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ABSTRACT OF THE DISSERTATION 

 

Biochemical Characterization of Two Members of the Protein  

Arginine Methyltransferase Family, PRMT7 and PRMT9 

 

by  

 

Androulla Hadjikyriacou 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2017 

Professor Steven G. Clarke, Chair 

 

 Protein arginine methylation is an important posttranslational modification in eukaryotes, 

shown to be involved in the regulation of transcription, the splicing machinery, signaling, and 

DNA repair. Mammalian protein arginine methyltransferases (PRMT) include a family of nine 

enzymes that transfer methyl groups onto the omega nitrogen atoms of the guanidino groups of 

arginine residues, producing monomethylarginine only (MMA, type III), symmetric 

dimethylarginine (SDMA) and MMA (Type II), or asymmetric dimethylarginine (ADMA) and 

MMA (Type I). While the other PRMTs have been extensively studied, the roles and activities of 

two members of this family, PRMT7 and PRMT9, had been less well investigated. Both PRMT7 

and PRMT9 are distinguished from other family members with having two methyltransferase-
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like domains and having acidic residues in an otherwise well-conserved “double-E” substrate-

binding motif. My work confirms PRMT7 as the only type III enzyme in the group, with an 

unusual low temperature optimum for activity and preference for basic residues in an RXR 

sequence for methylation. I found that mutations of the acidic residues in the double-E motif 

result in a loss of the specific RXR substrate recognition motif and the appearance of a RG 

specificity motif typical of many of the other PRMTs. The physiological substrate(s) of PRMT7 

remain to be determined, although I found that histone H2B is an effective in vitro substrate. 

PRMT9, on the other hand, had no reported activity, until I was able to show in a pulldown 

experiment using HeLa cells that it was associated with two RNA splicing factors. I was able to 

determine by amino acid analysis that PRMT9 is very specific for methylating the RNA splicing 

factor SF3B2. This PRMT9-dependent modification reaction produces both MMA and SDMA 

and thus makes PRMT9 the second example of a type II enzyme in mammals. I found that the 

position of the methylated arginine residue in SF3B2 is important for PRMT9 recognition, and 

that the acidic residues in the substrate-binding motif also play an important role in substrate 

recognition. In addition, mutagenesis studies in the active site cavity of the PRMT7 and PRMT9 

enzymes uncovered conserved residues in the substrate binding double-E loop that are important 

for substrate recognition and residues in the conserved THW motif that are responsible for 

conferring the methylation activity type. Lastly, I examined the orthologous PRMT7 and PRMT9 

enzymes in the nematode Caenorhabditis elegans. I found that the C. elegans PRMT-7 has a 

distinct substrate preference from the mammalian ortholog, while C. elegans PRMT-9 appears to 

be biochemically indistinguishable from its human ortholog.  
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CHAPTER 1 

 

 

Plan of the Dissertation  
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 The focus of this dissertation is the biochemical characterization of two members of the 

protein arginine methyltransferases family, PRMT7 and PRMT9. The work done in this 

dissertation examines their activity type, the identification of their physiological substrates, and 

their substrate-motif specificity; additionally, this dissertation investigates the role of the enzyme 

and the role of the modification on the cellular processes and machinery.  

 Chapter 2 is a brief overview of protein arginine methylation, including previous 

knowledge in the field on PRMT7 and PRMT9, a discussion of protein arginine methylation in 

various organisms, including the nematode Caenorhabditis elegans, and a discussion of the role 

of protein arginine methylation in diseases such as cancer. 

 In Chapters 3 and 4, I focused on the characterization of mammalian PRMT7. Chapter 3 

establishes the characteristics of mammalian PRMT7, providing further evidence for the 

production of monomethylarginine (MMA) only, as well as describing the substrate methylation 

motif. Using in vitro methylation assays and highly sensitive cation exchange chromatography 

methods, I worked with a postdoctoral fellow in the laboratory, Dr. You Feng, to determine that 

the enzyme highly prefers a basic-rich motif found in histone H2B. In collaboration with the 

laboratory of Professor Julian Whitelegge, we were able to use proteomics methods to reveal 

novel post-translational modification sites on intact histone H2B and within H2B and H4 

peptides. This work demonstrated that PRMT7 has a unique preference for methylating arginine 

residues in lysine- and arginine-rich regions, particularly those in which arginines are separated 

by one residue, in an RXR motif.  

 Chapter 4 focused on mutagenesis studies to identify key residues that are implicated in 

the enzyme’s substrate preference for arginine residues in basic-rich regions. Along with Dr. 

You Feng, we performed site directed mutagenesis on the two acidic residues found in the 



	 3	

substrate-binding double E loop that were shown to be important in modulating the substrate 

preference from basic rich regions to RG-rich motifs. This work additionally further confirmed 

the type III MMA activity of the enzyme, and showed that the enzyme has a remarkably low 

temperature optimum and a sensitive salt tolerance.  Both of these properties result in a low 

activity of the enzyme under standard physiological conditions for mammalian cells. This work, 

in conjunction with Chapter 3, lays a biochemical foundation for the further characterization and 

identification of the physiological substrates of PRMT7 in the cell. 

 In Chapters 5 and 6, I present studies to identify and characterize the novel enzyme 

PRMT9. In Chapter 5, I collaborated with the laboratory of Dr. Mark Bedford at the MD 

Anderson Cancer Center in Smithville, Texas to identify the activity type and physiological 

substrate of the enzyme. Dr. Yanzhong Yang, then a postdoctoral fellow in the Bedford lab, and I 

worked together to show that PRMT9 is expressed in a complex with two splicing factors, 

SF3B2 and SF3B4, in two different cell types. In addition, we showed that PRMT9 

symmetrically dimethylates a fragment of SF3B2 on an arginine residue flanked by two lysines. 

We tackled this problem in two ways: Dr. Yang used western blots and pull down assays to show 

the symmetric dimethylarginine (SDMA) modification on SF3B2, and I used in vitro 

methylation assays along with amino acid analysis by cation exchange chromatography and thin 

layer chromatography. These biochemical experiments confirmed the presence of the SDMA and 

Dr. Yang was able to show that the knockdown of PRMT9 modulated alternative splicing events. 

In addition, we demonstrated that the methylation of SF3B2 recruited the Spinal Motor Neuron 

(SMN) protein to allow for the correct assembly of spliceosomal subunits through the use of 

western blots.  
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 In Chapter 6, I did site-directed mutagenesis studies on PRMT9 and its substrate SF3B2, 

showing that it is unique among the enzymes in the PRMT family and that it has a very specific 

and narrow substrate preference. I showed that the residues surrounding and the position of the 

methylatable arginine are important for the substrate recognition and subsequent methylation, 

and the single acidic residue in the substrate binding double E loop was crucial for activity. In 

addition, Dr. Alexsandra Espejo, from the Bedford lab, grew PRMT5 conditional knockdown 

cells, in which I was able to further analyze and quantify the endogenous amounts of methylated 

arginine species, using an optimized HPLC-based fluorometer assay. With these studies, we 

were able to show that PRMT9 is not redundant with PRMT5, the major and only other SDMA 

forming enzyme in the PRMT family. 

 In Chapter 7, I participated in a project to examine the residues responsible for the 

product specificity for the PRMT enzymes. My labmates, Kanishk Jain and Rebeccah Warmack, 

in collaboration with Dr. Erik Debler and Dr. Peter Stavropoulos from Rockefeller University, 

tested various point mutations in the T. brucei PRMT7 ortholog. In previous work they had done, 

they showed that a single mutation of a glutamate that is terminal in the substrate binding double 

E loop allowed for the production of asymmetric dimethylarginine (ADMA), instead of just 

MMA (1). In this chapter, Jain and Warmack showed that another mutant that contained two 

point mutations, one in the double E loop and one in the conserved THW motif, could now 

produce SDMA when reacted with a peptide containing MMA. My work showed that a similar 

point mutation in the THW loop of human PRMT9, which was shown to produce both SDMA 

and MMA, abolished the SDMA forming ability of the enzyme, making it a more robust enzyme 

that can only form MMA. These findings led to a model that rationalizes the control of 

methylation product specificity according to the size and architecture of the active site. 
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 In Chapter 8, I characterized the PRMT orthologs PRMT-7 and PRMT-9 in the nematode 

C. elegans. I was interested to find that C. elegans contained orthologs of PRMT-1, PRMT-5, 

PRMT-7 and PRMT-9, yet lacked the rest of the PRMT family members. C. elegans PRMT-9 

was initially identified as PRMT-3, although it is most closely related to PRMT9, with only 24% 

sequence identity and 40% similarity to its human counterpart. C. elegans PRMT-7, on the other 

hand, seems to have a more divergent history; it has 32% sequence identity and 47% similarity to 

the human enzyme. Previous work had been done to determine the structure of C. elegans 

PRMT-7, but no enzyme activity was reported (2, 3). A small type III MMA activity was 

determined for PRMT-9 (2) on histone H2A, but this enzyme was not further characterized in the 

literature. I requested and received the expression plasmids for both PRMT-7 and PRMT-9 from 

Dr. Akiyoshi Fukamizu at the University of Tsukuba in Tsukuba, Japan (2), and was able to 

express and purify these proteins. I hypothesized that these two enzymes would have a similar 

role and activity as their human orthologs. Through in vitro methylation assays and amino acid 

analysis, I showed that PRMT-7 was able to only produce MMA, and had a similar yet broader 

substrate specificity than the human ortholog. I additionally showed that PRMT-9 also produced 

SDMA and MMA, much like its human ortholog, on the orthologous splicing factor in C. 

elegans. I also performed RNAi studies to knockdown these proteins in C. elegans but did not 

find any noticeable phenotypes. This work was important as it showed that while these proteins 

are conserved from mammals to nematodes, they have slightly different roles and specificities, 

especially in regards to PRMT-7.  

 In Chapter 9, I examined the role of isoaspartyl damage on histone H2B and methylation 

by PRMT7. There is evidence for isoaspartyl damage on an aspartyl residue of the histone tail of 

histone H2B, a few residues away from the arginine residues that are preferentially methylated 
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by PRMT7 (4, 5). Working with an undergraduate student, Anuj (Sunny) Chhabra, we received 

isoaspartyl-containing H2B peptides from the Dr. Mark Mamula lab at Yale University and the 

Dr. Dana Aswad lab at UC Irvine. After using a base labile assay to determine the peptides did 

contain an isoaspartyl residue, we then set up in vitro methylation reactions to look at the effect 

of an isoaspartyl residue on the recognition and methylation of those arginine residues. In 

addition, we aged histone H2B peptide that our lab had that also contained an aspartate residue, 

checked for isoaspartyl damage via the base labile assay, and again tested with in vitro 

methylation reactions to check for methylation activity. We determined that the presence of an 

isoaspartyl residue affected the activity of the enzyme on the H2B peptide. 

 In Chapter 10, I discuss my ideas and goals for the future of these projects, and what can 

be further done or explored to increase our understanding of the roles of these enzymes. 
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Protein Arginine Methylation 

 Protein arginine methyltransferases (PRMTs) are a family of seven beta-strand enzymes 

that recognize and methylate the terminal guanidino moieties of arginine residues. These 

methyltransferases transfer a methyl group from the donor S-adenosyl-L-methionine (AdoMet) 

onto their respective substrates. The enzymes methylate in various “types”; all PRMTs can 

monomethylate arginine residues – PRMT7 is the only enzyme that is limited to 

monomethylation (type III); the rest of the PRMTs can dimethylate, either on the same guanidino 

group, producing asymmetric dimethylarginine (ADMA; type I; PRMT1, -2, -3, -4, -6, and -8), 

or on opposite guanidino groups to generate symmetric dimethylarginine (SDMA; type II; 

PRMT5 and -9). The work presented in this dissertation shows evidence for PRMT9 as the 

second symmetrically dimethylating enzyme (Chapters 5 and 6). My work also showed that 

PRMT7 only produces MMA (Chapters 3 and 4), with acidic residues in the substrate-binding 

motif important for conferring its substrate specificity. 

The members of the PRMT family contain conserved motifs, including Motif I and Post 

Motif I, Motif II, Post Motif II (the substrate-binding “double E” loop), Motif III and the THW 

loop. Motif I and Post Motif I contains conserved residues to bind AdoMet; Motif II is followed 

by the substrate-binding double E loop. This double E loop contains conserved glutamate 

residues flanking eight additional residues in a loop, and this substrate-binding motif coordinates 

and binds the methylatable substrate. The THW loop contains conserved Thr-His-Trp residues in 

the type I enzymes, and differs slightly in the type II and type III enzymes. The work shown in 

Chapter 7 shows that residues in the THW loop are important for contributing to the methylation 

type of the enzyme, as a mutation of a single cysteine in the loop of human PRMT9 allows the 

enzyme to only produce MMA, where as a combination of mutations of the central THW loop 
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residue along with one of the terminal glutamates of the double E loop allowed the T. brucei 

PRMT7 to produce SDMA. Other work (1) showed that a single mutation of one of the 

glutamate residues of the double E loop in T. brucei PRMT7 also changed the methylation type 

to producing only ADMA.  

 

Previous Studies on PRMT7 and PRMT9 

PRMT7 and PRMT9 are two members of the protein arginine methyltransferases family 

whose roles have been more elusive and harder to uncover than most of the other enzymes. 

Previous literature incorrectly classified PRMT7 as an enzyme producing SDMA (2) and 

although this was apparently supported by other work linking SDMA histone methylation marks 

to PRMT7 activity (3, 4), it now appears that such linkage may be due to an indirect effect (5). 

The field has also been confused by PRMT9 nomenclature used to designate two separate gene 

products, one encoded on human chromosome 4 that is homologous to other members of the 

PRMT family (6), and a separate gene on chromosome 2 (FBXO11) (7), that does not encode a 

homolog of the PRMT family but rather a ubiquitin ligase (8). Much of the confusion in this area 

has resulted from using FLAG-tags to purify putative PRMTs from mammalian cells. These 

tagged proteins are often isolated using the monoclonal M2 antibody that has been shown to 

recognize PRMT5 even in the absence of FLAG-tag (9–11). Thus, FLAG-tagged PRMT7 and 

FBX011 proteins will be contaminated with PRMT5, producing the SDMA products detected in 

these studies (2, 7). My work was not able to detect the presence of any SDMA activity with 

bacterially purified PRMT7 under conditions that would detect 0.2% of methylation activity (10–

13) (Chapters 3 and 4). In this thesis, I studied the protein that was encoded by the gene located 

on chromosome 4q31, whose PRMT9 designation is now the standard of the HUGO Gene 
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Nomenclature Committee (14, 15) (Chapters 5 and 6). This gene product bears a close 

resemblance to PRMT7 and PRMT5, and is well conserved across vertebrates and invertebrates 

(16). My work in Chapters 5 (15) and 6 (14) biochemically characterizes this protein in its ability 

to produce SDMA and MMA and to define its only substrate discovered thus far, the SF3B2 

splicing factor.  

There is evidence that suggests crosstalk of PRMT7 with other PRMTs, in particular in 

the modification of histones H2A and H4. For example, studies have found increased histone 

H4R3 SDMA at loci of specific genes with the overexpression of PRMT7 (17). In addition, the 

amount of SDMA at that same mark was decreased in mammalian cells in which PRMT7 was 

knocked down (3, 18, 19). Even though in vitro we have no evidence of PRMT7 generating 

SDMA, its expression level in the cell seems to indirectly affect the SDMA marks on histones. 

 

Protein Arginine Methylation in Various Organisms 

 Protein arginine methylation is a conserved modification, with the major PRMTs 

responsible for ADMA and SDMA (PRMT1 and PRMT5) having orthologs from the kingdoms 

of fungi to animalia. It has been generally accepted in the literature that bacteria and archaea do 

not contain protein arginine methyltransferases (20). There are no published reports of identified 

or characterized arginine methyltransferases in prokaryotes, but in Chapter 8, I report on BLAST 

searches that identified potential orthologs in Rhizobium leguminosarum, Streptococcus 

pneumoniae, Geobacter sulfurreducens, and Pseudanabaena sp. Biochemical studies need to be 

done to characterize these potential orthologs, especially to determine if they are indeed protein 

arginine methyltransferases. However, it is clear that orthologs of PRMT1, PRMT3 and PRMT5 

exist in unicellular eukaryotes, like yeasts, molds, amoebae, and protozoa (21). In addition, a 
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PRMT7 ortholog has been identified in the parasitic protozoan T. brucei, and it harbors a type III 

MMA methyltransferase activity (22, 23).  

 Many of the other PRMTs in the mammalian family of enzymes (PRMT2, 3, 4, 6, 7, 8, 

and 9) contain orthologs in vertebrate and invertebrate organisms, from mammals (humans), 

birds (G. gallus), reptiles (A. carolinensis), amphibians (X. laevis), zebrafish (D. rerio), fruit flies 

(D. melanogaster), nematodes (C. elegans), chordates (C. intestinalis, B. floridae), and 

cnidarians (N. vectensis) (24). Almost all of the organisms contain the major PRMT family 

members PRMT1 and PRMT5, and depending on the organism and the evolutionary rate, higher 

organisms contain more of the additional PRMT enzymes that have evolved (24). PRMT 

orthologs have also been identified in plants such as A. thaliana and Z. mays. The major PRMT 

orthologous enzymes (PRMT1 and PRMT5) have been characterized in fungi such as yeast (S. 

cerevisiae, S. pombe). However, these fungi lack orthologs of all of the other mammalian 

PRMTs including PRMT7 and PRMT9. Based on the work by Wang and Li (2012) (24), it 

seems that PRMT1 and PRMT5 have an early eukaryotic ancestor, and based on the sequence 

identity and presence of PRMT1 in almost all of these organisms, it seems to have evolved much 

more slowly and plays a very important role. The role of other PRMTs seem to be more specific 

and have evolved more specialized functions in higher organisms. 

 

Caenorhabditis elegans and Protein Arginine Methylation 

Chapter 8 describes PRMT orthologs in the nematode Caenorhabditis elegans. C. 

elegans provides an advantageous model system, and what we learn biochemically from this 

nematode we can potentially apply to the mammalian system. Previous work has identified 

PRMT1, PRMT5, PRMT7 and PRMT9 orthologs in worms, along with small fragments that 
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were named PRMT4 and PRMT6 (25). However, these fragments have not been shown to have 

any activity or further homology to PRMT enzymes when subjected to a BLAST search. I 

attempted to conduct studies to determine phenotypes or additional substrates using siRNA 

methods in nematodes for PRMT-7 and PRMT-9, both of which were inconclusive; I searched 

for detectable physical phenotypes, such as embryonic lethality and growth defects. In previous 

studies (25), no phenotypes were seen when worms were treated with siRNA and irradiated with 

gamma-radiation. The lack of noticeable phenotypes could indicate potential compensation by 

the other PRMT enzymes. 

 

Protein Arginine Methylation, Disease and Cancer 

 The deregulation of protein arginine methylation can be involved in cancer and other 

diseases (26–28). Since many of the PRMTs methylate histone tails, “reader” proteins, such as 

Tudor domain containing proteins, can recognize many of these methyl marks and can activate 

or repress transcription (26, 27). In many cases, overexpression of PRMTs leads to cancer; for 

example, PRMT1 is overexpressed in breast, prostate, lung, colon and bladder cancer, as well as 

leukemia (26, 28). PRMT2 is overexpressed in breast cancers that have ERα positive status, and 

PRMT3 is also shown to have higher levels of activity in breast cancer tumors (27) as well as 

probable post-transcriptional regulation by tumor suppressor protein DAL-1/4.1B in vitro and in 

vivo (29). PRMT4 (also known as CARM1) is overexpressed in breast, prostate, and colorectal 

cancers, while PRMT5 has been shown to be overexpressed or have an increase in activity in 

gastric, colorectal and lung cancers as well as in lymphomas and leukemias (26–28). PRMT7 has 

been shown to be involved in breast cancer metastasis as well as in the epithelial-to-

mesenchymal transition (EMT) (26, 30). So far, a disease role for PRMT9 in vivo has yet to be 
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determined, but our work in Chapter 4 shows PRMT9 involvement in the regulation of 

alternative splicing through the methylation of splicing factors and the recruitment of the SMN 

protein. 

 The deregulation of protein arginine methylation is also involved in a wide variety of 

diseases, such as metabolic diseases, neurodegenerative diseases, and aging (27). For example, it 

has been shown that Alzheimer’s disease associated neuronal death is facilitated by PRMT5, and 

inhibitors of these enzymes could potentially act as therapeutics (31). PRMTs have also shown to 

be involved in the regulation of the senescence of cells and premature aging, as was shown with 

PRMT7-/- mice, whose cells underwent cell-cycle arrest and premature cellular senescence (19). 

In addition, my work in Chapter 9 indicates a potential role and crosstalk of PRMT7 in response 

to isoaspartyl damage on histone H2B tail. Thus, the study of protein arginine methylation by the 

family of protein arginine methyltransferases plays a very important role in health and disease, 

and what we learn in vivo and in vitro can aid in future disease research and inhibitor 

development.  
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PRMT7 Methylation of Age-Modified Histone H2B Containing an 

Isoaspartyl Residue at Position 25 

Andrea Hadjikyriacou, Anuj Chhabra, and Steven Clarke 

 

ABSTRACT 

 Protein arginine methylation is involved in several cellular processes, and is especially 

important in the regulation of transcription through the modification of histone tails. Methylation 

reactions can function with acetylation and phosphorylation reactions in crosstalk pathways to 

affect the types of proteins that are recruited to activate or repress transcription. While the 

histone tails are heavily modified by enzymatic reactions, there is also evidence that the histones 

can be subjected to non-enzymatic reactions that occur spontaneously in the aging process. One 

such process is the conversion of asparagine and aspartic acid residues to isomerized and 

racemized species. Previous studies have shown that the accumulation of isoaspartyl damage 

affecting aspartic acid-25 on histone H2B can lead to autoimmune responses, such as those seen 

in lupus erythematosus. In addition, other work has shown the presence of a D-isoaspartyl 

residue at active chromatin loci, suggesting the possibility that cells may respond to isoaspartyl 

damage regulatory pathways. Our previous work has also shown that human PRMT7 

preferentially methylates histone H2B in RXR motifs in a basic residue-rich region that is known 

to interact with DNA and is in close proximity to the aspartic acid-25 residue. In this study, we 

examined the effect of L- and D-isoaspartyl damage on the ability of PRMT7 to methylate 

histone H2B peptides. We also looked at the ability of PRMT7 to methylate histones purified 

from nucleosomes from brain tissue of protein-L-isoaspartate O-methyltransferase (Pcmt1) 

knockout mice. In addition, we probed for other potential substrates by testing PRMT7 with 
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fragments from the intracellular loops of dopamine receptor proteins that contain basic rich 

regions consisting of RXR motifs. 

 

INTRODUCTION 

Protein arginine methylation is a common posttranslational modification that is 

associated with regulation of gene expression through the covalent modification of histone tails 

(1, 2). Depending on the type of modification deposited on histone tail residues (methylation, 

phosphorylation, acetylation), various reader proteins are recruited, and can turn transcription 

machinery on or off (2). The type of methyl marks deposited affect transcription; for example, 

asymmetric dimethylarginine (ADMA) is commonly associated with transcriptional activation, 

whereas symmetric dimethylarginine (SDMA) can lead to repression; the role of 

monomethylarginine (MMA) on the status of transcription has not yet been uncovered (1). 

The family of protein arginine methyltransferases (PRMTs) can methylate in three 

patterns: producing MMA only (PRMT7 only), or going on to a second step and dimethylating 

arginine residues (ADMA – type I enzymes PRMT1-4, 6, 8; SDMA – type II enzymes, PRMT5, 

9). Most of the PRMTs in this family have been well characterized, and physiological substrates 

have been identified. PRMT7’s physiological substrate(s) and role(s), on the other hand, remain 

largely unknown. While biological roles of PRMT7 have been suggested, including functions in 

the regulation of muscle stem cell regeneration (3) and in breast cancer cell invasion through 

induction of the epithelial-to-mesenchymal (EMT) transition (4), there has been no biochemical 

in vivo evidence implicating methylation activity of PRMT7 as the cause and effect of these 

functions. 
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Previous work (5–7) has shown that a very good in vitro substrate for PRMT7 is human 

histone H2B, as it prefers a RXR motif in a basic-rich sequence context and such a motif is 

found in residues 29-33 in this histone. While no in vivo evidence of this modification from 

mammalian purified histones has been yet found, it may be possible that this modification is 

tissue or gene specific, with PRMT7 methylating histones only at specific gene loci. Recent 

studies (8, 9) have shown evidence that histone H2B containing isoaspartyl damage at the 

position of aspartic acid-25 can contribute to the autoimmune response, especially in systemic 

lupus erythematosus (8), and evidence for the presence of such damaged histone H2B at the loci 

of active chromatin (9). In addition, X-ray and electron cryomicroscopy (cryo-EM) structures 

available of nucleosomes for both human and Xenopus laevis show the portions of the histone 

H2B tail protruding and interacting with the nucleosome wrapped DNA (10, 11). The 

inaccessibility of arginine residues 29, 31, and 33 due to their interaction and binding to the 

DNA was pointed out previously from these structures, as were the difficulties in detecting in 

vivo methylation of these residues due to the nature of the sequence and cleavage by traditional 

digestion methods for mass spectrometry approaches (5). While the aspartic acid 25 residue was 

not seen in the human structure, this residue was present in the X. laevis structure at a distance of 

2.7 Å from its protein backbone carboxyl to the DNA. We note that the downstream sequence 

recognized by PRMT7 is slightly different in the amphibian and mammalian histones (KRRKTR 

in X. laevis and KRKRSR in humans). We thus hypothesized that the presence of an isoaspartyl 

residue at position 25 of histone H2B may cause a kink in the peptide backbone and displace the 

residues from interacting with the DNA, subsequently affecting the methylation capabilities of 

PRMT7. 
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 Because it is clear that PRMT7 prefers basic-rich regions in RXR motifs (5–7), we also 

tested the activity of PRMT7 on fragments of the intracellular loops of the dopamine D2 receptor 

in humans and DOP-3 in the nematode Caenorhabditis elegans, which were shown to be 

substrates for PRMT5 (12). These fragments contain conserved sequences of arginine repeats 

and were of great interest for potential methylation and regulation by PRMT7.  

 

MATERIALS AND METHODS 

Protein Purification—Human recombinant GST-tagged PRMT7 was expressed and purified as 

described in (6). C. elegans GST-PRMT-7 was expressed and purified as described in (7). GST-

tagged dopamine receptor fragment plasmids were a generous gift from the Ferkey lab (12). 

Plasmids for both GST-D2 (211-232) and GST-DOP-3 (202-232) were transformed into BL21 

DE3 E. coli cells, and expressed using 0.5 mM isopropyl D-thiogalactopyranoside (IPTG, Gold 

Bio, catalog no. 12481C25) at 18 °C for 16 h. Cells were then harvested and proteins purified 

using a slurry of glutathione Sepharose 4B resin (GE Healthcare, catalog no. 17-0756-01) and 

dialyzed into buffer containing 50 mM Tris-Cl, 120 mM NaCl, pH 7.5. His-PCMT1 was purified 

as described in (13, 14) and was a gift from Rebeccah Warmack in the Clarke laboratory.  

	 

Histone purification from mouse nucleosomes—Histones from wild type and Pcmt1-/- mice were 

purified using the protocol adapted from (9). In short, freshly excised mouse brains from either 

wild type or Pcmt1-/- mice that were 51 days old were placed immediately into a glass 

homogenization tube along with the addition 9 volumes of homogenization buffer (5 mM 

potassium HEPES, pH 7.6, 0.5 mM EDTA, 10% (w/v) sucrose, and 1/100 dilution of 

mammalian protease inhibitor (cOmplete, Roche Applied Science, catalog no. 11697498001)) at 
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4 °C. These samples were then subsequently homogenized using a Teflon pestle rotating at 310 

rpm. The homogenates were centrifuged at 800 x g for 30 min, and the nuclear pellet fraction 

was passaged 20 times through a 25-gauge needle. The passaged sample was then spun again at 

3,000 x g for 10 min and then resuspended in 0.4 N H2SO4 with gentle rotation for 1 h at 4 °C. 

The suspension was then centrifuged at 14,000 x g (High Speed Spin, HS) for 10 min, and the 

supernatant was precipitated with a final concentration of 25% (w/v) trichloroacetic acid (TCA), 

followed by another HS spin. The nucleosome pellets were washed with cold acetone, and 

subjected to another HS spin, where the supernatant was removed and pellets air-dried for 20 

min. The nucleosome pellets were resuspended in 10 mM sodium phosphate buffer, pH 7.4. 

Protein concentration was approximated by estimating the amount of Coomassie stain on the 

polypeptide band compared to that on known amounts of standard proteins after SDS-PAGE. 

 

Assay to detect isoaspartyl methylation—To measure the number of labile methyl groups formed 

due to isoaspartyl methyl ester formation, we subjected our peptides and substrates to a base 

labile volatility assay, as described in (14). In brief, approximately 100 pmol of peptide substrate 

were reacted with 5 µg of recombinant His-PCMT1 enzyme and a final concentration of 9.6 µM 

S-adenosyl-L-[methyl-3H]methionine ([3H]AdoMet, Perkin Elmer Life Sciences, 82.7 Ci/mmol, 

0.55 mCi/ml in 10 mM H2SO4/EtOH (9:1, v/v) (diluted hot and cold to 400 µM, with a specific 

activity of 55 cpm/pmol AdoMet), in a buffer containing 135 mM Bis-Tris at pH 6.4 in a final 

volume of 100 µl. The reactions were incubated for the time indicated in the figure legends at 

37 °C and quenched by the addition of 10 µl of 2 M sodium hydroxide. 100 µl of this mixture 

was then spotted onto filter paper placed in the neck of scintillation vials containing 5 mL of 

scintillation fluid (RPI Safety-Solve, Research Products International, catalog no. 111177). Vials 
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were tightly capped and incubated at room temperature for 2 h, after which the filter paper was 

carefully removed and vials were counted via liquid scintillation counting (three 5-min counting 

cycles) to determine the labile methyl groups transferred. Background was subtracted and the 

cpm value determined was converted to pmol [3H]-methyl groups transferred per pmol substrate 

using the specific activity of the diluted AdoMet as 55 cpm/pmol AdoMet. 

 

In vitro methylation reactions—Reactions were set up by the addition of approximately 2 µg of 

GST-PRMT7 enzyme, a final concentration of 12.5 µM for peptide substrates (or as indicated in 

the figure legends), 0.7 µM final concentration [3H]AdoMet, reaction buffer containing 50 mM 

potassium HEPES, 10 mM NaCl, pH 8.0, 1 mM DTT (unless otherwise indicated) in a final 

reaction volume of 60 µl. Reactions were incubated for 20 h at 15 °C (or as indicated in legend). 

If a protein substrate was used, reactions were quenched by the addition of equal volume 25% 

TCA, washed with acetone, and acid hydrolyzed; if the substrate was a peptide, reactions were 

terminated by the lowering of reaction pH by the addition of 3 µl of 25% TCA and purified using 

OMIX C18 Zip-Tips (Agilent Technologies). The reactions were then vacuum centrifuged to 

remove the elution buffer of 1:1 H2O:acetonitrile. The reactions were then acid hydrolyzed as 

described: reactions were hydrolyzed after the addition of 50 µl of 6 N hydrochloric acid in a 

chamber consisting of an acidic environment under vacuum and high heat (110 °C) for 20 h. 

After hydrolysis, reactions were subject to vacuum centrifugation to remove excess acid. 

 

Amino acid analysis of methylated peptides and proteins—Methylated arginine species were 

analyzed via high-resolution cation exchange chromatography as described previously (15). In 

short, in vitro methylation reactions were separated on high-resolution cation exchange resin 



	 120	

after the addition of nonradiolabeled standards, and 1 minute 1 mL fractions were collected and 

analyzed. 50 µl of each fraction was used to determine the elution position of the methylated 

arginine standards, and 950 µl was combined with 8 mL of liquid scintillation fluid and counted 

on a Beckman Liquid Scintillation counter LS6500. Liquid scintillation counting gives a 

counting efficiency of about 50%, so that 1 fmol of radiolabeled methyl groups corresponds to 

91 cpm. Each vial was counted for three 5-min cycles. 

 

Detection of methylated substrates after SDS-PAGE/fluorography—In vitro methylation 

reactions that were to be separated on SDS-PAGE were quenched by the addition of 5x SDS-

loading buffer, and entire mixture was loaded on a 12% Resolving Bis-Tris Polyacrylamide 

SDS-PAGE gel, pH 6.4 in MOPS (3-Morpholinopropane-1-sulfonic acid) buffer. Gels were then 

Coomassie Blue stained for 1 h, and destained overnight. After 1 h water wash, gels were treated 

with EN3HANCE (Perkin Elmer Life Sciences, catalog no. 6NE9701) buffer for 1 h, and then 

washed with water for 30 min before vacuum drying. The dried gels were then exposed to 

autoradiography film (Denville Scientific, catalog no. E3012) for the specified time at -80 °C.  

 

RESULTS 

Arginine residues methylated by PRMT7 on histone H2B (23-37) fragment interact with DNA in 

intact nucleosomes—Since we were able to previously show that human PRMT7 produces 

MMA on substrates containing RXR motifs in a basic sequence, in particular a peptide of histone 

H2B tail that is close to the histone core, we studied the X-ray crystal structures and cryo-EM 

structures of the X. laevis and human nucleosomes at resolution of 1.9 and 4.5 Å respectively (10, 

11). The X. laevis structure shows the position of arginine residues that are methylated on histone 
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H2B by PRMT7 in vitro and the aspartic acid on the histone tail in close contact with the DNA 

(Fig. 1A, B). The aspartic acid 25 is in close contact with the DNA, where its protein backbone 

carboxyl is within hydrogen bonding distance to the DNA (2.7 and 3.2 Å; Fig. 1A, C). In 

addition, the arginine residues are also in close contact with the DNA backbone, and each 

arginine residue (R29, R30, and R33) is within hydrogen bonding distance (Fig. 1 D-F). 

Comparably, we are able to see the position of the three arginine residues (R29, R31, and R33) 

from the human histone H2B similarly positioned, in close contact with the DNA (Fig. 2). Each 

of these residues is found in a position nearby or interacting with the DNA. We see that the R29 

terminal nitrogen atom of the guanidino group comes within 5.3 Å of the DNA (Fig. 2C), while 

R31 and R33 terminal nitrogen atoms are within hydrogen bonding distance of the DNA 

backbone and bases (Fig. 2D, E). These interaction distances are interesting as the residue that is 

closest to the DNA, R31, is also the most “important” or “required” residue in the motif for 

PRMT7 to methylate the basic-rich H2B sequence (6, 7).  

 

PRMT7 methylation of H2B peptides is affected by isoaspartyl residues in the 25 position—To 

test our hypothesis that isoaspartyl damage of histone H2B can affect PRMT7 methylation of the 

R29/R31/R33 sequence, we tested different peptides of this sequence, one containing an L-

isoaspartyl residue in the D25 position (Fig. 3A peptide 3) or a D-isoaspartyl residue in the 

corresponding D25 position (Fig. 3A peptide 5). We confirmed the presence of the L-isoaspartyl 

residue using a base labile assay, and saw increased volatile methyl groups transferred with the 

L-isoaspartyl containing peptide (Fig. 3B). We did not see any base labile activity with the D-

isoaspartyl containing peptide as expected, as PCMT1 does not recognize the D-iso 

conformation. Once we confirmed the presence of the isoaspartyl residue on the peptide, we then 
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tested the in vitro methylation activity of PRMT7 on these peptides using amino acid analysis 

(Fig. 3C). We observed the production of MMA with each of these peptides, and no dimethyl 

arginine product was formed. When we normalized the total counts of the MMA peak from the 

amino acid analysis to correct for the difference in peptide concentration using an HPLC 

fluorometer based assay for amino acid analysis, we saw that the L-isoaspartyl containing 

peptide (peptide 3) was a better substrate of PRMT7 than its corresponding wild type peptide 

(peptide 2) (Fig. 3D). The normalized counts for the peptide containing the D-isoaspartyl residue 

(peptide 4) did not have a difference from its corresponding wild type peptide (peptide 5) (Fig. 

3D). Thus, it seems the presence of an L-isoaspartyl residue in the 25 position of this peptide 

may enhance the methylation activity. 

 

Histone H2B (23-37) aged peptide confirms methylation activity of PRMT7 is affected by 

presence of isoaspartyl residue in 25 position—Since we were able to show that PRMT7 

methylation activities on isoaspartyl containing peptides were affected (Fig. 3), we wanted to 

confirm this result by aging the histone H2B (23-37) peptide. We aged the peptide and generated 

isoaspartyl residues by incubating the peptide at 55 °C for 42 days. We then confirmed the 

isoaspartyl-formation by base labile assay, and we saw increased volatile methyl groups 

transferred with the aged peptide (Fig. 4A). We then confirmed the methylation activity by 

incubating the aged and unaged peptide with GST-PRMT7, and did amino acid analysis. In Fig. 

4B, right panel, PRMT7 has a higher activity on the aged H2B (23-37) peptide containing L-

isoaspartyl residues than the unaged peptide. 
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Histones from Pcmt1-/- mouse nucleosomes contain elevated levels of isoaspartyl residues—

Since the structures of nucleosomes indicate that the residues of interest are interacting with the 

DNA, and we saw that PRMT7 methylation activity on isoaspartyl containing peptides was 

affected, we wanted to see if PRMT7 could methylate histones from intact nucleosomes and if 

the activity would be affected by the isoaspartyl residues. To test this, we purified histones from 

wild type and Pcmt1-/- mouse brain (Fig. 5A). We further verified the presence of isoaspartyl 

residues with the base labile assay, and saw significantly higher volatile methyl groups with the 

Pcmt1-/- histones, as expected (Fig. 5B). Lastly, we tested PRMT7 methylation activity on the 

histones in in vitro methylation assays, and detected the activity via SDS-PAGE fluorography 

(Fig. 5C). The reactions were incubated for 1 h or 20 h, to see if methylation activity is affected 

by time or degradation, and included recombinant histone H2B as a control, as PRMT7 

methylates histone H2B protein (6, 7). We saw that there was not much increase in methylation 

of the Pcmt1-/- nucleosomes in the size range where we expect the histones to be. This could 

potentially be due to the histones already being fully methylated in vivo. More work needs to be 

done to examine methylation of intact nucleosomes. 

 

Human PRMT7 does not methylate RXR sequences in dopamine receptor proteins, but C. 

elegans PRMT-7 prefers the substrate—Since our previous work showed that PRMT7 

preferentially methylates RXR motifs in a basic context (5, 6), we were rather interested when a 

report showed that human PRMT5 methylated a fragment of an intracellular loop of the human 

dopamine receptor protein D2 and the C. elegans ortholog DOP-3 (12). These receptor fragments 

contain sequences of RXR in a basic-rich region (Fig. 6A). In in vitro methylation reactions, 

PRMT7 activity was tested with and without DTT (Fig. 6B) with both human GST-D2 fragment 
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and C. elegans GST-DOP-3 fragment. As PRMT7 activity is dependent on DTT, it was 

interesting that the activity was low on both of the receptor fragments (Fig. 6B), but it seemed to 

have more of a preference for the DOP-3 fragment, which contains different residues in between 

the Arg residues (Fig. 6A). Since the DOP-3 fragment was preferred by human PRMT7, we 

wondered if the C. elegans PRMT-7 would also methylate this fragment, as it has a similar RXR 

substrate preference (7). It was very interesting that C. elegans PRMT-7 more readily methylated 

both of the dopamine receptor fragments, with an obvious preference for its own DOP-3 

fragment (Fig. 6C). 

 

DISCUSSION 

 Although the physiological substrates of human PRMT7 have yet to be uncovered, our 

previous work has shown that histone H2B is a rather good in vitro substrate (5–7), methylating  

Arg29, Arg31, and Arg33 residues that are found in a basic-rich, RXR context. While there is no 

in vivo evidence as of yet of methylation on histone H2B on these sites, it is possible that these 

modifications may be tissue/life stage specific, or perhaps affected by the presence of other 

modifications. Since it has been established in the literature that crosstalk between modifications 

on histone tails is a common phenomenon (16), we approached the question of whether it is 

possible there is also crosstalk with isoaspartyl damage and the placement of methylation marks 

on histones. Previous work has shown evidence for autoimmune responses to isoaspartyl damage 

in histone H2B in systemic lupus erythematosus (8), as well as for the enrichment of D-

isoaspartyl variant of H2B at active chromatin (9).  

 Recent X-ray and cryo-EM structures (10, 11) of X. laevis and human nucleosomes show 

that the arginine residues methylated by PRMT7 in vitro interact with the DNA that is wrapped 
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around the reconstituted nucleosome core (Fig. 1 and 2). In addition, in the X. laevis structures, 

we are able to see the proximity of the aspartic acid residue to the DNA, further strengthening 

our hypothesis that an isoaspartyl residue will affect the positioning of these residues in contact 

with the DNA. We hypothesized that the presence of an isoaspartyl residue on D25 can 

potentially create a kink in the histone tail, causing the arginine residues that preferentially are 

embedded/interact with the DNA, to be more exposed and open to methylation by PRMT7.  

 We found that PRMT7 activity on H2B peptides was affected by the presence of 

isoaspartyl residues (Fig. 3 and 4), and that there was even a difference between the L-

isoaspartyl versus D-isoaspartyl containing H2B peptides (Fig. 3). It would be interesting to 

further explore whether methylation of H2B is more prevalent in disease models such as 

autoimmunity and systemic lupus erythematosus (8), or if it has the potential to be a regulatory 

modification of gene expression along with the D-isoaspartyl damage (9).  

 It would also be of interest to further probe for the ability of PRMT7 to methylate 

purified mouse nucleosomes that have accumulated isoaspartyl damage, in hopes of verifying 

our proposed mechanism that PRMT7 methylates the histone H2B tail after aging or damage. It 

would be useful to perform mass spectrometric studies to confirm the presence of the isoaspartyl 

residue is on histone H2B Asp25 and verify this damage is not accumulated damage elsewhere 

on the histones. Further work will look into the reconstitution of the nucleosome core with the 

addition of aged and unaged histone H2B; this would tell us a lot about PRMT7’s preference. It 

may also be possible that there is tissue specific PRMT7 methylation of the histones, as we see 

increased expression in high throughput studies (17). PRMT7 may function as a point of 

regulation for only a few specific loci or tissues where it is expressed or needed. 
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FIGURES AND LEGENDS 

 

 

FIGURE 1. X-ray crystal structure of X. laevis histone H2B in complex with DNA, showing 

aspartic acid and arginine residues of interest. Pymol representation of histone H2B and DNA 

from an X-ray crystal structure (PDB: 1KX5) (11). A. View of histone H2B (magenta) with 
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aspartic acid residue D25 shown as a stick with red oxygen atoms. The DNA helix backbone is 

colored orange with blue-gray lines representing the bases. B. A rotated view of histone H2B 

with the arginine residues R29, R30, R33 and aspartic acid D25 shown as sticks, with blue 

nitrogen atoms and red oxygen atoms. DNA helix backbone is shown in same colors as in A and 

other histone proteins are colored gray. C. Interactions of aspartic acid 25 with DNA backbone, 

with atoms shown in CPK colors. The closest contact of aspartic acid with the DNA is from the 

carboxyl oxygen from the protein backbone, at distances of 2.7 and 3.2 Å, and a further contact 

of the side chain with DNA of 5.2 Å. D-F. The closest contacts of the two omega nitrogens of 

R29 is 2.5, 3.2 and 3.4 Å with the bases. The closest contacts of the two omega nitrogens of R30 

is 2.9, 3.0, and 4.4 Å with the DNA backbone and bases. The closest contacts of the two omega 

nitrogens of R33 are 2.9, 3.5, 3.7 and 4.2 Å from the DNA backbone and bases.  
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FIGURE 2. Electron cryomicroscopy structure of human histone H2B in complex with 

DNA shows arginine residues of interest interacting with DNA. Pymol representations are 

shown of histone H2B and DNA from a modified nucleosome cyro-EM structure (PDB: 5KGF) 

(10). (A-B). Two views of histone H2B (magenta), with arginine residues R29, R31 and R33 

shown as sticks with blue nitrogen atoms. The DNA helix backbone is colored in orange with the 

bases represented by grayish blue lines. Other histone proteins are colored in gray. (C-E). 
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Interactions of histone H2B R29/R31/R33 with the DNA, with atoms shown as stick figures in 

CPK colors. The closest contacts of one omega-nitrogen atom of R29 with the DNA backbone 

are 5.3 and 6.2 Å. The closest contacts of the two omega-nitrogen atoms of R31 with the DNA 

backbone and bases are 2.6, 2.8 and 3.7 Å. The closest contacts of the two omega-nitrogen atoms 

of R33 with the DNA backbone are 3.0, 3.1, and 5.3 Å.  
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FIGURE 3. The presence of an isoaspartyl residue affects methylation activity of human 

PRMT7 on synthetic peptides. A. Alignment of sequences of peptides used in this study. 

Peptide 1 was described in Chapters 3 and 4 (5, 6); Peptides 2 and 3 were described in Doyle et 

al. (8); Peptides 4 and 5 were described in Qin et al. (9). The L-isoaspartyl residue shown in red, 
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the D-isoaspartyl residue is shown in green. B. PCMT1 assay to identify L-isoaspartyl residues 

as described in the "Materials and Methods" section. Here, we incubated peptides for 1h in 

triplicate and each point is represented here as different shapes. C. Cation exchange analysis of 

methylated amino acids from hydrolysates of in vitro methylation reactions were done with a 

nominal 12.5 µM final concentration of peptide, with 2 µg of GST-PRMT7 enzyme as described 

in “Materials and Methods,” in a reaction buffer of 50 mM potassium HEPES, 10 mM NaCl, pH 

8.0, containing 1 mM DTT for 22 h at 15 °C. Reactions were quenched by the addition of 3 µl of 

25% TCA, peptides were purified using OMIX C18 Zip-Tip pipette tips, acid hydrolyzed and 

analyzed by cation exchange chromatography as described in “Materials and Methods.” D. 

Radioactivity in the MMA peak from the experiments shown in Panel C were normalized for the 

small differences in the peptide concentration used.  The counts of the peak for MMA were 

added up, and normalized to the calculated relative concentration of each peptide as determined 

by a reverse phase HPLC o-phthalaldehyde (OPA) amino acid analysis as described in 

Hadjikyriacou et al. (18). The HPLC elution gradient was optimized for the separation of the 

amino acids found in these specific peptides. We measured the relative concentrations of the 

aspartic acid, glutamic acid, and serine OPA derivatives and normalized the fluorescence of the 

amino acids of each peptide to the value for peptide 1. In short, 1000 pmol of each peptide (as 

determined by weight) was acid hydrolyzed, dried, and brought up in 10 µl. Amino acids were 

separated on a ZORBAX Eclipse AAA analytical 4.6 x 150 mm 5 micron reverse phase HPLC 

column using a gradient consisting of 50 mM sodium acetate pH 5.4 and a buffer consisting of 

80% methanol : 20% 50 mM sodium acetate pH 5.4. The total MMA peak counts were 

multiplied by a factor equal to the average OPA fluorescence of a group of Asp, Glu and Ser 

amino acids in the peptide 1 hydrolysate divided by the average OPA fluorescence of the same 
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amino acids in peptides 2-5, respectively. Normalized total counts (cpm) for the MMA peak 

plotted in panel D are as follows: Peptide 1, 49,825 cpm; Peptide 2, 182,006 cpm; Peptide 3, 

359,847 cpm; Peptide 4, 63,463 cpm; and Peptide 5, 67,169 cpm.  

 

 

 

FIGURE 4. L-isoaspartyl damage on synthetic histone H2B peptide affects methylation 

activity. A. Synthetic histone H2B peptides consisting of residues 23-37 were aged at 55 °C for 

42 days to form isoaspartyl residues. L-isoaspartyl residue assay on aged and unaged histone 

H2B peptides was done as described in "Materials and Methods" with duplicate incubations for 2 

h. Each point is representative of the replicate. B. Amino acid analysis of reactions with 2 µg of 

GST-PRMT7 reacted with 12.5 µM of unaged or aged H2B (23-37) peptide, in the same reaction 
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conditions described in Figure 2 and “Materials and Methods.” Reactions were incubated at 

15 °C for 20 h, quenched and zip-tipped as described above, and methylated arginine derivatives 

separated on high resolution cation exchange chromatography. The total sum of counts of the 

MMA peak for the unaged peptide was approximately 110,000 cpm, whereas the aged/damaged 

peptide sum was approximately 145,000 cpm. 
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FIGURE 5. Histones purified from Pcmt1-/- mouse nucleosomes accumulate isoaspartyl 

damage and are methylated by PRMT7. A. Coomassie Blue stain of histones purified from 

mouse nucleosomes from wild type (WT) and Pcmt1-/- mouse brain tissue, as described in 
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"Materials and Methods", on a 4-20% Bis-Tris gel (Genscript, Inc., M42015). In each lane, 30 µl 

was loaded of each purification step as labeled for both the wild type and Pcmt1-/- knock out, 

including the brain homogenate, homogenate after needle passage (passage), acid extraction, 

TCA precipitation, acetone wash, histones after washes, and histones after high speed (HS) spin. 

Bracket indicates location of histones on migration on SDS-PAGE. Molecular weight standards 

are indicated from 2 µg of a Broad Range ladder (BioRad, Cat. No. 161-0317). B. Assay for L-

isoaspartyl residues comparing wild type and Pcmt1-/- purified histones. In short, 5 µg of His-

PCMT1 enzyme was reacted with approximately 6.25 µg of histones purified from nucleosomes 

in the same buffer and conditions as described in “Materials and Methods” and in Figure 2, and 

incubated for 2 h at 37 °C. Reactions were done in duplicate for wild type and triplicate for 

Pcmt1-/-, and the background radioactivity was subtracted. Data is represented as pmol [3H]-

methyl groups transferred per µg substrate and replicate points are shown. C. Methylation of 

purified histones was assayed using in vitro methylation reactions that consisted of 

approximately 6.25 µg of purified histones, 2 µg GST-PRMT7, 0.7 µM [3H]AdoMet in 50 mM 

potassium HEPES buffer, 10 mM NaCl, pH 8.0, 1 mM DTT in a final volume of 60 µl at 15 °C 

for 20 h. Reactions were then loaded and proteins separated on a 12% Bis-Tris gel, and prepared 

for fluorography as described in “Materials and Methods.” Dried gel was exposed to film for 14 

days at -80 °C. Experiment was replicated once. Arrows indicate purified full length PRMT7 and 

recombinant histone H2B, and bracket indicates purified histones from nucleosomes. 
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FIGURE 6. Intracellular loops of dopamine receptors are relatively poor substrates for 

human PRMT7 but are better substrates for C. elegans PRMT-7. A. Sequences of GST-

tagged peptides of intracellular loop of dopamine receptors human D2 (UniProt ID: P14416, 

amino acids 211-232) and C. elegans DOP-3 (UniProt ID: Q6RYS9, amino acids 202-232) (12). 
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Two arginine residues in RXR motif methylated by PRMT5 in Likhite et al. (12) are shown in 

red. B. Amino acid analysis of in vitro methylation reactions consisting of 5 µg of GST-tagged 

substrate and 2 µg of enzyme, in a methylation buffer as described above, 50 mM potassium 

HEPES, 10 mM NaCl, pH 8.0, with the addition of 1 mM DTT or no DTT (as indicated in 

panels). Reactions with no DTT were incubated at 25 °C for 20 h, and reactions with DTT were 

incubated at 15 °C for 20 h. C. Amino acid analysis of in vitro methylation reactions of 5 µg of 

GST- tagged dopamine receptor (D2 or DOP-3) with 2 µg of C. elegans GST-PRMT-7 enzyme, 

under the same reaction conditions described above, at 15 °C for 20 h, with 1 mM DTT.  
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 My thesis work has extensively biochemically characterized the activity types of two 

members of the protein arginine methyltransferase family, PRMT7 and PRMT9. Previous work 

had identified the PRMT7 enzyme and its activity type, but PRMT9 had remained an elusive 

enzyme, as no activity had been previously detected with any of the substrates tested. Crucial 

routes I took to characterize these enzymes included the optimization of the reaction conditions, 

as I found that temperature and reducing agents in the buffer are very important, in addition to 

using various methods to identify potential physiological substrates. Within the last few years, 

progress in the PRMT field has greatly accelerated, uncovering physiological roles of the more 

minor PRMTs in mammals as well as PRMTs in lower organisms like nematodes. Generation of 

PRMT knockout organisms like mice and worms have provided a wealth of information as far as 

phenotypes and give significant clues to potential physiological roles that can be further explored. 

The results presented in this dissertation provide a strong biochemical foundation for PRMT7 

and PRMT9 for which further biological and physiological studies can be based. I will now 

address my thoughts and suggestions for further topics to be studied to advance the 

characterization and uncovering the physiological roles of these enzymes in the PRMT field.  

 

What is the physiological substrate(s) and role of PRMT7? Is PRMT7 a lone wolf, or does it 

interact with a slew of proteins? 

 In Chapters 3, 4, 8 and 9, significant work has been done to characterize the PRMT7 

enzyme activity and I attempted to determine the physiological substrate by testing other usual 

PRMT substrates. The best in vitro substrate thus far has been histone H2B, however it has not 

been possible yet to show that this is a physiological substrate in vivo. In addition, it is not clear 

whether PRMT7 may work as a part of a complex in vivo. To address these concerns and to 
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identify the physiological substrate, the enzyme needs to be expressed and purified after 

generation of a stable cell line in mammalian cells. Previous lab members have tried transient 

induction and purification from mammalian cells, with no evidence found for potential partner 

proteins associated with PRMT7. In addition, collaborators have tried biotinylation assays, where 

any surrounding or interacting proteins would be biotinylated using a system in which the 

biotinylation enzyme BirA was coexpressed with the enzyme in hopes to biotinylate/tag any 

potential interacting cofactors or substrate proteins; this proved to not be successful and would 

have to be optimized. The interactions between PRMT7 and any cofactors may be transient, 

which may make it difficult to capture. Additionally, PRMT7 seems to be highly expressed in 

certain tissues, such as in the endocrine, immune system, liver, lung, gastrointestinal and 

reproductive tissues (1). Furthermore, expression studies show PRMT7 is localized to the 

nucleoplasm (1), indicating potential important roles in modifying nucleosome machinery. These 

factors are very important to consider when studying PRMT7, and may make a difference when 

identifying potential substrates and cofactors. Other lab mates and collaborators have attempted 

to identify substrates using tissues from PRMT7 knock out mice, but this has proven to be more 

difficult than expected. It may be helpful to use RNAseq analysis to see what processes and 

systems are affected when PRMT7 is depleted, similarly to what was done in Chapter 5 for 

PRMT9 affecting alternative splicing events.  

 

What is the physiological substrate(s) of Caenorhabditis elegans enzymes PRMT-7 and PRMT-

9?  

My work in Chapter 8 biochemically characterizes the C. elegans orthologs PRMT-7 and 

PRMT-9, and while they are conserved, they seem to have different functions. In this chapter I 
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showed that C. elegans PRMT-7 has a broader substrate preference than its mammalian ortholog, 

while C. elegans PRMT-9 seems to be indistinguishable from the human enzyme. Whether 

PRMT-9 methylation of the splicing factor in C. elegans plays a role on modulating alternative 

splicing like we have seen with human PRMT9 (Chapter 5; (2)) still needs to be investigated. 

Further work exploring and identifying the physiological substrate(s) for PRMT-7 and PRMT-9 

in C. elegans could implicate potential new roles for the mammalian enzymes. What we learn 

from these future studies identifying new substrates can tell us more about these enzymes’ 

evolutionary conservation and divergence.  

 

Does an intact nucleosome containing isoaspartyl damage get methylated by PRMT7? 

 My preliminary work in Chapter 9 shows that PRMT7 methylates a synthetic peptide of 

histone H2B with an isoaspartyl residue close to the RXR motif. It would be rather interesting to 

age intact histone H2B proteins, reconstitute the nucleosome, and see if there are differences in 

methylation of the unaged versus aged nucleosome. In addition, it would be interesting to 

determine the extent of isoaspartyl formation on endogenous histones, and see if we can detect 

this modification in vivo.  

 

Does the PRMT9 C431H substitution occur physiologically in disease models, and does the 

mutation generating primarily MMA affect the recruitment of SMN? 

 In Chapters 5 and 6 of this dissertation, I identified the activity type and substrate of 

mammalian PRMT9 and also delved into the biochemical characterization of this enzyme, 

uncovering what makes it unique from the other enzymes in the family. These discoveries were 

crucial, as they uncovered the role of PRMT9 in the cell as specific and specialized to affecting 
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alternative splicing. In Chapter 7, along with mutations in the T. brucei PRMT7, I uncovered a 

specific mutation in human PRMT9 (mutation of Cys to His in the THW loop) that made the 

enzyme much more able to methylate its substrate, and also only produced MMA. Since we 

showed in Chapter 5 that PRMT9 activity and methylation was necessary for the correct 

assembly of spliceosomal subunits and the regulation of alternative splicing, it would be 

interesting to see if the production of MMA only affects the recruitment of SMN, a 

methylarginine reader protein and mediator of spliceosomal assembly. This could potentially be 

a system that cancer cells hijack, in order to destroy the correct assembly of the spliceosome, and 

ultimately, correct splicing and production of functional genes and proteins. It would be 

particularly interesting to look at various disease alleles and see if this specific mutation is 

common in certain diseases and cancers. 

 

Does loss of PRMT9 in mammals lead to any significant phenotype? Does PRMT9 have any 

other roles or substrates in mammals, and are there any other substrates in C. elegans? 

 Our collaborators at MD Anderson have been able to successfully produce PRMT9 

knockdown HeLa cells, but we have not seen a knockout organism. A PRMT9 knockout mouse 

would be very useful in determining any explicit phenotypes and aid in discovery of any other 

potential substrates by in vitro tissue analysis. We have preliminarily tested PRMT-9 knockdown 

in the nematode C. elegans using siRNA, but no significant phenotypes were detected. It would 

be useful to use CRISPR-cas9 to delete the gene and study any explicit phenotypes, as well as 

using a lysate of these knock out worms to do in vitro methylation assays for any other possible 

substrates. A PRMT9 knockout organism can provide a wealth of information on any other 

potential roles and substrate of the enzyme.  
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Do the TPR motifs in PRMT9 play a role in protein scaffolding? Is there a regulatory role in 

correct substrate binding and positioning? 

 PRMT9 contains three tetratricopeptide repeats (TPR) at its N-terminus (2–4). My work 

in Chapters 5 and 6 showed that an intact, full-length protein containing the TPR motif was 

necessary for methyltransferase activity and binding of the substrate SF3B2. TPR motif is a 

degenerate sequence consisting of 34 amino acids in a repeat that gives a helix-turn-helix 

structural motif, and is usually found in 3-16 repeats in natural proteins, with the most common 

amount of repeats being 3 (5). A wide range of proteins contain TPR motifs and have varying 

functions, for example, in cell cycle control, transcription, protein transport, splicing, and 

chaperones (6). Determination of the co-crystal structure of PRMT9 with SF3B2 would tell 

much about the interaction of the substrate with the enzyme, and could potentially give 

information on other potential interacting proteins.  
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