a) ESI-MS/MS of tri-methylated form of the peptide 1APKKRPE7 arising 

from the Glu-C digestion of C-terminally FLAG-tagged DDB2 isolated from HEK293T 

cells. (b) MS/MS/MS of y6+Me ion found in the MS/MS of the tri-methylated form of the 

peptide 1APKKRPE7. 
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based on the relative abundances of precursor ions for the methylated and unmodified 

peptides of the C-terminally FLAG-tagged DDB2 isolated from HEK293T cells.  

Following NRMT knockdown, there is a significant reduction in the level of -N-

methylation in DDB2 relative to that observed for DDB2 isolated from cells treated with 

control, non-targeting siRNA (Figure 2.4c).  In this regard, it is worth noting that 

methylation may alter the ionization efficiency of the N-terminal peptide. Thus, the 

absolute methylation levels may differ from those estimated from the relative ion 

abundances; nevertheless, the method still offers a valid comparison about the relative 

levels of methylation of DDB2 isolated from cells with or without NRMT knockdown. 

We next examined whether NRMT could catalyze the -N-methylation of DDB2 in vitro. 

To this end, we generated the recombinant His6-tagged NRMT and DDB2 (Figure 2.1b-

c). To remove the initial methionine, we generated the recombinant DDB2 protein that is 

fused with a His6-tag and Factor X (a protease) recognition sequence on the N-terminus.  

Cleavage with Factor X renders the second residue of DDB2 (i.e., alanine) exposed for -

N-methylation. LC-MS/MS analysis of the Glu-C digestion mixture of the in vitro 

methylated DDB2 revealed the presence of mono-, di-, and tri-methylated N-terminal 

peptide (Figure A2b&c), and the absence of methylated N-terminal peptide in the 

samples without the addition of NRMT (Figure A2a). 

            To assess whether the folding of DDB2 is required for the -N-methylation, we 

also incubated the peptide containing N-terminal 12 amino acids of DDB2 (without the 

initial methionine) with NRMT together with S-AdoMet in vitro. Our MS and MS/MS  
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Figure 2. 4. NRMT can catalyze the -N-methylation of DDB2 in cells. (a) Relative 

mRNA level of NRMT by real-time PCR using GAPDH as control; (b) Relative level of 

NRMT protein by Western analysis using GAPDH as control; (c) Relative abundances of 

different methylation forms of N-terminal peptide APKKRPE of DDB2 isolated from 

HEK293T cells treated with control and NRMT siRNA, as determined by semi-

quantitative MS analysis.  The results represent the mean and standard deviation of 

results obtained from three independent experiments. “*”, P < 0.05; the P values were 

calculated by using unpaired two-tailed t-test. 
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results revealed unequivocally the mono-, di-, and tri-methylation of the N-terminus of 

the peptide 1APKKRPETQKTS12 (Figure 2.5b, Figure A3). As expected, we only 

observed the unmodified form of the peptide when NRMT was not included in the 

reaction (Figure 2.5a).  Together, we conclude that NRMT can catalyze the -N-

methylation of DDB2. 

The proline and lysine in the ‘APK’ motif are important for the -N-methylation of 

DDB2  

            In light of the importance of the XPK motif in -N-methylation, we also 

performed in vitro methylation assay with the 12-amino acid peptide variants 

1AAKKRPETQKTS12 and 1APQKRPETQKTS12, where the P and K in the XPK motif  

were mutated to A and Q, respectively.  As displayed in Figure 2.5c-e, relative to the 

wild-type sequence, the methylation level for 1AAKKRPETQKTS12 is profoundly 

decreased, whereas 1APQKRPETQKTS12 was predominantly unmethylated (The MS/MS 

results are shown in Figures A4-A5). Hence, we constructed a plasmid allowing for the 

expression of C-terminally FLAG-tagged DDB2-K4Q mutant and examined whether the 

mutant protein can be methylated in cells. In keeping with the in vitro result, LC-MS/MS 

analysis showed that the unmodified peptide APQKRPE could be readily detected in the 

Glu-C digestion mixture of the DDB2-K4Q mutant isolated from HEK293T cells; 

however, the corresponding methylated peptides were below the detection limit (Figure 

A6).  In this vein, it was observed previously that the K4Q mutant of RCC1 or CENP-B 

could not be methylated on the N-termini by NRMT (16,26).   
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Figure 2. 5. NRMT can catalyze the -N-methylation of DDB2 in vitro. (a) ESI-MS of 

unmodified forms of the peptide 1APKKRPETQKTS12 without addition of NRMT; (b) 

ESI-MS of unmodified, mono-, di-, tri--N-methylated forms of the peptide 

1APKKRPETQKTS12  with addition of NRMT; (c) ESI-MS of unmodified, mono-, di-, tri-

-N-methylated forms of the peptide DDB2-P3A, i.e., 1AAKKRPETQKTS12, with the 

addition of NRMT; (d) ESI-MS of unmodified, mono-, di-, tri--N-methylated forms of 

the peptide DDB2-K4Q, i.e., 1APQKRPETQKTS12, with the addition of NRMT; (e) 

Relative abundances of different methylation forms of N-terminal 12 amino acids of 

DDB2, DDB2-P3A, DDB2-K4Q as determined by semi-quantitative MS analysis.  The 

results represent the mean and standard deviation of results obtained from three 

independent experiments. “*”, P < 0.05; “***”, P < 0.001.  The P values were calculated 

by using unpaired two-tailed t-test. 
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-N-methylation affects DDB2’s nuclear localization and its recruitment to CPD 

foci  

            Previous studies showed that DDB2 is rapidly recruited to CPD foci in cells 

following exposure to UV irradiation (32). We reason that -N-trimethylation of DDB2 

may affect its intracellular localization and its binding to damaged DNA. In this regard, 

-N-methylation of DDB2 may promote its nuclear localization by facilitating its 

interaction with other nuclear proteins which can recognize this methylation mark, and 

there are many cellular protein readers that can recognize the side chains of methylated 

lysine and arginine (33). To test this, we transfected HEK293T cells with FLAG-tagged 

DDB2 and DDB2-K4Q expression vectors, and examined the distribution of the wild-

type and mutant DDB2 in the cytoplasmic and nuclear  fractions before and after 

treatment with UV-C light. Our results demonstrated that, with or without UV-C light 

exposure, the methylation-defective mutant displayed a reduced presence in the nuclear 

fraction than wild-type DDB2 (Figure 2.6a). 

            We next examined whether deficient -N-methylation affects DDB2’s 

recruitment to CPD foci. To this end, we transfected FLAG-tagged DDB2 and DDB2-

K4Q expression vectors into AA8 Chinese hamster ovary (CHO) cells which do not 

express endogenous UV-DDB (32). As shown in Figure 2.6b-c, immunofluorescence 

analyses using anti-FLAG and anti-CPD antibodies revealed that 97.4% of CPD foci co-

localized with DDB2 foci in cells transfected with wild-type DDB2 construct, whereas 

only 61.5% of the CPD foci co-localized with DDB2 foci in AA8 cells transfected with 

the plasmid for DDB2-K4Q.  To further strengthen this finding, we conducted similar  
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Figure 2. 6. -N-methylation is important for DDB2’s nuclear localization and 

recruitment to DNA damage foci. (a) Western blot revealed the less nuclear localization 

and more cytoplamic localization of DDB2-K4Q than wild-type DDB2 in HEK293T 

cells with or without exposure to UV-C light. -actin was used as a loading control for 

the cytoplasmic extract (CE), and histone H3 was used as a loading control for the 

nuclear extract (NE). (b) Representative images for monitoring the co-localization of 

transfected wild-type DDB2 and DDB2-K4Q to CPD foci in AA8 and GM01389 cells; 

(c) Percentage of CPD foci that are co-localized with DDB2 foci (%).  In cells transfected 

with the wild-type DDB2 construct, almost all CPD foci have colocalization with DDB2 

foci, whereas only a portion of CPD foci bear colocalization with DDB2 foci in cells 

transfected with the DDB2-K4Q plasmid. The results represent the mean and standard 

deviation of results obtained from three biological replicates, and approximately 100 cells 

were counted in each replicate.  “***”, P < 0.001.  The P values were calculated by using 

unpaired two-tailed t-test. (d-e) Western blot analysis of wild-type DDB2 and DDB2-

K4Q in whole-cell extracts of AA8 (d) and GM01389 (e) cells transfected with the 

corresponding DDB2 constructs. -actin was used as a loading control. 
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experiments using human XPE cells (GM01389) which do not carry a functional DDB2. 

Figure 6b&c displayed that 98.5% of CPD foci co-localized with DDB2 foci in 

GM01389 cells transfected with wild-type DDB2 construct, whereas only 52.2% of the 

CPD foci co-localized with DDB2 foci in cells transfected with the plasmid for DDB2-

K4Q. In this vein, it is worth noting that wild-type DDB2 and DDB2-K4Q mutant were 

expressed at similar levels in GM01389 and AA8 cells, as shown by Western analysis 

(Figure 2.6d-e). Thus, the above results demonstrated that -N-methylation plays a 

significant role in DDB2’s recruitment to CPD foci.   

-N-methylation of DDB2 facilitates CPD repair in GM01389 cells  

            Viewing that the methylation-defective mutant of DDB2 exhibited diminished 

nuclear localization and reduced recruitment to CPD foci, we next examined whether the 

-N-methylation of DDB2 plays a role in CPD repair using a flow cytometry-based 

method (30). Our results showed that, approximately 70% of CPD was removed in 

GM01389 cells transfected with wild-type DDB2 construct, whereas only about 39% of 

the CPD was repaired in cells transfected with the DDB2-K4Q plasmid at 48 hr following 

UV-C exposure (Figure 2.7).  Thus, -N-methylation enhances CPD repair in human 

cells. 

-N-methylation of DDB2 promotes ATM activation in GM01389 cells  

            DDB2, as an early UV damage recognition factor, was previously shown to be 

crucial for ATM recruitment to DNA damage sites and for its activation (7). On the   
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Figure 2. 7. -N-methylation of DDB2 stimulates CPD repair in human cells. (a) Flow 

cytometry results showing the level of CPD in GM01389 with empty control, wild-type 

DDB2 and DDB2-K4Q at various time intervals (0, 12, 24, and 48 hr) after irradiation 

with 10 J/m2 UV-C light. (c) Quantitative results showing that CPD was repaired more 

efficiently in GM01389 cells with transient expression of wild-type DDB2 than those 

with DDB2-K4Q. The results represent the mean and standard deviation of data obtained 

from three biological replicates.  “***”, P < 0.001.  The P values were calculated by 

using unpaired two-tailed t-test. 

 



77 

 

grounds that diminished -N-trimethylation resulted in reduced recruitment of DDB2 to 

DNA damage sites, we reason that defective -N-trimethylation may also compromise 

the recruitment and activation of downstream DNA damage response factors including 

ATM. Hence, we assessed ATM activation by monitoring the phosphorylation levels of 

ATM-S1981 and CHK1-S345 using Western analysis. It turned out that the 

overexpression of wild-type DDB2, but not its K4Q mutant, can significantly enhance the 

phosphorylation levels of ATM-S1981 and CHK1-S345 after UVC damage (Figure 2.8a).  

We also knocked down the expression of NRMT in HEK293T cells using siRNA and 

monitored how ATM activation is affected by the resulting reduced -N-trimethylation 

of DDB2. Together, our results showed that NRMT knockdown indeed led to diminished 

phosphorylation of ATM-S1981 and CHK1-S345 (Figure 2.8b). In this context, it is 

worth noting that the reduced ATM activation may also be attributed to the diminished 

methylation of other NRMT substrates that may also play an important role in ATM 

activation. Therefore, our results supported that -N-methylation of DDB2 is important 

for ATM activation.  

-N-methylation is crucial for cellular resistance toward UV light  

            Reduced recruitment of DDB2 to CPD sites and diminished ATM activation 

could result in compromised repair of CPD lesions, which may convey elevated 

sensitivity of cells to UV light. To test this, we assessed the viability of GM01389 cells 

by employing clonogenic survival assays. Our results showed that the proliferating ability 

of GM01389 cells is enhanced substantially in cells complement with wild-type DDB2,  
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but not the DDB2-K4Q mutant (Figure 2.8c). These results support that -N-methylation 

of DDB2 can protect cells from cytotoxic effects conferred by UV damage. 
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Figure 2. 8. -N-methylation of DDB2 is important for ATM activation and for cellular 

resistance toward UV irradiation. (a) 30 mins after irradiation with 25 J/m2 UV-C light, 

ATM autophosphorylation (ATM-S1981p) and CHK1 phosphorylation (CHK1-S345) 

were increased in GM01389 cells complemented with wild-type DDB2 but not -N-

methylation-defective DDB2-K4Q mutant. (b) After siRNA-induced knockdown of 

NRMT, ATM autophosphorylation (ATM-S1981p) and CHK1 phosphorylation (CHK1-

S345) were reduced relative to control siRNA knockdown in HEK293T cells at 30 mins 

after irradiation with 25 J/m2 UV-C light. (c) -N-methylation is important for cellular 

resistance toward UV-induced cytotoxicity. Cellular sensitivity toward UV-C light as 

measured by clonogenic survival assay. The results represent the mean and standard 

deviation of results obtained from three independent experiments. “*”, P < 0.05; “**”, P 

< 0.01.  The P values were calculated by using unpaired two-tailed t-test. 
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Discussion 

We found that DDB2 can be -N-methylated by NRMT in human cells and in 

vitro. In addition, in vitro methylation assay demonstrated that changing the proline in the 

‘XPK’ motif to an alanine reduces markedly the -N-methylation of the protein, whereas 

mutating the lysine in the motif to a glutamine abolishes the methylation.  The 

availability of the DDB2-K4Q mutant defective in -N-methylation allows us to examine 

the biological function of -N-methylation. Our results illustrated that -N-methylation 

of DDB2 facilitates DDB2’s localization to DNA damage site, perhaps through 

enhancing the binding activity of DDB2 to DNA and/or by promoting its nuclear 

localization. In addition, -N-methylation of DDB2 plays an important role in ATM 

activation and it confers resistance of human cells toward UV damage. 

The functions of phosphorylation and ubiquitination of DDB2 have been 

extensively studied. UV-DDB associates tightly with CUL4-ROC1 complex which 

exhibits ubiquitin ligase activity (34). Following UV irradiation, UV-DDB complex 

localizes to UV-damage-enriched mononucleosome fraction and DDB2 is subsequently 

polyubiquitinated (35). Polyubiquitination of DDB2 reduces its binding affinity to DNA 

damage sites and is speculated to facilitate the handover of the lesion to XPC (36). In 

addition, DDB2 can be phosphorylated by c-Abl protein tyrosine kinase and this 

phosphorylation suppresses DDB2’s binding toward UV-damaged DNA (37). On the 

other hand, p38 MAPK, a serine/threonine protein kinase, can facilitate the recruitment of 

NER factors XPC and TFIIH to UV-induced DNA damage sites by phosphorylating 

DDB2 (38).  
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Unlike methylation on the side chains of arginine and lysine residues, which have 

attracted great attention because these modifications on the N-terminal tails of core 

histones play a crucial role in chromatin structure and function (39), the biological 

functions of -N-methylation for most eukaryotic proteins, except for RCC1 (16), CENP-

A (27) and CENP-B (26), remain undefined.  In this vein,  -N-methylation of RCC1 

was shown to be important for spindle pole assembly, and the RCC1 mutants deficient in 

N-terminal -methylation bind much more weakly to chromatin during mitosis, which 

induces a spindle pole defect (16).  -N-trimethylation of CENP-B can enhance its 

binding to the CENP-B box on human -satellite DNA and mouse centromeric minor 

satellite DNA (26). On the grounds that trimethylation introduces a quaternary 

ammonium ion, a permanent cation (9), to the N-terminus of the protein, -N-

trimethylation may enhance the binding of the protein to DNA through electrostatic 

interaction between the protein N-terminus and phosphate groups in DNA. Therefore, a 

similar principle may account for the observations made in our study. In addition, -N-

methylation may also affect the function of DDB2 by modulating its interaction with 

other cellular proteins and by altering its intracellular location. Further investigations are 

required to exploit the mechanism underlying the observed biological functions of DDB2 

introduced by -N-methylation. 

In conclusion, we uncovered a novel type of post-translational modification for 

DDB2, identified the enzyme involved in this methylation and revealed the role of this 
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methylation in repair of UV-induced CPD lesions. Our results also expanded the function 

of protein -N-methylation to DNA repair. 
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Chapter 3. Identification and Functional Characterizations of 

Serine 26 Phosphorylation in DDB2 

 

Introduction 

DDB2 (p48), normally present together with DDB1 (p127) as a heterodimer 

known as ultraviolet-damaged DNA binding protein (UV-DDB) (1-3), functions in 

nucleotide excision repair (NER) (4). NER eliminates a wide array of helix-distorting 

DNA lesions, including UV light-induced cyclobutane pyrimidine dimer (CPD) and 

pyrimidine(6-4)pyrimidone photoproducts (6-4PPs), as well as bulky DNA adducts 

induced by numerous  environmental carcinogens (5). Xeroderma pigmentosum (XP) is a 

rare recessive genetic disease due to mutations in one of the eight genes, XPA through 

XPG, which lead to defective NER, and XPV, which gives rise to compromised 

translesion synthesis (6). Among them, the XPE gene encodes DDB2, and XPE cells 

display deficiencies in the repair of CPDs, but not 6-4PPs (4,7). XPE patients manifest 

hypersensitivity to sunlight and are susceptible to developing skin cancer (6). GM01389 

cells, which carry a mutant DDB2 with an L350P substitution and the deletion of N349, 

are deficient in DDB activity; transfection wild-type DDB2 to hamster cells could restore 

the DDB and DNA repair activities (8). Meanwhile, cultured hamster cells, which 

express DDB1, but not DDB2, fail to repair CPD and are hypersensitive to UV light 

(9,10). Along this line, Ddb2-/- mice are susceptible to UV-induced skin carcinogenesis, 

and the skin tissues of these mice display a significantly reduced initial rate of removal of 
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CPD lesions following UV exposure (11). Recently, DDB2 was also reported to regulate 

ATM/ATR activation by coordinating with XPC (12). 

Post-translational modification (PTM) is a common mechanism for regulating 

proteins’ structure, interaction, localization and function. DDB2 is extensively modified 

by various types of PTMs, which encompass phosphorylation, -N-methylation, 

SUMOylation, ubiquitination, and poly(ADP-ribosyl)ation (13-18); however, in most 

cases it remains yet unestablished which particular amino acid residues were modified. 

Mass spectrometry (MS) has been widely used as an analytical strategy to identify PTMs. 

In this context, MS could facilitate the unambiguous determination of the types and sites 

of PTMs. In the present study, we found that the ectopically expressed DDB2 is 

phosphorylated at S26 in HEK293T cells by Cdks. We also revealed that this 

phosphorylation promotes DDB2’s nuclear localization and recruitment to CPD foci, 

facilitates DDB2 degradation via the proteasomal pathway, enables ATM activation, 

enhances CPD repair, and conveys cellular resistance toward UVC light.  

 

Materials and Methods Materials   

Cell culture conditions  

            The HEK293T cells were purchased from ATCC. GM01389 cells were kindly 

provided by Dr. Michael M. Seidman (National Institute of Aging).  HEK293T and 

GM01389 cells were cultured in Dulbecco’s modified Eagle’s medium (ATCC) and  

Minimum Essential Medium (MEM, ATCC), respectively. The media contained 10% 

(for HEK293T) or 15% (for GM01389 cells) fetal bovine serum (Invitrogen), 100 
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units/ml penicillin, and 100 g/ml streptomycin. The cells were cultured at 37°C in 5% 

CO2 atmosphere. 

Constructs  

            The pRK7-DDB2-3×FLAG plasmid was constructed previously (17), and the 

DDB2-S26A mutant construct was amplified from the pRK7-DDB2-3×FLAG plasmid 

using site-directed mutagenesis. 

LC-MS/MS analysis  

            The FLAG-tagged DDB2 was isolated using affinity purification with anti-FLAG 

M2 beads (Sigma). The sample was subsequently reduced, alkylated and digested with 

trypsin at an enzyme: protein ratio of 1:50 (w/w) at room temperature overnight. The 

resulting peptide mixture was subjected to online LC-MS/MS analysis with an EASY-

nLC II that was interfaced with an LTQ Orbitrap Velos mass spectrometer equipped with 

a nanoelectrospray ionization source (Thermo, San Jose, CA) following similar 

procedures as described previously (19). The separation was conducted by using a 

homemade trapping column (150 m × 50 mm) and a separation column (75 m ×120 

mm), packed with ReproSil-Pur C18-AQ resin (3 m in particle size, Dr. Maisch HPLC 

GmbH, Germany). Peptide samples were initially loaded onto the trapping column with a 

solvent mixture of 0.1% formic acid in CH3CN/H2O (2:98, v/v) at a flow rate of 4.0 

l/min. The peptides were then separated using a 90-min linear gradient of 2-40% 

acetonitrile in 0.1% formic acid and at a flow rate of 220 nl/min. The mass spectrometer 

was operated in the positive-ion mode, and the spray voltage was 1.8 kV. The data were 
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acquired in a data-dependent scan mode where one full-scan MS was followed with 20 

MS/MS scans. To obtain high-quality MS/MS, the data were also collected in selected-

ion monitoring mode where the fragmentation of the [M+2H]2+ ions of the unmodified 

and phosphorylated forms of the peptide SRSPLELEPEAK from DDB2 were monitored. 

The MS/MS data were manually analyzed. 

Fluorescence microscopy  

            The GM01389 cells transfected with the expression plasmids for the wild-type 

DDB2, DDB2-S26A or empty control were grown on glass coverslips, and irradiated 

with UV-C light at 40 J/m2 through a 5-m isopore polycarbonate filter (Millipore). After 

the irradiation, the membrane was removed, and the cells recovered at 37°C for 30 min. 

The cells were subsequently fixed with 4% paraformaldehyde, permeated using 0.5% 

Triton X-100 in PBS, washed with PBS, and the DNA was denatured by incubation with 

2 M HCl for 5 min. The cells were then incubated in a solution containing 20% goat 

serum, 0.3% Triton X-100, and 5% bovine serum albumin (BSA) at room temperature for 

1 hr to block non-specific binding.  Primary anti-FLAG (Cell Signaling) and anti-CPD 

(Kamiya Biomedical Company) antibodies and secondary antibodies (Invitrogen) were 

subsequently added and incubated at 4C for overnight and then at room temperature for 

1 hr.  After the incubation, the coverslips were washed with PBS and mounted onto 

microscope slides in ProLong Gold Antifade Reagent with DAPI (Invitrogen).  Images 

were captured with a Leica TCS SP2/UV confocal microscope (Leica Microsystems).   
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Western blot   

            To examine the localization of DDB2, HEK293T cells transiently expressing the 

wild-type DDB2 or DDB2-S26A were collected immediately, or at 30 min, after 

irradiation with 40 J/m2 UV-C light. The nuclear and cytoplasmic fractions were prepared 

using NE-PER Nuclear and Cytoplasmic extraction kit (Thermo Scientific) following the 

manufacturer’s recommended procedures. The lysate was separated by SDS-PAGE, and 

the proteins transferred to a nitrocellulose membrane (Whatman) in transfer buffer (10 

mM NaHCO3, 3 mM Na2CO3, and 20% methanol). The membrane was blocked in 5% 

(w/v) blocking-grade milk (Bio-Rad), 0.1% (v/v) Tween-20 in PBS for 6 hr. Antibodies 

that specifically recognized histone H3 and FLAG epitope tag (Cell Signaling) were used 

at 1:10000 dilution. Antibody that specifically recognized human actin (abcam) and 

ubiquitin (Cell Signaling) were used at 1:5000 dilution. For ATM activation, antibodies 

that specifically recognized human ATM or phospho-ATM (Ser1981), and human CHK1 

and phospho-CHK1 (Ser345) (Cell Signaling) were used at 1:1000 dilution. Horseradish 

peroxidase-conjugated secondary goat anti-rabbit antibody (abcam) and goat anti-mouse 

antibody (Santa Cruz) were used at a 1:10000 dilution. The secondary antibody was 

detected using ECL Advance Western Blotting Detection Kit (GE Healthcare) and 

visualized with Hyblot CL autoradiography film (Denville Scientific, Inc., Metuchen, 

NJ).  

Colonogenic survival assay  

            For survival assay, GM01389 cells, at 24 hr following transfection with pRK7-

DDB2-3×FLAG, pRK7-DDB2-S26A-3×FLAG or empty control, were plated in 6-well 
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plates in triplicate at densities of 200-2000 cells per well. After 6 hr, the cells were 

exposed with various doses of UV-C light. Cell colonies grown for 10-14 days (20) were 

then fixed using 6% (v/v) glutaraldehyde and stained with 0.5% (w/v) crystal violet. 

Colonies containing at least 50 cells were counted under a microscope.  

Flow cytometry-based DNA repair assay  

            The CPD repair assay was performed following previously described procedures 

(17,21). The GM01389 cells were plated in 6-well plates at a density of 3×105 cells/well 

and, after 16 hr, plasmids for overexpressing wild-type DDB2 or DDB2-S26A mutant 

were transfected individually into the plated GM01389 cells. At 28 hr following 

transfection, the DMEM medium was replaced with 1×PBS buffer and the cells irradiated 

with UV-C light at 10 J/m2. After the irradiation, PBS buffer was removed and fresh 

medium containing 200 ng/ml nocodazole was added to the cells. At various time 

intervals following UV irradiation, the cells were washed with PBS, resuspended in 125 

l PBS and fixed by adding 375 l pre-chilled (-20°C) ethanol and incubating for at least 

1 hr. The cells were subsequently permeated and denatured with 0.5% (v/v) Triton X-100 

in 2 N HCl at room temperature for 15 min. The cells were washed thrice with PBS and 

resuspended in 200 l PBS with 100 g/ml RNase A at 37°C for 1 hr. The cells were 

subsequently blocked in blocking buffer, which contained 5% (v/v) bovine serum 

albumin and 0.3% (v/v) Triton X-100 in PBS, at room temperature for 20 min. The cells 

were then resuspended in the blocking buffer containing mouse anti-CPD antibody 

(1:1000 dilution) at room temperature for 45 min and then at 4°C overnight. Cell pellets 

were subsequently washed thrice with washing buffer, which contained 0.3% (v/v) Triton 
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X-100 in PBS, and then resuspended in Alexa Fluor 647 Goat anti-Mouse antibody 

(1:200 dilution, Invitrogen) at room temperature for 1 hr. The cell pellets were washed 

again with the washing buffer for three times and resuspended in sorting buffer (1PBS, 

1 mM EDTA, 25 mM HEPES, 1% FBS, v/v, pH 7.0) for flow cytometry analysis (BD 

FACS Aria I). 

Results  

Serine 26 of DDB2 is phosphorylated in human cells  

            DDB2 was previously observed to be phosphorylated by p38 mitogen-activated 

protein kinase (MAPK) and c-Abl protein tyrosine kinase (15,16), though the 

phosphorylation sites have not yet been identified. We recently constructed a plasmid for 

expressing C-terminally FLAG-tagged DDB2 in HEK293T cells (17). Aside from -N-

methylation (17), our  LC-MS/MS analysis of the tryptic digestion mixture of DDB2 also 

led to the identification of a phosphorylated peptide SRSPLELEPEAK with the 

underlined S26 being phosphorylated. As shown in Figure 3.1, the MS/MS of the [M + 

2H]2+ ion of the phosphorylated peptide SRSPLELEPEAK revealed the presence of b2, 

y2, y4-y5 and y9 ions, which exhibit the same m/z values as the corresponding fragment 

ions observed in the MS/MS of the [M + 2H]2+ ion of the unmodified peptide. 

Additionally, b3, b6, b8, b10, b11 and y10 ions found in the MS/MS of the [M + 2H]2+ ion of 

the phosphorylated peptide bear a phosphorylated amino acid residue. These results 

provide unambiguous evidence to support the phosphorylation of S26 in DDB2.  
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Figure 3. 1. ESI-MS/MS of the [M+2H]2+ ions of (a) the unmodified 

24SRSPLELEPEAK35 and (b) monophosphorylated 24SRSPLELEPEAK35 from the 

tryptic digestion mixture of C-terminally FLAG-tagged DDB2 isolated from HEK293T 

cells. Asterisk (*) and triangle (Δ) designate those ions bearing a phosphate group and 

carrying a neutral loss of H3PO4, respectively. 
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            Viewing that S26 precedes a proline residue and can be specifically 

phosphorylated by kinases including p38 MAPK and Cdks (22), we assessed whether the 

level of the S26 phosphorylation can be altered upon treatment with inhibitors of these 

kinases. Our results showed that upon treatment with flavopiridol, a Cdk inhibitor, the 

ratio of signal intensity for the phosphorylated/unmodified peptide was reduced by more 

than 80%; however, there is no substantial decline in the level of this phosphorylation 

upon treatment with SB203580, a p38 MAPK inhibitor (Figure 3.2a&b). These results 

demonstrated that the phosphorylation of S26 in DDB2 is mediated by Cdks.  

To assess whether S26 phosphorylation of DDB2 is altered upon UVC light exposure, we 

examined the phosphorylation level of S26 in DDB2 in HEK293T cells irradiated with 40 

J/m2 UVC light. Our LC-MS/MS results revealed no appreciable change in the 

phosphorylation level of S26 in cells upon exposure to UV light (Figure 3.2c).  

S26 phosphorylation is required for DDB2’s recruitment to CPD foci 

            To examine the function of S26 phosphorylation, we first asked whether 

deficiency in this phosphorylation affects DDB2’s recruitment to CPD foci. To test this, 

we transiently transfected GM01389 cells, which do not carry functional DDB2, with 

expression vectors for FLAG-tagged DDB2 and a phosphorylation-deficient mutant of 

DDB2, i.e., DDB2-S26A. Immunofluorescence analyses using anti-FLAG and anti-CPD 

antibodies revealed that 98.5% of CPD foci co-localized with DDB2 foci in GM01389 

cells complemented with wild-type DDB2, whereas only 1.5% of the CPD foci co-

localized with DDB2 foci in cells reconstituted with DDB2-S26A (Figure 3.3a, b). In this 

context, it is worth noting that wild-type DDB2 and DDB2-S26A mutant were expressed   
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Figure 3. 2. S26 phosphorylation of DDB2 is mediated by Cdks, but not p38 MAPK. (a) 

Selected-ion chromatogram for monitoring the [M+2H]2+ ions of the unmodified (m/z 

678.3619) and monophosphorylated (m/z 718.3451) peptide 24SRSPLELEPEAK35 from 

the tryptic digestion of FLAG-tagged DDB2 isolated from HEK293T cells without any 

treatment, treated with 1 M flavopiridol for 6 hr, or treated with 10 M SB203580 for 

30 min. (b) Relative levels of  phosphorylation of S26 in DDB2 in HEK293T cells under 

various treatment conditions as described in (a). (c) Relative levels of S26 

phosphorylation of DDB2 in HEK293T cells without treatment or exposed with 40 J/m2 

UV-C light. The results represent the mean and standard deviation of results obtained 

from three independent experiments. “***”, P < 0.001.  The P values were calculated by 

using unpaired two-tailed t-test.  
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Figure 3. 3. S26 phosphorylation of DDB2 plays a significant role in its recruitment to 

DNA damage foci. (a) Representative images for monitoring the co-localization of 

transfected wild-type DDB2 and DDB2-S26A to CPD foci in GM01389 cells; (b) The 

percentage of CPD foci that are co-localized with DDB2 foci. In cells transfected with 

the DDB2-S26A construct, almost no DDB2 foci co-localized with CPD foci, whereas 

almost all DDB2 foci displayed co-localization with CPD foci in cells transfected with 

the wild-type DDB2 plasmid. The results represent the mean and standard deviation of 

results obtained from three biological replicates, and approximately 100 cells were 

counted in each replicate.  “***”, P < 0.001.  The P values were calculated by using 

unpaired two-tailed Student’s t-test. (c) Western blot analysis of wild-type DDB2 and 

DDB2-S26A in whole-cell extracts of GM01389 cells transfected with the corresponding 

DDB2 constructs. -actin was used as a loading control. (d) Western blot revealed the 

attenuated nuclear localization of DDB2-S26A relative to wild-type DDB2 in HEK293T 

cells with or without exposure to UV-C light. -actin and histone H3 were employed as 

loading controls for the cytoplasmic extract (CE) and nuclear extract (NE), respectively.
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at similar levels in GM01389 cells, as shown by Western blot analysis (Figure 3.3c). 

Additionally, our immunofluorescence assay results showed more diffused distribution of 

DDB2-S26A (Figure 3.3a). Consistent with these findings, our Western blot result 

demonstrated that, with or without UV-C light exposure, the phosphorylation-defective 

mutant displayed a reduced presence in the nuclear fraction relative to wild-type DDB2 

(Figure 3.3d).  Thus, the above results demonstrated that S26 phosphorylation plays a 

pivotal role in DDB2’s nuclear localization and recruitment to CPD foci. 

S26 phosphorylation of DDB2 is indispensable for CPD repair in GM01389 cells 

            Transfection of DDB2 into hamster cells can enhance the repair of CPDs (7), and 

the above results demonstrated that the phosphorylation-defective mutant of DDB2 

exhibited diminished recruitment to CPD foci. Thus, we also asked whether the 

phosphorylation of DDB2 also plays a role in CPD repair by using a flow cytometry-

based method (21). As expected, GM01389 cells displayed very little repair of the CPD 

lesion (Figure 3.4a, b). On the other hand, significant repair (by 70%) of CPD was 

observed at 48 hr in GM01389 cells complemented with wild-type DDB2, but not DDB2-

S26A (Figure 3.4a, b). These results demonstrated that the repair of CPD in human cells 

necessitates S26 phosphorylation.       

Cross-talk between S26 phosphorylation and polyubiquitination   

            Protein phosphorylation is a very important signaling event which can promote or 

inhibit protein polyubiquitination (23,24). Polyubiquitination of DDB2 is known to 

initiate its degradation after UV irradiation, which enables XPC recruitment (25,26). We   
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Figure 3. 4. S26 phosphorylation of DDB2 promotes CPD repair in GM01389 cells. (a) 

Flow cytometry results showing the levels of CPD in GM01389 cells reconstituted with 

empty control vector, wild-type DDB2 and DDB2-S26A at various time intervals (0, 12, 

24, and 48 hr) after irradiation with 10 J/m2 UV-C light. (b) Quantitative analysis of CPD 

repair efficiency in GM01389 cells with transient expression of empty control, wild-type 

DDB2 and DDB2-S26A. The results represent the mean and standard deviation of results 

obtained from three biological replicates.  “*”, P < 0.05; “***”, P < 0.001.  The P values 

were calculated by using unpaired two-tailed Student’s t-test. 
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hypothesize that the newly identified S26 phosphorylation may also alter 

polyubiquitination of DDB2. Our results indeed revealed  more pronounced degradation 

for wild-type DDB2 than DDB2-S26A after irradiation with 40 J/m2 UV light (Figure 5a). 

Considering that DDB2 degradation is known to be mediated by Cul4A through the 

ubiquitin-proteasome pathway (27-29), we treated cells with a proteasome inhibitor, 

MG132, and  examined the degradation of wild-type DDB2 and DDB2-S26A after UV 

exposure. It turned out that, after UV irradiation, more pronounced polyubiquitination 

was observed for the wild-type DDB2 than the S26A mutant (Figure 3.5b). Together, 

these results supported that the phosphorylation of S26 in DDB2 positively regulates the 

polyubiquitination and proteasomal degradation of DDB2.  

S26 phosphorylation of DDB2 facilitates ATM activation in GM01389 cells 

            DDB2, as an early UV damage recognition factor, was previously found to be 

crucial for ATM recruitment to DNA damage sites and for its activation (12). Viewing 

that defective S26 phosphorylation resulted in diminished recruitment of DDB2 to DNA 

damage sites, we reason that the reduced phosphorylation at S26 may also compromise 

the recruitment and activation of DNA damage response factors including ATM. Hence, 

we examined ATM activation by monitoring the phosphorylation levels of ATM-S1981 

and CHK1-S345 with Western blot analysis. Our results (Figure 3.5c) demonstrated that 

reconstitution with wild-type DDB2, but not its S26A mutant, significantly enhanced the 

phosphorylation of ATM-S1981 and CHK1-S345 following UV damage. Thus, S26 

phosphorylation of DDB2 is important for ATM activation.  
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S26 phosphorylation of DDB2 confers cellular resistance toward UV damage   

            We reason that the diminished ATM activation, abolished recruitment of DDB2 to 

CPD sites,  and compromised repair of CPD lesions observed for the phosphorylation-

defective mutant of DDB2 may also confer elevated sensitivity of cells toward UV light 

exposure. To test this, we assessed the viability of GM01389 cells and the same cells 

complemented with wild-type DDB2 or DDB2-S26A by employing the clonogenic 

survival assay. Our results showed that the proliferating ability of GM01389 cells is 

enhanced substantially in cells reconstituted with wild-type DDB2, but not DDB2-S26A 

(Figure 3.5d). Thus, phosphorylation of  S26 in DDB2 can protect cells from the 

cytotoxic effects of UV damage.          
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Figure 3. 5. S26 phosphorylation of DDB2 stimulates the proteasomal degradation of 

DDB2, promotes ATM activation and enhances cellular resistance toward UV irradiation. 

(a) HEK293T cells transfected with FLAG-tagged wild-type DDB2 or S26A mutant were 

irradiated with 40 J/m2 UV-C light, and recovered in fresh DMEM medium for the 

indicated periods of time. The level of wild-type DDB2 is diminished more rapidly than 

the S26A mutant. (b) HEK293T cells transfected with FLAG-tagged wild-type DDB2 or 

S26A mutant were pretreated with 10 M MG132 for 2 hr before exposure to 40 J/m2 

UV-C light. The cells were then recovered for another 2 hr. Cell lysates were 

immunoprecipitated with anti-FLAG M2 beads and analyzed by anti-ubiquitin and anti-

FLAG antibody. (c) At 30 min after irradiation with 25 J/m2 UV-C light, GM01389 cells 

complemented with wild-type DDB2, but not the phosphorylation-defective DDB2-S26A 

mutant, exhibited increased ATM autophosphorylation (ATM-S1981p) and CHK1 

phosphorylation (CHK1-S345). (d) Clonogenic survival assay revealed that S26 

phosphorylation of DDB2 enhanced cellular resistance toward UV-induced cytotoxicity. 

The data represent the mean and standard deviation of results obtained from three 

independent experiments. “**”, P < 0.01; “***”, P < 0.001.  The P values were 

calculated by using unpaired two-tailed Student’s t-test. 
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Discussion 

NER, a central cellular repair pathway for protecting cells against the 

carcinogenic effects of UV light from the sun, operates through two subpathways, i.e., 

global-genome NER and transcription-coupled NER, which repair DNA damage 

throughout the entire genome and those DNA lesions situated on the transcribed strand of 

active genes, respectively (1,2).  

DDB2, as a component of the UV-DDB complex, which exhibits high binding 

affinity toward UV-induced DNA lesions including CPD and 6-4 PP (10,30,31), is the 

initial factor of GG-NER involved in the detection of UV-induced DNA damage in 

chromatin. Following UV damage, DDB1, an E3 ubiquitin ligase, becomes tightly 

associated with the CUL4-RBX1 complex toward ubiquitinating XPC and DDB2 (13,32). 

Polyubiquitination of DDB2, but not XPC, reduces its binding affinity to DNA damage 

sites (25,26). Additionally, DDB2 can be phosphorylated by p38 MAPK and 

SUMOylated by PIAS, which can facilitate NER (14,16).  By contrast, c-Abl protein 

tyrosine kinase phosphorylates DDB2 and suppresses DDB2’s binding toward UV-

damaged DNA (15). DDB2 is comprised of the N-terminal helix-loop-helix motif 

(residues 101-136) and the 7-bladed WD40 β-propeller domain (residues 137-455) (33). 

Most mutations in XPE gene affect the interaction of DDB2 with DNA or DDB1. For 

instance, Lys244Glu and Arg273His mutations abolished DDB2’s DNA binding 

capability, whereas Leu350Pro mutation combined with the deletion of Asn349, as 

observed in GM01389 cells, disrupted DDB2’s binding toward DDB1 (8,34-36). 

Although a previous proteome-wide phosphorylation site mapping study detected S26 
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phosphorylation of DDB2 in HeLa cells (37), no experiments were conducted to assess 

how this phosphorylation affects DDB2’s function.  

            In the present study, we found that S26 in DDB2 is also phosphorylated in 

HEK293T cells and this phosphorylation involves Cdks. We also demonstrated that this 

phosphorylation is indispensable for the recruitment of DDB2 to UV-induced CPD sites, 

for ATM activation and for promoting CPD repair. Moreover, we found that these 

functions of S26 phosphorylation may reside in its role on the ubiquitination and 

proteasomal degradation of DDB2. Together, our study provides important insights into 

the function of S26 phosphorylation in DDB2. Considering the critical roles of Cdks in 

cell cycle progression (38), further studies are needed to reveal the identities of Cdk(s) 

involved in this phosphorylation and the regulatory mechanism of this phosphorylation. 
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Chapter 4. -N-Methylation of MRG15 Facilitates H3K36me3-

H4K16Ac Crosstalk and ATM Activation through Chromatin 

Recruitment and Allosteric Regulation of TIP60 

 

Introduction 

      The package of genomic DNA into chromatin in eukaryotic cells imposes a 

physical barrier that the DNA repair machinery must overcome prior to accessing DNA 

damage sites, and multiple lines of evidence support that post-translational modifications 

(PTMs) of core histones and DNA damage response proteins play an essential role in 

establishing a conducive chromatin environment for DNA repair (1,2). In this vein, 

acetylation of lysine 16 in histone H4 (H4K16Ac) and ubiquitination of lysine 120 in 

histone H2B result in decompaction of the 30 nm chromatin fiber and create a 

biochemically accessible chromatin environment for DNA repair (3-7).  

      MRG15, a member of the highly conserved MORF4-related gene (MRG) family 

of proteins (8), plays an important role in maintaining genomic integrity, as manifested 

by the embryonically lethal phenotype of Mrg15-/- mice (9). MRG15 can interact with 

PALB2 (10,11), a tumor suppressor protein that physically and functionally links with 

BRCA1 and BRCA2 in the BRCA complex and plays a crucial role in repairing DNA 

double strand breaks (DSBs) and interstrand cross-link lesions through the homologous 

recombination (HR) pathway (12). In addition, MRG15 was found in several distinct 

protein complexes that are important in chromatin remodeling, transcription regulation 

and cell proliferation (13,14), including the histone deacetylase (15) and TIP60-
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containing histone acetyltransferase (HAT) complexes (16,17). However, it remains 

unexplored whether and how MRG15 and TIP60 directly interact with each other.  

      Apart from the side chains of arginine and lysine residues, protein methylation 

also occurs on the N-terminal -amino group of some proteins (18-21). This methylation 

is conserved from Escherichia coli to man (18); however, the functions of protein -N-

methylation remain poorly understood (19-22). Recent studies showed that N-terminal 

Xaa-Pro-Lys N-methyltransferase 1 (NTMT1) can catalyze the -N-methylation of 

proteins harboring an N-terminal Xaa-Pro-Lys (XPK) motif (after the removal of the 

initiator methionine) (20,23).  Considering that MRG15 contains an N-terminal APK 

motif, we reason that MRG15 may constitute a substrate for NTM1A and this 

methylation may modulate its function in DNA repair. 

      In the present study, we observed, for the first time, that MRG15 can be -N-

methylated. We also found that the -N-methylated N-terminus of MRG15 facilitates the 

recruitment of TIP60 to chromatin through its interaction with the chromo domain of 

TIP60, and it also serves as an allosteric regulator to stimulate TIP60’s enzymatic 

activity. Furthermore, we found that this chromo domain recognition of -N-methylation 

of MRG15 is indispensible for H4K16 acetylation, DNA damage-induced ATM 

activation, HR repair and cellular resistance toward genotoxic agents that induce DNA 

DSBs and interstrand cross-links. Moreover, we uncovered a novel crosstalk between 

H3K36me3 and H4K16Ac in human cells, and we defined MRG15 as the molecular 

determinant for this crosstalk. 
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Materials and Methods 

Cell culture 

      HEK293T human embryonic kidney epithelial cells and HeLa cells were 

purchased from ATCC (Manassas, VA). U2OS cells harboring a chromosomally 

integrated copy of DR-GFP reporter were provided by Prof. Jeremy M. Stark (24). HeLa 

cells stably expressing SETD2 shRNA (HeLa-shSETD2) or control scrambled shRNA 

(HeLa-shScr) and UOK121 and UOK143 clear cell renal cell carcinoma (ccRCC) cells 

were provided by Prof. Guomin Li (25). HEK293T, UOK121 and UOK143 cells were 

cultured in Dulbecco’s modified Eagle’s medium (ATCC). HeLa, HeLa-shSETD2 and 

HeLa-shScr cells were cultured in RPMI1640 medium. All culture media contained 10% 

fetal bovine serum (Invitrogen), 100 unit/mL penicillin, and 100 μg/mL streptomycin. 

The cells were cultured in a humidified atmosphere with 5% CO2 at 37°C. 

Constructs 

      The expression plasmid for NTM1A-His6 was kindly provided by Prof. Ian G. 

Macara (20), and the plasmids for expressing HA-TIP60, HA-TIP60-W26A and HA-

TIP60-Y47A were generously provided by Prof. Yingli Sun (26). The human MRG15 

open-reading frame was amplified to introduce a 5’ XbaI restriction site and a 3’ BamHI 

site, and subcloned into a modified mammalian expression vector pRK7 in which three 

tandem repeats of the FLAG epitope tag (DYKDDDK) were inserted between the BamHI 

and EcoRI sites to give pRK7-MRG15-3×FLAG. MRG15-K4Q and MRG15-

Y46AW49A mutants were amplified from pRK7-MRG15-3×FLAG plasmid using site-
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directed mutagenesis. MRG15-His6 was generated by subcloning human MRG15 coding 

sequence (containing amino acids 2-323) with 5’ SacI, N-terminal X-factor cleavage site 

(IEGR) and 3’ NotI into E. coli expression vector pET28a. 

FLAG-tagged MRG15 isolation, digestion, and LC-MS/MS analysis 

      The pRK7-MRG15-3×FLAG plasmid was transfected into HEK293T cells using 

Lipofectamine 2000.  The cells were collected at 48 hr later using trypsin-EDTA solution 

(ATCC), washed with PBS, lysed in CellLytic lysis buffer (Sigma) containing a protease 

inhibitor cocktail (Sigma). The resulting C-terminally FLAG-tagged MRG15 was 

purified by using anti-FLAG M2 affinity beads (Sigma). The sample was subsequently 

reduced, alkylated, and digested with Glu-C at an enzyme/protein ratio of 1:20 (w/w) at 

room temperature overnight. Peptide mixtures were subjected to online LC-MS/MS 

analysis with an EASY-nLC II that was coupled with an LTQ Orbitrap Velos mass 

spectrometer equipped with a nanoelectrospray ionization source (Thermo, San Jose, CA) 

following similar procedures as previously described (27). The separation was conducted 

by using a homemade trapping column (150 m × 50 mm) and a separation column (75 

m ×120 mm), packed with ReproSil-Pur C18-AQ resin (3 m in particle size, Dr. 

Maisch HPLC GmbH, Germany). Peptide samples were initially loaded onto the trapping 

column with a solvent mixture of 0.1% formic acid in CH3CN/H2O (2:98, v/v) at a flow 

rate of 4.0 L/min. The peptides were then separated using a 90-min linear gradient of 2-

40% acetonitrile in 0.1% formic acid and at a flow rate of 220 nL/min. The mass 

spectrometer was operated in the positive-ion mode, and the spray voltage was 1.8 kV. 

The data were acquired in a data-dependent scan mode where one full-scan MS was 
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followed with 20 MS/MS scans. To obtain high-quality MS/MS, the data were also 

collected in selected-ion monitoring mode where the fragmentations of the protonated 

ions of the unmodified and mono-, di- or tri-methylated forms of the N-terminal peptide 

of MRG15 were monitored. All the MS/MS data were manually analyzed. 

      For assessing how -N-methylation of MRG15 is affected by genotoxic agents, 

HEK293T cells were treated with 100 ng/mL neocarzinostatin (NCS, Sigma) or 2 M 

mitomycin C (MMC) for 1 hr at 47 hr after transfection with C-terminally FLAG-tagged 

MRG15 plasmid, or treated with 30 M cisplatin for 5 hr at 43 hr after the plasmid 

transfection. After the treatments, the FLAG-tagged MRG15 proteins was again isolated 

and processed for LC-MS/MS analysis. 

siRNA knockdown 

      Control siRNA, 3’ UTR-MRG15 siRNA and human NTM1A SMARTpool 

siRNA were obtained from Thermo Scientific. Sequence of 3’ UTR-MRG15 siRNA was 

5′-GGGAUAUGCUGUAGAGUGUTT-3′ (3′-UTR: 1393-1411) (10). Sequences of 

NTM1A SMARTpool siRNA were GCGAGGUGAUAGAAGACGA, 

AGGUGGAUAUGGUCGACAU, UGAGGGAAGGCCCGAACAA and 

GGACUGUGGAGCUGGCAUU. HEK293T cells were cultured in 6-well plates in 

antibiotic-free medium at a density of 5×105 cells per well for 24 hr, and transfected with 

100 pmol siRNA using Lipofectamine 2000 (Invitrogen).  
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Real-time quantitative RT-PCR 

      At 48 hr after siRNA transfection, cells were harvested for real-time quantitative 

RT-PCR analysis. Total RNA was isolated using Total RNA Kit I (Omega). cDNA was 

generated by using M-MLV reverse transcriptase (Promega) and an oligo(dT)16 primer. 

Real-time quantitative RT-PCR for evaluating the efficiency of siRNA knockdown was 

performed by using the iQ SYBR Green Supermix kit (Bio-Rad) and GAPDH was used 

as an internal control. The primers were 5'-TGGATGAGAAGAGCCTTGC -3' and 5'-

CAGGAGGAGCCACTTCATAAT -3' for MRG15, 5'-GCCCTCCCTTCCTCTTCC-3' 

and 5'-CCAACCACGGCTCTACTCA -3' for NTM1A, and 5'-

TTTGTCAAGCTCATTTCCTGGTATG-3' and 5'-

TCTCTTCCTCTTGTGCTCTTGCTG -3' for GAPDH.  

DSB repair assays 

      U2OS cells with a chromosomally integrated copy of DR-GFP plasmid (24) were 

transfected with 3’ UTR-MRG15 siRNA or non-targeting control siRNA. The HeLa-

shScr, HeLa-shSETD2, UOK121 and UOK143 cells were seeded in six-well plates at the 

same density and transfected with pDRGFP plasmid. At 24 hr after transfection, 

pCBASce I plasmid (1 g/well) (24), which allows for the expression of I-SceI, was 

transfected into the cells alone or in combination with pRK7-MRG15-3×FLAG, or its 

K4Q or Y46AW49A mutant (2 g/well). Cells without I-SceI transfection were used as 

negative control. Three days after the transfection with I-SceI, the cells were washed with 

PBS and stored in a sorting buffer (1PBS, 1 mM EDTA, 25 mM HEPES, 1% FBS, pH 

7.0) for flow cytometry analysis (BD FACS Aria I).   
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Clonogenic survival assay 

      UOK cells and HeLa cells were plated in 6-well plates in triplicate at densities of 

200-4000 cells per well. At 6 hr later, the cells were treated with different doses of NCS, 

MMC or rays. Cell colonies grown for 10-14 days were then fixed using 6% (v/v) 

glutaraldehyde and stained with 0.5% (w/v) crystal violet (28). Colonies containing at 

least 50 cells were counted under a microscope. 

Isolation of chromatin-bound proteins 

      Chromatin-associated proteins were isolated as previously described (29). Briefly, 

the cells were lysed with cytoplasmic lysis buffer (10 mM Tris-HCl, pH 8.0, 0.34 M 

sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 0.5% NP-40, protease 

inhibitor cocktail) for 30 min on ice, and the intact nuclei were subsequently pelleted by 

centrifugation at 5000 rpm for 2 min. Nuclei were lysed with nuclear lysis buffer (20 mM 

HEPES, pH 7.9, 1.5 mM MgCl2, 1 mM EDTA, 150 mM KCl, 0.1% NP-40, 1 mM DTT, 

10% glycerol, protease inhibitor cocktail) by homogenization. After centrifugation at 

14000 rpm for 30 min, the chromatin-enriched pellet fraction was incubated in a 

chromatin incubation buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 150 mM KCl, 10% 

glycerol, protease inhibitor cocktail and 0.15 unit/l benzonase, Sigma) on ice for 2 hr. 

Debris was then removed by centrifugation at 5000 rpm for 2 min and the supernatant 

collected as the chromatin fraction. 
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Core histone extraction 

      Core histones were extracted from cultured human cells following previously 

described procedures (30). Briefly, cell pellets were washed with a 5-mL lysis buffer 

containing 0.25 M sucrose, 10 mM MgCl2, 0.5 mM PMSF, 50 mM Tris (pH 7.4) and 

0.5% Triton X-100. The pellets were then resuspended in 5 mL of the same buffer and 

kept at 4ºC overnight. The histones were extracted from the cell lysis mixture with 0.4 M 

sulfuric acid by incubating at 4ºC for at least 4 hr with continuous vortexing, precipitated 

with cold acetone, centrifuged, dried and redissolved in water. 

Western blot 

      The cell lysates were separated by SDS-PAGE, and the proteins were transferred 

to a nitrocellulose membrane (Whatman) in transfer buffer (10 mM NaHCO3, 3 mM 

Na2CO3, and 20% methanol). The membrane was blocked in PBS containing 5% (w/v) 

blocking-grade milk (Bio-Rad) and 0.1% (v/v) Tween-20 for 6 hr. Antibodies that 

specifically recognized histone H3, FLAG epitope tag (Cell Signaling) and human actin 

(abcam) were used at 1:10000 dilution. Antibodies that specifically recognized human 

ATM or phospho-ATM (Ser1981), and human CHK1 and phospho-CHK1 (Ser345), 

human CHK2 or phospho-CHK3 (T68), human trimethylated H3 (lysine 36), human H4 

and acetylated H4 (lysine 16) (Cell Signaling) were used at 1:1000 dilution. Horseradish 

peroxidase-conjugated secondary goat anti-rabbit antibody (abcam) and goat anti-mouse 

antibody (Santa Cruz) were used at a 1:10000 dilution. The secondary antibody was 

detected using ECL Advance Western Blotting Detection Kit (GE Healthcare) and 
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visualized with Hyblot CL autoradiography film (Denville Scientific, Inc., Metuchen, 

NJ). 

Histone acetyltransferase (HAT) assay  

            HA-TIP60 was purified from HEK293T cells by using anti-HA magnetic beads 

(Thermo Scinentific) following the manufacturer’s recommended procedures and 

dialyzed in HAT buffer (50 mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA and 1 

mM DTT). The HAT reaction contained 0.5 g HA-TIP60, 1 g histone H4 and 100 

acetyl-coenzyme A in a 60 L HAT buffer, without or with 0.5 g N-terminal peptide 

of MRG15 1APKQDPKPKFQE12, which was treated with NTM1A in the presence or 

absence of S-adenosyl-L-methionine (details provided in the Supplementary Materials). 

The reaction mixture was then analyzed by Western blot. 

 

Results  

MRG15 could be -N-methylated in human cells by N-terminal Xaa-Pro-Lys N-

methyltransferase 1 (NTMT1) 

      Considering that MRG15 harbors an N-terminal consensus XPK motif which can 

be recognized and -N-methylated by human NTMT1 (20), we reasoned that MRG15 

may be -N-methylated by NTMT1. To explore this possibility, we first examined 

whether MRG15 can be -N-methylated in human cells. We expressed the C-terminally 

FLAG-tagged MRG15 in HEK293T cells, isolated it from the cell lysate by using anti-

FLAG M2 beads, and digested it with Glu-C. LC-MS and MS/MS analysis of the peptide   
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Figure 4. 1. NTMT1 catalyzes the -N-methylation of MRG15. (a) Positive-ion ESI-MS 

of the N-terminal peptide APKQDPKPKFQE of MRG15 isolated from HEK293T cells. 

(b) Relative abundances of different methylation forms of N-terminal peptide 

APKQDPKPKFQE of MRG15 isolated from HEK293T cells with control and NTMT1 

siRNA demonstrated that NTMT1 can catalyze the -N-methylation of MRG15 in cells. 

The level of methylation was quantified by dividing the signal intensity for the doubly 

charged ion of the specific methylated form of the aforementioned N-terminal peptide by 

the total signal intensities for the doubly charged ion of the unmethylated and all 

methylated forms of the N-terminal peptide. The results represent mean and standard 

deviation of data acquired from three independent experiments. The P values were 

calculated by using unpaired two-tailed Student’s t-test. 
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mixture revealed the -N-methylation of MRG15 (Figure 4.1&B1), where we observed 

the doubly charged ions of the unmodified along with the mono-, di- and tri-methylated 

forms of the peptide 1APKQDPKPKFQE12 in the MS (Figure 4.1a). The MS/MS and 

MS/MS/MS results further supported that the methylation occurs on the N-terminal 

alanine residue (Figures B1&B2). In this respect, the MS/MS for the trimethylated 

peptide displays the y2, y5 and y7-y10 ions, but not the y11 ion, which is inadequate to 

support the -N-trimethylation of this peptide (Figure B1d). The MS/MS/MS arising 

from the further fragmentation of the b5+3Me ion observed in the MS/MS showed the 

presence of the y4 ion, together with the neutral loss of an N(CH3)3 from the precursor ion 

(Figure B2), thereby supporting unequivocally the -N-trimethylation of this peptide. 

      We next asked whether MRG15 is an NTMT1 substrate. Toward this end, we 

assessed how siRNA-mediated depletion of NTMT1 alters the -N-methylation level of 

MRG15. Our results showed that the siRNA treatment led to a marked reduction in the 

expression of NTMT1 at both the mRNA and protein levels, which is accompanied with 

nearly complete loss of di- and tri-methylation of the -amino group of MRG15 (Figure 

4.1b&B3). We also conducted an in-vitro methylation assay with the use of recombinant 

NTMT1, and our LC-MS results revealed that NTM1A is able to catalyze the -N-

methylation of recombinant MRG15 and a synthetic N-terminal peptide of MRG15, 

1APKQDPKPKFQE12 (Figure B4&B5a,b). Together, the above results support that 

NTMT1 catalyzes the -N-methylation of MRG15 both in vitro and in human cells. 
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-N-methylation of MRG15 promotes the chromatin localization and allosterically 

stimulates the enzymatic activity of TIP60, which are indispensible for H4K16 

acetylation and DNA damage-induced ATM activation 

      MRG15 is known to interact with TIP60 and MOF histone acetyltransferases 

(13,16,31), which mediates H4K16 acetylation (32,33). However, it remains undefined 

whether and how MRG15 and TIP60 directly interact with each other. Viewing that 

chromo domain is known to interact with the side chains of methylated lysine and 

arginine and TIP60, we hypothesized that TIP60 might be capable of binding, through its 

chromo domain, with the -N-methylated N-terminal tail of MRG15. Indeed, our results 

showed that wild-type MRG15 can interact with TIP60; however, MRG15-K4Q, which 

loses its consensus recognition sequence for NTMT1 and is defective in -N-methylation 

(Figure B5c,d,e&S6), failed to do so (Figure 4.2a). In this vein, we found that wild-type 

MRG15 and its K4Q mutant were expressed at similar levels (Figure B7a). In addition, 

the interaction between MRG15 and TIP60 requires an intact chromo domain of the 

latter, as manifested by the observation that the mutation of tyrosine 47 (TIP60-Y47A) in 

the chromo domain of TIP60, but not tryptophan 26 (TIP60-W26A) outside of the 

chromo domain (26), abolishes this interaction (Figure 4.2b). These results support that 

the interaction between MRG15 and TIP60 necessitates the -N-methylation of the 

former and the presence of a functional chromo domain of the latter. 

      We also assessed how this interaction affects TIP60’s chromatin localization and 

H4K16 acetylation. Our results showed that the siRNA-mediated depletion of 

endogenous MRG15 led to a substantial decline in chromatin-bound TIP60, and this   
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Figure 4. 2. NTMT1 -N-methylation of MRG15 plays an important role in histone 

H4K16 acetylation and NCS-induced ATM activation. (a) C-terminally FLAG-tagged 

wild-type MRG15, but not MRG15-K4Q, could allow for the pull-down of TIP60 histone 

acetyltransferase. (b) HA-tagged wild-type TIP60 and TIP60-W26A, but not TIP60-

Y47A, led to the pull-down of MRG15 by anti-HA magnetic beads. (c) -N-methylation 

of MRG15 facilitates the recruitment of TIP60 to chromatin. Western blot results 

revealed that the reduction in chromatin-occupied MRG15 in HEK293T cells emanating 

from MRG15 depletion could be rescued by reconstituting the cells with the plasmid for 

expressing wild-type MRG15, but not MRG15-K4Q. -actin and histone H3 were used as 

loading controls for the soluble (SF) and chromatin (CF) fractions, respectively. (d) -N-

methylation of MRG15 facilitated the TIP60-mediated H4K16 acetylation. Core histone 

extracts were used for the Western blot. (e) -N-methylation of MRG15 is important for 

NCS-induced ATM activation. (f) -N-methylated N-terminal peptide of MRG15 

stimulates allosterically the enzymatic activity of TIP60. The relative level of H4K16Ac 

as compared to the control case in the first lane is labeled under the H4K16Ac band, the 

results represent the mean and standard deviation obtained from two biological replicates.  

Histone H4 was used as the loading control. 
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reduction could be fully restored by complementing cells with wild-type MRG15, but not 

its methylation-defective mutant (MRG15-K4Q, Figure 4.2c). In line with the reduced 

chromatin localization of TIP60, our Western result showed that the siRNA-induced 

depletion of MRG15 led to nearly complete loss of H4K16Ac, and this elimination of 

H4K16 acetylation could be rescued entirely by reconstituting cells with wild-type 

MRG15, but not MRG15-K4Q (Figure 4.2d).  

      Considering that H4K16Ac is important for decompacting the 30 nm chromatin 

fiber (34) and modulating ATM activation (35), we next asked how defective -N-

methylation of MRG15 affects DNA damage-induced ATM activation by monitoring the 

phosphorylation of S1981 in ATM, S345 in CHK1 and T68 in CHK2, which are known 

ATM targets (36-38).  In line with the above findings on H4K16Ac, our results 

demonstrated that the ATM activation induced by neocarzinostatin (NCS), a 

radiomimetic agent, is abolished in MRG15-depleted cells, and this loss of ATM 

activation can be rescued completely by wild-type MRG15, but not MRG15-K4Q (Figure 

4.2e). 

      Our above results showed that the siRNA-mediated depletion of MRG15 led to 

almost complete abrogation of H4K16 acetylation and DNA damage-triggered ATM 

activation, whereas only partial loss in chromatin localization of TIP60 was observed, 

suggesting that other mechanism(s) might regulate H4K16 acetylation. Considering that 

H3K9me3 was previously found to allosterically stimulate the acetyltransferase activity 

of TIP60 (26), we reason that -N-methylation, aside from enhancing the recruitment of 

TIP60 to chromatin, may also increase the enzymatic activity of TIP60 via an allosteric 
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mechanism. To explore this possibility, we conducted an in-vitro histone 

acetyltransferase assay to assess the effect of -N-methylation of an N-terminal peptide 

of MRG15 on the enzymatic activity of TIP60 by employing recombinant human histone 

H4 as a substrate. Our results showed that the N-terminal peptide of MRG15 methylated 

by NTM1A enhanced the enzymatic activity of TIP60 by ~3 fold, whereas the 

corresponding unmethylated peptide failed to do so (Figure 4.2f&Figure B8). Together, 

the above findings supported an essential role of -N-methylation of MRG15 in H4K16 

acetylation and ATM activation, and this function of -N-methylation involves its 

participation in the interaction between MRG15 and TIP60, together with the allosteric 

stimulation of the enzymatic activity of the latter. 

-N-methylation of MRG15 promotes HR-mediated repair of DNA DSBs and 

renders cells resistant to ionizing radiation and interstrand cross-linking agent 

      MRG15 was previously shown to function in HR repair and in the cellular 

resistance towards exposure to ionizing radiation and interstrand cross-linking agents 

(10). Having established the indispensible role of -N-methylation of MRG15 in 

stimulating H4K16 acetylation and DNA damage-induced ATM activation, we next 

assessed the functions of this methylation in HR repair by employing U2OS cells with a 

chromosomally integrated DR-GFP construct (24,39). Our results revealed that the 

siRNA-mediated depletion of endogenous MRG15 led to diminished efficiency in HR 

repair, which could be fully restored by complementing cells with siRNA-resistant 
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construct for wild-type MRG15, but not MRG15-K4Q (Figure 4.3a), supporting that -

N-methylation of MRG15 is essential for its function in HR repair.  

      In agreement with the importance of -N-methylation in MRG15’s role in HR 

repair, we found that treatment of HEK293T cells with NCS or mitomycin C (MMC) led 

to significant elevations in the levels of -N-trimethylation of MRG15 (Figure 4.3e). In 

addition, clonogenic survival assay revealed that the elevated sensitivity toward NCS, 

ionizing radiation, and MMC in MRG15-depleted HeLa cells could be restored by 

ectopic expression of wild-type MRG15, but not MRG15-K4Q (Figure 4.3b-d). 

Cumulatively, these results showed that -N-methylation of MRG15 stimulates HR 

repair and confers cellular protection from the cytotoxic effects of agents that induce 

interstrand cross-links and DSBs in DNA.  

The chromo domain of MRG15 interacts with H3K36me3 in cells  

            Having demonstrated the importance of -N-methylation of MRG15 in the 

recruitment of TIP60 to chromatin and in ATM activation, we next assessed the 

mechanism of recruitment of MRG15 to chromatin. In this vein, MRG15 was previously 

shown to interact with H3K36me3 in-vitro (40). Thus, we hypothesized that this 

interaction may facilitate the recruitment of MRG15 to chromatin. To test this, we first 

assessed the interaction between the chromo domain of MRG15 and H3K36me3 in living 

cells. Our pull-down assay using the C-terminally FLAG-tagged MRG15 showed that 

MRG15 can bind to H3K36me3. Furthermore, this binding is greatly diminished for an 

MRG15 variant where a tyrosine and a tryptophan in the aromatic cage of the chromo   
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Figure 4. 3. -N-methylation of MRG15 functions in homologous recombination repair. 

(a) Diminished HR repair in U2OS-DR-GFP cells emanating from siRNA-induced 

knockdown of endogenous MRG15 can be fully rescued by complementing cells with 

siRNA-resistant construct for expressing wild-type MRG15, but not MRG15-K4Q. (b)-

(d) The hypersensitivity to MMC (b), NCS (c), and -ray (d) in HeLa cells arising from 

MRG15 knockdown could be restored by transfecting cells with the plasmid for 

expressing wild-type MRG15, but not MRG15-K4Q. (e) Treatment with MMC and 

NCSled to elevated trimethylation on the N-terminus of MRG15. The results represent 

mean and standard deviation of data acquired from three independent experiments. The P 

values were calculated by using unpaired two-tailed Student’s t-test. 
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domain (40) were mutated to alanines (i.e., MRG15-Y46AW49A, Figure 4.4a). To 

further examine this interaction, we employed anti-MRG15 antibody to pull down 

endogenous MRG15 from HeLa-shScr and HeLa-shSETD2 cells (25) and assessed the 

levels of histone H3 and H3K36me3 in the pull-down mixtures using Western analysis. 

Our results showed that the loss of SETD2 abolished the pull-down of histone H3 and, 

not surprisingly, H3K36me3 (Figure 4.4b), demonstrating that the endogenous interaction 

between MRG15 and histone H3 requires the SETD2-mediated H3K36 trimethylation. 

Along this line, previous Western blot result showed that SETD2 was highly depleted in 

HeLa-shSETD2 cells (25). Moreover, we found that N-terminus of chromatin-bound 

MRG15 is primarily trimethylated (Figure 4.4c), suggesting that chromatin binding of 

MRG15 may promote its -N-methylation. Along this line, it is worth noting that 

NTMT1-GFP was found to be primarily nuclear (20).  

The interaction between the chromo domain of MRG15 and H3K36me3 plays an 

important role in the recruitment of TIP60 to chromatin, and is essential for H4K16 

acetylation and DNA damage-induced ATM activation 

      We next asked how the interaction between the chromo domain of MRG15 and 

H3K36me3 impacts the recruitment of TIP60 to chromatin. Results from our chromatin 

fractionation assay revealed that the chromatin occupancy of TIP60 is indeed 

substantially diminished in SETD2-deficient HeLa-shSETD2 cells relative to the SETD2-

proficient HeLa-shScr cells (Figure 4.5a & Figure B9a). Thus, SETD2-mediated 

H3K36me3 promotes the localization of TIP60 to chromatin. To further investigate 

whether H3K36me3 facilitates the recruitment of TIP60 to chromatin through the chromo   
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Figure 4. 4. The chromo domain of MRG15 promotes homologous recombination repair 

and confers cellular resistance toward ionizing radiation and MMC. (a) Western blot 

revealed diminished interaction of the chromo domain mutant of MRG15 (MRG15-

Y46AW49A) with H3K36me3. Whole cell lysate of HEK293T cells expressing FLAG-

tagged wild-type MRG15 and MRG15-Y46AW49A were titrated (input) to equal 

amounts and incubated with excess amount of core histones extracted from HEK293T 

cells. The FLAG-tagged proteins were immunoprecipitated using anti-FLAG M2 beads 

and detected using antibody specifically recognizing H3K36me3. (b) The loss of SETD2 

in Hela-shSETD2 abolished the interaction between MRG15 and H3 as demonstrated by 

Western blot. Similar amounts of Hela-shScr and shSETD2 lysate (input) were incubated 

with Dynabeads protein A prebound with MRG15 antibody to pulldown MRG15, H3 and 

H3K36me3. (c) LC-MS-based relative quantification showed that the chromatin-bound 

MRG15, but not that isolated from the whole cell lysate, is primarily trimethylated. (d) 

MRG15 knockdown in U2OS-DR-GFP cells led to diminished homologous 

recombination repair, which can be fully restored by complementing the cells with wild-

type MRG15, but not MRG15-Y46AW49A. The results for (c)-(d) represent the mean 

and standard deviation of data obtained from three biological replicates. The P values 

were calculated by using unpaired two-tailed Student’s t-test. 
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Figure 4. 5. Interaction between H3K36me3 and the chromo domain of MRG15 

facilitates TIP60’s recruitment to chromatin, H4K16 acetylation and ATM activation. (a) 

TIP60 is present at a higher level in chromatin fraction from SETD2-proficient HeLa-

shScr cells than the corresponding SETD2-deficient HeLa-shSETD2 cells, and depletion 

of endogenous MRG15 in HEK293T cells led to a reduced chromatin localization of 

TIP60, which could be restored by ectopic expression of wild-type MRG15, but not 

MRG15-Y46AW49A. -actin and histone H3 were employed as loading controls for the 

soluble (SF) and chromatin (CF) fractions, respectively. The relative level of TIP60 in SF 

and CF as compared to the one in HeLa-shScr or the one in HEK293T with control 

siRNA knockdown were labeled underneath the Tip60 band. The data represent mean 

and standard deviation of results obtained from two biological replicates. (b) Defective 

SETD2 or MRG15 chromo domain resulted in loss of H4K16 acetylation. Core histone 

extracts were used for the Western blot. (c) Dysfunctional SETD2 or MRG15 chromo 

domain led to compromised ATM activation in response to NCS treatment. Cells were 

treated with 100 ng/mL NCS for 1 hr. During cell lysis, 5 mM sodium orthovanadate was 

added to prevent dephosphorylation by phosphatase. 
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domain of MRG15, we compared the chromatin occupancy of TIP60 in HEK293T cells 

treated with non-targeting control siRNA, MRG15 siRNA, as well as in the MRG15 

siRNA-treated cells complemented with wild-type MRG15 or its chromo domain mutant 

(i.e., MRG15-Y46AW49A). Our results showed that complementation with wild-type 

MRG15, but not MRG15-Y46AW49A, restored the chromatin localization of TIP60 in 

HEK293T cells depleted of endogenous MRG15 (Figure 4.5a & Figure B9a). In this vein, 

Western analysis showed similar levels of expression of the wild-type and mutant 

MRG15 proteins (Figure B7b). These results supported that the binding between 

H3K36me3 and the chromo domain of MRG15 stimulated the recruitment of TIP60 to 

chromatin. 

      We next examined whether the level of H4K16Ac is modulated by the interaction 

between the chromo domain of MRG15 and H3K36me3. In accordance with the 

compromised recruitment of TIP60 to chromatin, H4K16Ac was largely abolished in the 

SETD2-deficient HeLa-shSETD2 cells and UOK143 cells as compared with the SETD2-

proficient HeLa-shScr and UOK121 cells, respectively (Figure 4.5b & Figure B9b). In 

addition, the loss of H4K16Ac emanating from the depletion of endogenous MRG15 

could be rescued by ectopic expression of wild-type MRG15, but not MRG15-

Y46AW49A (Figure 4.5b & Figure B9b). Thus, the interaction between the chromo 

domain of MRG15 and H3K36me3 is essential for H4K16 acetylation. 

      In line with our observations of the H4K16Ac, the NCS-induced ATM activation 

was abolished in HeLa-shSETD2 and UOK143 cells (Figure 4.5c). Moreover, wild-type 

MRG15, but not MRG15-Y46AW49A, could fully restore the NCS-induced ATM 



130 

 

activation that was lost upon the siRNA-mediated knockdown of endogenous MRG15 

(Figure 4.5c & Figure B9c). Hence, our results support that the MRG15-mediated 

recruitment of TIP60 to chromatin is enabled, in part, by the binding between the chromo 

domain of MRG15 and H3K36me3, and this latter binding is essential for H4K16 

acetylation and DNA damage-triggered ATM activation. 

The interaction between the chromo domain of MRG15 and H3K36me3 promotes 

HR repair and elicits cellular resistance toward genotoxic agents 

      We next assessed the importance of this interaction in HR repair and the cellular 

resistance toward genotoxic agents. The aforementioned GFP reporter assay revealed that 

the marked reduction in HR efficiency arising from the siRNA-induced depletion of 

endogenous MRG15 could be restored by complementing the cells with wild-type 

MRG15, but not its chromo domain mutant (Figure4d&B10a,b). Consistently, clonogenic 

survival assay results showed that the MRG15 siRNA-mediated decline in survival of 

HeLa cells after treatment with NCS, ionizing radiation, or mitomycin C could be 

rescued by reconstituting the cells with wild-type MRG15, but not by its chromo domain 

mutant (Figures B11&B12). Moreover, we observed that deficiency in SETD2 led to 

reduced HR repair and elevated sensitivity toward genotoxic agents in multiple lines of 

human cells (Figure B11-14), which is agreement with the important role of the 

interaction between the chromo domain of MRG15 and H3K36me3 in HR repair and is in 

line with recent findings (41,42).  
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Discussion 

 DNA DSBs, when left unrepaired, can elicit catastrophic consequences to cells. 

HR and nonhomologous end-joining (NHEJ) represent two major pathways for repairing 

DNA DSBs; while the NHEJ pathway is error-prone, the HR pathway is error-free 

because of its utilization of homologous regions as templates for repair (43). The results 

from the present study led to several important and novel findings about the roles of 

protein methylation in regulating ATM activation and HR repair. 

      First, we discovered the -N-methylation of MRG15 and previously 

unrecognized functions of -N-methylation in protein-protein interaction (Figure 4.6). 

Protein -N-methylation is an evolutionarily conserved type of post-translational 

modification (18); however, its biological functions remain poorly investigated. On the 

grounds that trimethylation introduces a quaternary ammonium ion, a permanent cation, 

to the N-termini of proteins, -N-trimethylation was thought to enhance the binding of 

proteins to DNA through electrostatic interaction between the trimethylated protein N-

terminus and phosphate groups in DNA (19,44). Here we found that the NTM1A-

mediated -N-methylation of MRG15 enables the direct interaction between MRG15 and 

TIP60 via the chromo domain of the latter protein (Figure 6). Thus, similar as 

methylation of the side chains of lysine and arginine, -N-methylation also provides a 

molecular hook for holding the chromo domain of another protein. From this finding, we 

conclude that the ligands of chromo domain perhaps can be expanded to the -N-

methylated N-termini of proteins. Considering the similar recognition mechanisms of 

methylation marks by chromo, Tudor and PWWP domains, it can be envisaged that this   
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recognition of protein -N-methylation can be expanded to other members of the ‘Royal 

family’ proteins (45). Furthermore, we found that, similar to H3K9me3 (26), -N-

methylation of MRG15 allosterically stimulates the enzymatic activity of TIP60 (Figure 

6). Future studies are needed for determining whether the allosteric stimulations of 

TIP60’s enzymatic activity by -N-methylation of MRG15 and by H3K9me3 are 

cooperative or mutually exclusive. 

      Second, our study led to the discovery of a novel histone crosstalk in mammalian 

cells, where H3K36me3 drives H4K16Ac, and we defined the molecular link between 

these two types of histone epigenetic marks (Figure 6). In particular, we found that the 

SETD2-mediated H3K36me3 is recognized by the chromo domain of MRG15, which 

further enables the recruitment of TIP60 histone acetyltransferase to chromatin thereby 

inducing H4K16Ac. The latter recruitment involves the interaction between the -N-

methylation of the N-terminal tail of MRG15 and the chromo domain of TIP60.  This 

histone crosstalk was also discovered recently in Arabidopsis, suggesting that this may 

constitute a conserved mechanism of epigenetic regulation (46). In addition, this trans-

histone modification parallels a previous observation made by Wu et al. (47), who 

demonstrated that the MRG domain of MRG15 can interact with ubiquitinated histone 

H2B and stimulate the chromatin recruitment of TIP60 and H4K16 acetylation. Thus, 

MRG15 is a versatile molecule that can recognize both H2B ubiquitination and 

H3K36me3, both of which are important for the recruitment of TIP60 to chromatin. 

      Third, we uncovered a novel regulatory mechanism of ATM activation and HR 

repair. ATM activation constitutes a crucial element of DNA damage response pathway 
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and is important in triggering HR repair (48). Several recent studies showed the 

importance of SETD2-mediated H3K36me3 in HR repair in human cells (41,42,49). Here 

we found that MRG15 can bind directly to the H3K36me3 mark via its chromo domain, 

and this binding, together with the -N-methylation of MRG15, facilitates the 

recruitment of TIP60 to chromatin and stimulates its acetyltransferase activity, thereby 

promoting H4K16Ac and DNA damage-induced ATM activation (Figure 6). Thus, our 

study provided an important mechanistic link between SETD2-mediated H3K36me3 and 

ATM activation. PARP1 inhibitor has been found to be particularly effective for treating 

certain breast cancer patients with deficiency in other elements of HR repair (BRCA1 and 

BRCA2) pathway (50,51). It can be envisaged that this previously unrecognized 

mechanism of ATM activation may also be harnessed for cancer therapy in the future. 

      Taken together, we discovered a novel crosstalk between two common histone 

epigenetic marks (i.e., H3K36me3 and H4K16Ac) in mammalian cells, defined MRG15 

as the molecular determinant for this crosstalk, established its importance in HR repair, 

and unveiled novel functions of protein -N-methylation. 
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Chapter 5. Conclusions and future research 

            The research in this dissertation concentrates on the identification and 

characterizations of the functional roles of novel PTMs of DDB2 and MRG15 which are 

important in nucleotide excision repair (NER) and homologous recombination (HR), 

respectively. Specifically, in HEK293T cells, DDB2 was found to be -N-methylated 

and phosphorylated at Serine 26, and MRG15 was found to be -N-methylated. The 

functional characterizations of these novel modifications provide a better understanding 

for the regulation of DNA repair pathway by protein PTMs.  

      In Chapter two, by using LC-MS/MS, I discovered, for the first time, that DDB2 

was -N-methylated in human cells. I also found that NTMT1 was able to catalyze the -

N-methylation of DDB2 in vitro and in human cells. In addition, this methylation 

promoted DDB2’s nuclear localization and recruitment to CPD foci. Moreover, the -N-

methylation of DDB2 promoted the repair of the CPD lesion, enabled ATM activation 

and conferred the resistance of human cells toward UV damage. Together, my study 

extended the biological functions of protein -N-methylation to DNA repair.  

        In Chapter three, I reported that the ectopically expressed DDB2 was 

phosphorylated at Serine 26 in HEK293T cells. The phosphorylation is mediated by 

Cdks, as supported by the observations that the phosphorylation level is decreased 

dramatically upon treatment with flavopiridol, a Cdk inhibitor. I also observed that a 

DDB2 mutant deficient in Ser26 phosphorylation failed to be recruited to UV light-

induced CPD foci. In addition, loss of the Ser26 phosphorylation abolished ATM 

activation and CPD repair, and resulted in hypersensitivity to UV damage. The functions 
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of this phosphorylation may reside in its role on the ubiquitination and proteasomal 

degradation of DDB2. Together, my investigation characterized the functional 

importance of this phosphorylation in NER. Further studies are in need for uncovering 

the identities of Cdk(s) involved in the phosphorylation. 

      In Chapter four, by employing a similar LC-MS/MS-based approach, I identified 

that MRG15 is -N-methylated in HEK293T cells. I also demonstrated that the -N-

methylated N-terminus of MRG15 promoted the recruitment of TIP60 to chromatin 

through its interaction with chromo domain of TIP60, and it serves as an allosteric 

regulator to stimulate the enzymatic activity of the latter. Furthermore, I found that the 

TIP60’s chromo domain recognition of -N-methylation of MRG15 is pivotal for 

H4K16Ac, DNA damage-induced ATM activation, HR repair and cellular resistance 

toward genotoxic agents that induce DNA DSBs and interstrand cross-links. In addition, I 

identified H3K36me3 as a docking site for MRG15’s binding to chromatin through the 

chromo domain of MRG15, which drives H4K16Ac in human cells. Collectively, I 

uncovered a novel crosstalk between H3K36me3 and H4K16Ac in mammalian cells, 

defined MRG15 as the molecular determinant for this crosstalk via its -N-methylated N-

terminal tail and chromo domain, and established its importance in HR repair and ATM 

activation.  

Besides the above-characterized PTMs of DDB2 and MRG15 in human cells, I also 

identified several additional PTMs, including putative ubiquitination sites of lysine 151 

and lysine 309 in DDB2, as well as the phosphorylation of serine 127 in MRG15. 

Characterizations of these novel PTMs may provide a better understanding about how 
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DDB2 and MRG15 are regulated. Moreover, it is intriguing to explore the possible 

crosstalk between these novel PTMs in DDB2 and MRG15.  

On the ground that in vitro assay largely expanded the potential -N-methylated 

proteins (1), it is of great importance to design experiments to investigate the presence 

and importance of -N-methylation in other proteins. For instance, LATS2, which carries 

an N-terminal RPK motif, was recently identified to be critical in maintenance of genome 

stability through regulating cytokinesis (2). Specifically, the LATS2 kinase is activated in 

tetraploid cells, which suppresses YAP-dependent transcription and induces cell cycle 

arrest (2). Viewing that LATS2 is predicted to be -N-methylated, studies are in need to 

confirm this -N-methylation and elucidate its function. 

 In our study, we uncovered, for the first time, the role of -N-methylation in 

protein-protein interaction. In particular, NTMT1-mediated -N-methylation of MRG15 

is recognized by the chromo domain of TIP60. Since “Royal family” modules, including 

the chromo, Tudor and PWWP domains, can bind to methylated lysine and arginine 

marks through a similar mechanism (3), it is foreseeable that other ‘Royal family’ 

proteins can recognize the -N-methylation proteins. Additional readers of -N-

methylation can be explored by stable isotope labeling by amino acids in cell culture 

(SILAC). In this vein, the FLAG-tagged wild-type -N-methylated protein and the 

corresponding mutant abrogating -N-methylation could be expressed in HEK293T cells 

cultured in 13C, 15N-enriched amino acid-carrying (heavy) medium or unlabeled amino 

acid-containing (light) medium. The wild-type and mutant proteins will serve as baits to 

pull down their interaction proteins. The amount of total proteins in cell lysate can be 
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quantified by using Bradford assay and an equal amounts of cell lysates can be passed 

through anti-FLAG M2 affinity gel. The beads will then be combined and digested with 

trypsin followed by LC-MS/MS analysis. In forward experiment, FLAG-tagged wild-

type -N-methylated protein will be cultured in the heavy medium and the corresponding 

-N-methylation-deficient mutant will be cultured in the light medium. The basis of this 

method lies in that proteins bearing no specific binding toward wild-type and mutant 

proteins will occur equally in the two eluents. However, proteins displaying specific 

binding toward the -N-methylated protein bait will have a heavy/light ratio substantially 

greater than 1 for their constituent peptides. Proteins exhibiting specific binding toward 

the -N-methylation-deficient mutant bait will have a heavy/light ratio less than 1 for 

their constituent peptides. To ensure that the preferential binding of proteins to wild-type 

over mutant protein target is not due to experimental error, we will also perform reverse 

SILAC labeling experiment, where the wild-type and mutant proteins are cultured in light 

and heavy medium, respectively. 

Last but not least, viewing the fact that -N-methylation seems to be dynamic, it is 

interesting to elucidate how this modification is regulated. In this respect, protein 

expression level of NTMT1 showed no difference upon MMC and NCS treatment. 

Further investigations can be conducted to examine whether the chromatin localization of 

NTMT1 is altered upon these treatments. To dissect the mechanisms about the regulation 

of the enzymatic activity of NTMT1, another approach could be identification and 

characterization of novel PTMs in NTMT1 by employing a similar affinity-purification 

coupled with mass spectrometry-based method described before.  
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Appendix A. Supporting Information for Chapter 2  
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Figure A. 1. MS/MS/MS of y6 ion observed in the MS/MS of the di-methylated form of 

the peptide 1APKKRPE7. 
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Figure A. 2. ESI-MS/MS of unmodified, mono-, di-, tri--N-methylated forms of the 

peptide 1APKKRPE7  from X-factor-cleaved recombinant DDB2: (a) without the addition 

of NRMT, (b) with the addition of NRMT. (c) ESI-MS/MS of unmodified, mono-, di-, 

tri--N-methylated forms of the peptide 1AAKKRPE7 arising from Glu-C digestion of X-

factor-cleaved recombinant DDB2 with incubation with NRMT. Certain regions of the 

spectra were amplified to visualize better the peaks for some fragment ions. 
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Figure A. 3. ESI-MS/MS of unmodified as well as mono-, di-, tri--N-methylated forms 

of the peptide 1APKKRPETQKTS12. Certain regions of the spectra were amplified to 

visualize better the peaks for some fragment ions. 
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Figure A. 4. ESI-MS/MS of unmodified as well as mono-, di-, tri--N-methylated forms 

of the peptide 1AAKKRPETQKTS12. Certain regions of the spectra were amplified to 

visualize better the peaks for some fragment ions. 
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Figure A. 5. ESI-MS/MS of unmodified and monomethylated forms of the peptide 

1APQKRPETQKTS12.  Certain regions of the spectrum were amplified to visualize better 

the peaks for some fragment ions. 
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Figure A. 6. ESI-MS of unmodified forms of the peptide 1APQKRPE7.   
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Supplementary Materials and methods 

Preparation of Recombinant proteins 

NRMT-His6 and MRG15-His6 were expressed and purified following similar 

procedures as previously described (1). Briefly, after growth to an optical density at 600 

nm of approximately 0.8, Rosetta (DE3) pLysS E. coli strain was induced by 

supplementing with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside at room temperature 

overnight for NRMT-His6, and at 37°C for 4 hr for MRG15-His6. The proteins were then 

purified by using Talon affinity resin (Clontech) following the manufacturer’s 

recommended procedures.  

In vitro methylation assay 

Purified NRMT-His6 (0.3 g) was incubated with 1 g X-factor-cleaved MRG15-

His6 or synthetic N-terminal peptide of MRG15 (Genemed Synthesis, Inc.) with 100 M 

S-adenosyl-L-methionine (S-AdoMet) as the methyl donor and brought to 50 L with 

methyltransferase buffer (50 mM Tris, 50 mM potassium acetate, pH 8.0). Reactions 

were continued at 30°C for 2 hr. 

 

Reference 

 

1. Cai, Q., Fu, L., Wang, Z., Gan, N., Dai, X. and Wang, Y. (2014) alpha-N-

Methylation of Damaged DNA-binding Protein 2 (DDB2) and Its Function in 

Nucleotide Excision Repair. J Biol Chem, 289, 16046-16056. 

 

 

 

 

  



154 

 

Figure B. 1. ESI-MS/MS of unmodified (a) as well as mono- (b), di- (c) and tri-

methylated (d) forms of the peptide 1APKQDPKPKFQE12 of C-terminally FLAG-tagged 

MRG15 isolated from HEK293T cells. 
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Figure B. 2. MS/MS/MS of b5+3Me ion found in the MS/MS of the tri-methylated form 

of the peptide 1APKQDPKPKFQE12. 
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Figure B. 3. NTMT1 was efficiently knockdown by the NTMT1 siRNA in HEK293T 

cells. (a) Relative mRNA level of NTMT1 gene measured by real-time PCR with the use 

of GAPDH gene as control; (b) Expression level of NTMT1 protein measured by 

Western blot with the use of -actin as a loading control. The results for (a) represent the 

mean and standard deviation of data obtained from three biological replicates. The P 

values were calculated by using unpaired two-tailed Student’s t-test. 
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Figure B. 4. ESI-MS of unmodified, mono-, di-, tri--N-methylated forms of the peptide 

1APKQDPKPKFQE12 from X-factor-cleaved recombinant MRG15 with the addition of 

NTMT1. 
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Figure B. 5. NTMT1 can catalyze the -N-methylation of synthetic N-terminal peptide 

from MRG15. (a) ESI-MS of unmodified forms of the peptide 1APKQDPKPKFQE12 

without addition of NRMT; (b) ESI-MS of unmodified, mono-, di-, tri--N-methylated 

forms of the peptide MRG15-K4Q, i.e., 1APQQDPKPKFQE12  without addition of 

NRMT; (c) ESI-MS of unmodified forms of the peptide 1APKQDPKPKFQE12 with 

addition of NRMT; (b) ESI-MS of unmodified, mono-, di-, tri--N-methylated forms of 

the peptide MRG15-K4Q, i.e., 1APQQDPKPKFQE12  with addition of NTMT1; (e) 

Relative abundances of different methylation forms of N-terminal 12 amino acids of 

MRG15, MRG15-K4Q as determined by semi-quantitative MS analysis.  The results 

represent the mean and standard deviation of results obtained from three independent 

experiments. 
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Figure B. 6. MRG15-K4Q cannot be -N-methylated in human HEK293T cells. (a) ESI-

MS and (b) MS/MS of unmodified forms of the peptide 1APQQDPKPKFQE12 of C-

terminally FLAG-tagged MRG15-K4Q isolated from HEK293T cells. 
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Figure B. 7. Western blot showing that the expression level of (a) MRG15 and MRG15-

K4Q, (b) MRG15 and MRG15-Y46W49A are similar in HEK293T cells. -actin was 

used as a loading control. 
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Figure B. 8. Replicate of Figure 4.2f. 
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Figure B. 9. Replicate of Figure 4.4 to demonstrate the reproducibility of the experiment. 
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Figure B. 10. Endogenous MRG15 is efficiently knockdown by the 3’-UTR MRG15 

siRNA in U2OS-DRGFP, HEK293T, and HeLa cells. (a) Relative mRNA level of 

MRG15 measured by real-time PCR with the use of GAPDH gene as a control; (b) 

Protein expression level of MRG15 monitored by Western blot with the use of -actin as 

a loading control. The results for (a) represent the mean and standard deviation of data 

obtained from three biological replicates. The P values were calculated by using unpaired 

two-tailed Student’s t-test. 
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Figure B. 11. The hypersensitivity to MMC, NCS, and -rays in HeLa cells arising from 

MRG15 knockdown could be restored by transfecting cells with the plasmid for 

expressing wild-type MRG15, but not MRG15-Y46W49A. The results represent the 

mean and standard deviation of data obtained from three independent experiments.  “*”, 

P < 0.05; “**”, P < 0.01; “***”, P < 0.001. The P values were calculated by using 

unpaired two-tailed Student’s t-test.  
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Figure B. 12. H3K36me3 plays a very important role in homologous recombination. (a) 

HeLa cells stably expressing SETD2 shRNA, but not scrambled control shRNA, led to a 

reduced efficiency in HR. (b) SETD2-deficient UOK143 cells displayed diminished HR 

efficiency than the SETD2-proficient UOK121 cells. (c) Flow cytometry analysis 

showing that the transfection efficiencies were similar for UOK121 and UOK143 cells at 

the same density. (d) Western blot revealed loss of H3K36me3 in HeLa-shScr and 

UOK143 cells due to the deficient SETD2 as compared with HeLa-shSETD2 and 

UOK121 cells, respectively. The results represent the mean and standard deviation of 

data obtained from three biological replicates. The P values were calculated by using 

unpaired two-tailed Student’s t-test.  
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Figure B. 13. HeLa-shSETD2 and UOK143 cells exhibited elevated sensitivity toward 

(a) MMC, (b) NCS, and (c) -rays, and the elevated sensitivity in HeLa-shSETD2 could 

be rescued by complementing cells with yeast SETD2. The results represent the mean 

and standard deviation of data obtained from three biological replicates. “*”, P < 0.05; 

“**”, P < 0.01; “***”, P < 0.001 (n = 3). The P values were calculated by using unpaired 

two-tailed Student’s t-test.  
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Figure B. 14. (a) TIP60 is present at a higher level in chromatin fraction from SETD2-

proficient UOK121 cells than the corresponding SETD2-deficient UOK143 cells. -actin 

and histone H3 were employed as loading controls for the soluble (SF) and chromatin 

(CF) fractions, respectively. (b) Defective resulted in loss of H4K16 acetylation. Core 

histone extracts were used for the Western blot. 

 




