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Abstract
Protein arginine N-methyltransferases (PRMTs) act in signaling pathways and gene
expression by methylating arginine residues within target proteins. PRMT1 is responsible for
most cellular arginine methylation activity and can work independently or in collaboration with
other PRMTs. In this Ph.D. thesis I demonstrated an interaction between PRMT1 and -2 using
co-immunoprecipitation and bimolecular fluorescence complementation (BiFC). As a result of
this interaction, PRMT2 stimulated PRMT1 methyltransferase activity, affecting its apparent
Vmax and Km values in vitro, and increasing the production of methylarginines in cells. Active
site mutations and regional deletions on PRMT1 and -2 were also investigated, which
demonstrated that complex formation required full-length, active PRMT1.

However, the

interaction between PRMT1 and -2 proved insensitive to methylation inhibition in the absence of
the PRMT2 Src homology 3 (SH3) domain, which suggests that the PRMT2 SH3 domain may
mediate this interaction between PRMT1 and -2 in a methylation-dependent fashion.
The role of the PRMT2 SH3 domain was investigated through screening for its associated
proteins using GST-pull down assays followed by LC-MS/MS proteomic analysis. The result of
this study revealed associations of the PRMT2 SH3 domain with at least 29 splicing-related
proteins, suggesting a potential role of PRMT2 in regulating pre-mRNA processing and splicing.
The interaction between PRMT2 and the Src substrate associated in mitosis of 68 kDa (Sam68)
possibly through the PRMT2 SH3 domain was demonstrated using co-immunoprecipitation.
Additionally, immunofluorescence results present herein imply that the PRMT2 SH3 domain
could affect Sam68 sub-cellular localization in hypomethylated HeLa cells.

ii

The biological functions of PRMT2 and the PRMT1/2 heteromeric complex were explored
by pursuing the identity of associated proteins common to both PRMT1 and -2 using mass
spectrometry proteomics. Approximately 50% of the identified protein hits have reported roles
in controlling gene expression, while other hits are involved in diverse cellular processes such as
protein folding, degradation, and metabolism. Importantly, three novel PRMT2 binders, p53,
promyelocytic leukemia protein (PML), and extra eleven nineteen (EEN) were uncovered,
suggesting that PRMT2 could participate in regulation of transcription and apoptosis through
PRMT2-protein interactions.
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1

Introduction

1.1

Protein Arginine N-Methyltransferases
A cell responds to changes in its external and internal environments partially through

triggering a vast array of post-translational protein modifications (PTMs) such as
phosphorylation, acetylation, ubiquitylation, and sumoylation, thereby alternating molecular
interactions and regulating gene expression as well as dynamic cell growth [reviewed in (1)].
Protein arginine N-methyltransferases (PRMTs) are a group of PTM enzymes that catalyze the
transfer of one or two methyl groups from the methyl donor S-adenosylmethionine (AdoMet) to
the terminal guanidine nitrogens of arginine residues, yielding methylated arginine residues and
S-adenosyl-L-homocysteine (AdoHcy) as reaction products [Figure 1.1, reviewed in (2)]. This
enzyme family contributes to signals that controls chromatin organization and cell growth.

Figure 1.1.
PRMT reactions. Methyl groups (highlighted in blue) are transferred from AdoMet to terminal
guanidino nitrogens on arginine residues.
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The discovery of PRMTs. Protein arginine methylation was first discovered in the late
1960s (3, 4). Dr. Sangduk Kim’s group isolated a mixture of proteins that demonstrated arginine
methylation activity from calf thymus later named as “protein methylase I”. In the early days,
researchers believed that the predominant endogenous substrates for the “protein methylase I”
were various histones. By the end of the 1980s, the same group who first purified “protein
methylase I” uncovered two methylation activities in “protein methylase I”: one preferentially
mono- and symmetrically dimethylated arginine residues on myelin basic protein (MBP),
whereas the other preferred histones as substrates (5). A few years later, they identified the
heterogeneous ribonucleoprotein A1 (hnRNP A1) as another in vivo substrate for the “histonespecific protein methylase I” (6). In 1996, the research groups of Drs. Harvey Herschman and
Steven Clarke identified a protein that interacted with the mammalian immediate-early TIS21
protein and leukemia-associated BTG1 protein by a two-hybrid analysis (7). This protein was
able to mono- and asymmetrically dimethylated arginine residues on hnRNP A1 and histones but
showed no methyltransferase activity towards MBP. These researchers then termed the gene
they identified from their cDNA library encoding this methyltransferase PRMT1, for protein
arginine N-methyltransferase 1 (7).

Since then, scientists have discovered that “protein

methylase I” is comprised of multiple protein arginine methyltransferases.

Indeed, nine

members of the PRMT family have been reported to date. Except for PRMT9(4q31) where
activity has yet to be reported (8), PRMT1 (7), PRMT2 (9), PRMT3 (10), coactivator-associated
arginine methyltransferase 1 (CARM1/PRMT4) (11, 12), PRMT6 (13), and PRMT8 (14) all
form ω-NG-monomethylarginine (MMA or NMMA) and asymmetric ω-NG,NG-dimethylarginine
(aDMA), and are known as Type I enzymes. Considered Type II enzymes, PRMT5 forms MMA
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and symmetric ω-NG,N′G-dimethylarginine (sDMA) (15). On the other hand, PRMT7 only forms
MMA, therefore is categorized as a Type III enzyme (16).
Structures and domains of PRMTs. It has been suggested that PRMTs existed since the
beginning of the eukaryote lineage because no prokaryotic or archaebacterial homolog of PRMT
has been found (17).

Homologs of PRMT1 and PRMT5 have been found in almost all

eukaryotes, and homologs of PRMT3 can be found in all eukaryotes except nematodes,
saccharomycotine fungi and basal eukaryotes. Interestingly, PRMT8 has been suggested as a
vertebrate-specific duplicate of PRMT1. Homologs of CARM1 and PRMT6 have been observed
in all chordates and plants, while homologs of CARM1 are also found in arthropods. Homologs
of PRMT7 exist in animals and plants, and homologs of PRMT9 can only be found in animals
[reviewed in (17)].
PRMTs are highly conserved in their core catalytic and AdoMet binding domain of ~310
amino acids (18). Within their catalytic core, all PRMT family members share signature “double
E” and “THW” sequence motifs (19), and a β-sheet structure, commonly known as a Rossmann
fold, which contains four highly conserved motifs denoted I, post-I, II, and III (5) (Figure 1.2).
Pair-wise amino acid sequence comparisons of PRMT catalytic cores reveal that PRMT1, 3, and
8 share the most sequence identity (50-80%) with each other, and PRMT5, 7, and 9 share the
least sequence identity (17-35%) with other family members. However, certain PRMTs do
harbor unique domains outside the conserved catalytic core (Figure 1.2), which may be
important for localization and/or substrate specificity of the enzyme. It has been reported that a
truncated mutant of PRMT3 devoid of its N-terminal zinc finger domain demonstrated reduced
activity towards certain substrates (10). CARM1 contains a unique N-terminal region and a Cterminal autonomous activation domain that have been shown to be required for CARM1
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transcriptional coactivator function (20). Interestingly, PRMT8 is N-terminally myristoylated
and this modification makes it reside in the plasma membrane (14), while the sub-cellular
localizations of other PRMTs is specific to cell type and/or PRMT splice variant. With the
exception of PRMT6 localizes exclusively to the nucleus and PRMT3 localizes to the cytoplasm,
all other PRMTs can be found in both cellular compartments (21). Moreover, all PRMTs are
ubiquitously expressed throughout the body, except for PRMT8, which can only be found in
brain tissue (14).

Figure 1.2.
Human PRMT family. Human PRMTs are shown with the relative positions of signature
arginine methyltransferase motifs (boxed). This figure is adapted from (2).
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The crystal structures for Type I PRMTs such as rat PRMT1 (22), mouse CARM1 (23, 24),
the catalytic domain of mouse PRMT3 (18) as well as the yeast homologue of PRMT1,
Rmt1p/Hmt1p (25) have been solved. These structures show virtually identical PRMT protein
folds in the catalytic core, such that the overall monomeric structures are composed of an Nterminal AdoMet binding domain, a middle β-barrel domain, and a C-terminal helix-turn-helix
dimerization arm (Figure 1.3).

Figure 1.3.
Structural conservation of the Type I PRMT catalytic core. PRMT1, PRMT3, and PRMT4
crystal structures are shown side-by-side to illustrate how they share the same folding pattern for cofactor binding,
signature arginine methyltransferase motifs, and dimerization arm. PRMT1 (PDB 1OR8), PRMT3 (PDB 1F3L), and
PRMT4 (PDB 2V74) structures were created in Chimera (UCSF).
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PRMTs form homodimers where a dimerization arm (helix-turn-helix motif) from one
subunit makes reciprocal contact with the other subunit in the AdoMet-binding domain to form a
ring structure with 2-fold symmetry. However, the central cavity of CARM1 dimer is larger than
those of PRMT1 and PRMT3. It has been proposed that CARM1 adaptes a wider central cavity
in order to accommodate its unique C-terminal extension (23). Additionally, CARM1 crystal
structure reveals an unexpected PH domain, which is a scaffold important for regulating proteinprotein interactions (24). As evidence for PRMT homodimerization, endogenous PRMTs have
been co-immunoprecipitated by their ectopically expressed and tagged PRMT counterparts in
cells (14, 26).
Recently the crystal structure for C. elegans PRMT5, which is a Type II PRMT, has been
reported by Sun et al. (27).

These researchers demonstrated that similar to other PRMT

structures that PRMT5 exists as a homodimer in the crystal structure and in solution; and
PRMT5 catalytic core also consists of clearly defined Rossmann-fold, β-barrel, and dimerization
arm domains. However, the PRMT5 crystal structure reveals a unique TIM-barrel domain at its
N-terminus. The PRMT5 homodimeric interaction not only occurs through the dimerization arm
but also via the TIM-barrel and β-barrel domains. The authors suggested that the TIM-barrel
domain is important but not necessary for PRMT5 dimerization, whereas it may be essential for
PRMT5-protein interactions and regulate PRMT5 substrate selectivities.

Astonishingly,

mutation of the conserved phenylalanine residue 379 in the PRMT5 active site into a methionine
increased PRMT5 enzymatic activity, and also introduced Type I PRMT activity to PRMT5.
Phenotypes of PRMT knockout mice. The phenotypes of PRMT gene knockouts in mice
vary.

The PRMT1 knockout mouse resulted in embryonic lethality (28, 29), and CARM1

knockout mice appeared smaller than their littermates and died soon after birth (30). PRMT2
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knockout mice were hypophagic, lean, and have significantly reduced serum leptin levels (31).
The PRMT2 knockout mice embryo fibroblasts also had an increased activity of NF-κB and were
more resistant to apoptosis comparing to wild type cells (32). The embryos for PRMT3 knockout
mice were smaller, within which a known PRMT3 substrate ribosomal protein S2 (rpS2) was
hypomethylated. However, the adult PRMT3 knockout mice were similar to their wild type
littermates (33). The distinct phenotypes displayed in mice with different PRMTs knocked out
suggest the functional non-redundancy of PRMTs.
Substrate specificities of PRMTs. The non-redundant functions of PRMTs in vivo have
also been elaborated by the fact that PRMTs exhibit different substrate specificities (21). The
first identified Type I enzyme, PRMT1 has very broad substrate specificities, including histone
H4, RNA binding proteins, nuclear hormone receptors, and transcription factors [reviewed in
(34)]. PRMT1 has been shown to be the predominant arginine methyltransferase in human cells
responsible for at least 85% of all arginine methylation activity (35). In contrast, two other
major Type I PRMT enzymes, PRMT4 and PRMT6 demonstrate more defined substrate
specificities. PRMT4 was first named as coactivator-associated arginine methyltransferase 1
(CARM1) due to its interaction with members of the p160 family of transcription coactivators.
In fact, CARM1 itself can also act as a transcription coactivator and methylate histone H3 on
Arg 17 position, which is generally considered as an activating signal for transcription (11).
PRMT6 is a nuclear protein and exhibits specificity towards select nuclear substrates like DNA
polymerase β (36) and histone H3 on Arg 2 (37).
PRMT3 is a minor Type I enzyme that predominantly expresses in the cytosol and is
mainly responsible for the methylation of protein S2 of the small ribosomal subunit. Upon
methylation by PRMT3, S2 has been found to be less prone to ubiquitin-mediated proteolysis
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(38, 39).

The only reported substrate for another minor Type I enzyme, PRMT8, is the

oncoprotein Ewing sarcoma (EWS) (40), which is also a known substrate for PRMT1 and -3
(41). The N-terminal domain may regulate PRMT8 activity in additional to regulating its subcellular localization. Removal of the N-terminal domain of PRMT8 has been shown to enhance
its methyltransferase activity (42).
On the other hand, PRMT2 has not been well characterized yet. The only three reported in
vitro and in vivo substrates for PRMT2 so far are histone H4, which is also a substrate for
PRMT1 (9), the RNA-binding protein E1B-AP5 (43), and the DNA-binding protein STAT3 (44).
In addition, histone H3 has also been proposed as a potential in vivo substrate of PRMT2 (45).
PRMT5 is the only well-characterized Type II enzyme so far. Unlike the two Type I
enzymes PRMT1 and -2, PRMT5 mono- and symmetrically dimethylates histone H4 on Arg 3,
thereby acting as a transcriptional corepressor. PRMT5 is also able to methylate the tumor
suppressor p53 and has been shown to mediate p53-dependent cell cycle arrest (46, 47). PRMT7
only catalyzes the formation of MMA (16), and its methylation activity has been shown to be
required for biogenesis of Sm-class ribonucleoproteins (48).

The PRMT94q31 gene was

identified in 2005 together with PRMT8 based on sequence identity with other PRMTs, but the
biological activity and substrate specificity of PRMT9 still needs to be characterized (14).
Collaborations among PRMTs. In addition to distinct substrate specificities and subcellular localizations of PRMTs, studies have demonstrated that they may collaborate with each
other in specific cellular pathways. For example, PRMT1 and CARM1 have been shown to
activate gene transcription synergistically (49-52). Additionally, PRMT1 and 6 have been shown
to work together in the base excision repair pathway by methylating DNA polymerase β in vivo
in response to DNA damage (36, 53). PRMT5 and -7 have been demonstrated to exist within the
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same protein complex, and both enzymes are required for snRNP biogenesis by functioning
nonredundantly in Sm protein methylation (48). However, whether these collaborations among
PRMTs require direct PRMT-PRMT interactions remains unclear.
Impacts of arginine methylation. Although many substrates and interacting protein
partners for PRMTs have been identified, the downstream “readers” of the methylation signal
remains to be explored.

Very little information is available on the impact of arginine

methylation on protein-protein interactions. Protein-protein interactions usually occur through
highly conserved domains. Arginine methylation has been shown to affect two types of proteinprotein interactions. One of which is the interaction between a SH3 domain-containing protein
and a proline-rich domain containing protein. It has been reported that arginine methylation
within proline-rich peptides resulted in preventing interactions with certain SH3 domains while
not affecting interactions with WW domains, which are binding modules similar to SH3 domains
(54). This example will be discussed in more detail later in section 1.3. In contrast, another
binding module called a tudor domain first identified in the D. melanogaster TUD protein and
later found in many RNA-binding proteins in other eukaryotic organisms has been shown to
recognize methylated amino acid residues [reviewed in (55)]. The tudor domains of the spinal
muscular atrophy gene product SMN, the splicing factor 30 kDa (SPF30), as well as the tudor
domain-containg 3 (TDRD3) proteins all selectively bind symmetrically dimethylated arginines
(56).
PTM on PRMTs. While PRMTs can post-translationally modify their substrates, they can
also undergo post-translational modifications. PRMTs can automethylate themselves in vitro
and in vivo (42), though the role of this modification remains unclear.

Moreover,

phosphorylation of Ser-229 within the dimerization region of CARM1 prevents its
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homodimerization,

resulting

in compromised

enzyme activity

(57).

Contrastingly,

phosphorylation at Ser-217 does not affect CARM1 homodimerization but disrupts AdoMet
binding and abolishes its methyltransferase activity (58).
Protein arginine demethylases.

As more PRMTs and their substrates were being

uncovered within the past decade, researchers started to look for protein arginine demethylases
that can “erase” the arginine methylation signal. However, none of these efforts turned out to be
fruitful. In 2007, the Jumonji domain-containing 6 protein (JMJD6) was proposed to be a
histone arginine demethylase (59).

Unfortunately, JMJD6 was later shown to be a lysine

hydroxylase of the splicing factor U2 small nuclear ribonucleoprotein auxiliary factor 65kilodalton subunit (U2AF65) (60).

Although the attempt to find demethylases was not

successful, researchers were able to identify an enzyme named peptidylarginine deiminase 4
(PAD4) that can deiminate unmethylated and monomethylated but not dimethylated arginine
residues, and convert them into citrulline residues (61). PAD4 may not play a physiological
demethylation role since it converts unmethylated arginine residues to citrulline at a much faster
rate than the methylated ones (62). It is generally believed that the only way to reverse the
effects of protein arginine methylation is through protein degradation.
Inhibitors of PRMTs. As metioned above, PRMTs can methylate an array of proteins and
participate in multiple physiological pathways. Therefore, the deregulation of PRMTs could
potentially result in the pathogenesis of diseases. Mounting evidence has been observed linking
PRMTs to diseases such as cancer, cardiovascular disease, viral pathogenesis, and spinal
muscular atrophy (SMA) [reviewed in (2)]. Therefore, developing potent and selective PRMT
inhibitors as therapeutic agents could be beneficial.

One of the widely used non-selective

methyltransferase inhibitors is adenosine dialdehyde (AdOx), which acts by inhibiting AdoHcy
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hydrolase to raise intracellular levels of AdoHcy that globally inhibit AdoMet-dependent
methylation reactions (63) (Figure 1.2). A compound named AMI-1 was identified from a high
throughput screen (HTPS) and appeared selective for PRMT inhibition over other AdoMetdependent methyltransferases (64). Another strategy used to develop PRMT inhibitors has been
the rational design of bi-substrate compounds that contain both AdoMet and arginine moieties.
Through this approach, compounds that selectively inhibit PRMT1 over CARM1 were designed
and tested (65, 66). My colleagues Lakowski et al. were able to generate peptides containing an
arginine residue substituted at the guanidine nitrogen (Nη) with an ethyl group bearing zero to
three fluorine atoms that turned out to be potent inhibitors of PRMT1 and PRMT6, but not of
CARM1 (67).

Figure 1.4.
Adenosine dialdehyde inhibits AdoHcy hydrolase. Adenosine dialdehyde inhibits AdoHcy
hydrolase, thus raises intracellular levels of AdoHcy (63).
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In this dissertation, I will focus on two members of the PRMT family, the wellcharacterized PRMT1, and the less studied PRMT2. I will present evidence for an interaction
between PRMT1 and -2, then discuss the relationship between these two PRMTs. What are the
potential consequences of the PRMT1/2 interaction on the activity of either enzyme? PRMT2
has been considered to be an inactive member of the PRMT family since its discovery more then
a decade ago until a weak in vitro activity has been demonstrated in our lab recently (9). What
are the possible interacting partners and physiological roles of PRMT2? Last but not least, what
are the common binding partners of both PRMT1 and -2? Are there proteins that specifically
recognize the PRMT1/2 complex?

By answering these questions, we will gain a better

understanding of the physiological roles and the regulatory mechanisms of these PRMTs and
their activities.
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1.2

Protein Arginine N-Methyltransferase 1 (PRMT1)
Early characterization of PRMT1. PRMT1, which is the first isolated human PRMT

and probably the most intensively investigated Type I PRMT to date, was first identified as a
binding partner for the mammalian immediate-early TIS21 protein and leukemia-associated
BTG1 protein in a yeast two-hybrid screen (7). As mentioned in section 1.1, PRMT1 is known
as the predominant arginine methyltransferase in human cells responsible for at least 85% of all
arginine methylation activity (35). The first group that cloned PRMT1 tested the gene product
for its activity against three previously reported proteins that undergo arginine methylation:
histones, hnRNP A1, and MBP (5, 6). These authors found that a recombinant PRMT1, purified
from E. coli demonstrated Type I activities (mono- and asymmetrical arginine dimethylation)
toward histones and hnRNP A1. More importantly, the enzymatic activity of the recombinant
PRMT1 appeared to be modulated by its binding partners, namely TIS21 and BTG1 proteins.
The immediate-early/primary response gene TIS21 is remarkably similar to BTG1 (68); the gene
product of the latter had been known for its antiproliferative role (69). The authors thereby
hypothesized TIS21 and BTG1 are involved in ligand-induced signal transduction mediated
through PRMT1. Since one of the PRMT1 substrates, hnRNP A1 had been known as a key
factor in regulating alternative mRNA splicing (70, 71), the authors then proposed that
modulation of splicing could be a potential target for PRMT1-mediated signal transduction.
Human PRMT1 and splice variants. The human PRMT1 gene, which is composed of
15 exons and 14 introns, spans 11.2 kb of genomic sequence on chromosome 19q13.3 (72, 73).
In the first human PRMT1 expression analysis, PRMT1 mRNA was found in total RNA isolated
from a panel of 26 human tissues with variable levels of expression. Cerebellum, mammary
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gland, prostate, brain, and thyroid tissues showed the highest levels of PRMT1 expression (72).
In another more detailed study on PRMT1 genomic structure, seven PRMT1 mRNA splice
variants were detected that resulted in unique PRMT1 isoform variants with different N-terminal
lengths and sequences (73). The authors also reported differential protein expression levels of
PRMT1 variants in different human tissues with the exception of PRMT1v6, which was not
detected in any of the tissue samples tested. PRMT1v1 was mostly expressed in the kidney,
liver, lung, skeletal muscle, and spleen; PRMT1v2 was mainly found in kidney, liver, and
pancreas whereas the expression level of PRMT1v3 was low in all tested tissues; PRMT1v4 was
solely expressed in the heart; PRMT1v5 was expressed predominantly in the pancreas; and
PRMT1v7 presented in the heart and skeletal muscle. Interesting, PRMT1v2 showed a unique
cytoplasmic localization pattern, which is likely due to the leucine-rich nuclear export signal
(NES) harbored in PRMT1v2, while all other PRMT1 splice variants distributed in both
cytoplasm and nucleus.

In the same study, the authors also tested the in vitro enzymatic

activities for all seven PRMT1 isoforms and revealed that these isoforms demonstrated various
substrate specificities toward a panel of known PRMT1 substrates. These authors also pointed
out that PRMT1v7 appeared to be enzymatically inactive under their experimental conditions.
The regulation of PRMT1. In addition to TIS21 and BTG1, more factors involving in
the regulation of PRMT1 activity were identified in the past decade. Robin-Lespinasse and coworkers demonstrated that PRMT1 co-localized with a BTG1 binding partner, hCAF1 (human
CCR4-associated factor 1) in a dynamic sub-structure of the nucleus involved in splicing called a
nuclear speckle. They showed that BTG1 and hCAF1 exert different regulatory effects on
PRMT1 catalyzed arginine methylation in a substrate dependent manner (74). Results from
another study also suggest that PRMT1 is recruited to the glucocorticoid receptor (GR) gene
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promoter in a BTG1-dependent manner (75). Moreover, Passeri and co-authors revealed that
PRMT1 worked in concert with BTG2, which is highly similar to BTG1 and indeed a human
homologue of rodent TIS21 (76), as well as the histone deacetylase Sin3A, thus promoting
histone methylation and deacetylation within the same protein complex (77). More studies still
need to be done before the regulation of PRMT1 can be fully understood.
Histone H4 as a PRMT1 substrate. To investigate the biological functions of PRMT1,
scientists started by searching for substrates of this enzyme. Since PRMT1 was shown to
methylate histones, people then asked which histone molecule(s) could serve as the PRMT1
substrate(s). In 2001, two groups independently identified that PRMT1 specifically methylates
histone H4 at the arginine 3 position in vitro and in vivo (78, 79). Intriguingly, methylation of
H4R3 facilitates subsequent acetylation of H4 tails by p300, a histone acetylase.
RNA binding proteins as PRMT1 substrates. Back in the late 1970s, Boffa et al.
reported that hnRNPs contain about 65% of total ω-NG,NG-dimethylarginine (aDMA) found in
cell nucleus, and approximately 12% of the arginine residues in total hnRNPs appear to be
methylated (80). It has also been shown that arginine is in fact the only known methylated
residue in hnRNPs (81, 82). The long list of hnRNPs that undergo in vivo methylation includes
hnRNP A, B, D, E, G, H, J, K, P, Q, R, and U (83), out of which hnRNP A1 (7), hnRNP A2 (84),
hnRNP K (85), hnRNP Q (86), and hnRNP U (87) have been found as substrates for PRMT1.
The methylated arginines have been frequently observed in the Arg-Gly-Gly (RGG)
repeats also known as glycine- and arginine-rich (GAR) motifs, which then become a postulated
recognition motif for protein arginine N-methyltransferases (88). For example, all identified
methylated arginine residues of hnRNP A1 fall into the RGG repeats regions within hnRNP A1
(89). RGG repeats are present in many hnRNPs and other RNA-binding proteins; it has been
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shown to demonstrate RNA-binding ability (90). Furthermore, the arginines in RGG repeats
were considered to be crucial for RNA-binding (91), and arginine methylation may abolish the
proposed H-bonding interactions between the arginine side chain and the RNA (91). One study
showed that unmethylated hnRNP A1 binds nucleic acid more tightly than methylated hnRNP
A1 (92).
Many hnRNPs shuttle between the nucleus and the cytoplasm and take part in mRNA
metabolism, and evidence suggests that methylation is involved in their nucleocytoplasmic
shuttling. Treatment with AdOx appeares to cause the cytoplasmic accumulation of hnRNP A2
(84) and hnRNP Q (86). However, arginine methylation on hnRNPs does not always result in
changes in hnRNP localization nor alter interactions between hnRNPs and RNA. PRMT1 is the
only known enzyme that methylates hnRNP K in vitro and in vivo, yet methylation of hnRNP K
did not influence its RNA-binding activity and its cellular localization.

Instead, arginine

methylation of hnRNP K reduces its interaction with the tyrosine kinase c-Src and suppresses cSrc activity, which led to hypophosphorylation of hnRNP K (93, 94).
In addition to hnRNPs, many other RNA-binding proteins have been identified as
PRMT1 substrates.

Src-associated in mitosis 68 kDa (Sam68), a member of the signal

transducers and activator of RNA (STAR) family of RNA-binding proteins, is a PRMT1
substrate (95).

A possible role of the methylation modification may be to regulate the

interactions between Sam68 and its interacting partners as aforementioned (54), which will be
further discussed in section 1.3. The fragile X mental retardation protein (FMRP), which binds
to a subset of mRNA and regulates their translation, is also methylated by PRMT1 on its RGG
repeats. Arginine methylation of FMRP reduces its RNA binding ability (96). Taken together,
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the fact that PRMT1 methylates various RNA-binding proteins suggests a potential role that
PRMT1 plays in mRNA metabolism.
PRMT1 and transcriptional regulation. Evidence that PRMT1 acts as a transcriptional
coactivator began shortly after CARM1 was shown to perform a similar function (11). It has
been proposed that the transcriptional co-regulating function of PRMT1 is a consequence of
methylating histone H4R3 after being recruited to the promoter regions of targeted genes (50, 78,
79). PRMT1 also methylates transcription factors in order to regulate gene expression. PRMT1
methylates the TATA-binding protein-associated factor 2N (TAF15) at its RGG repeats, and this
modification is required for the cytoplasmic localization of TAF15 and promotes the expression
of TAF15-target genes (97). Yin Yang 1 (YY1), a sequence-specific DNA-binding transcription
factor and PRMT1 substrate, recruits PRMT1 to an YY1-activated promoter (98). PRMT1
mediated methylation of the signal transducers and activators of transcription 1 (STAT1) protein
is essential for STAT1 DNA-binding ability and STAT1-mediated IFNα/β-induced transcription
(99). The pregnane X receptor (PXR) is a ligand-dependent transcription factor that plays an
important role in regulating gene expression of enzymes and transporters involved in
xenobiotic/drug metabolism. It has been shown that PXR can recruit PRMT1 to the promoters of
its target genes so that it can methylate H4R3 for activated transcription (100).
PRMT1 can also act as a transcriptional regulator by methylating nuclear receptors or
transcriptional co-activators. It can methylate the hepatocyte nuclear factor 4 (HNF4) at its
DNA-binding domain and thereby enhance the affinity of HNF4 for its DNA binding site (101).
PRMT1 can be subsequently recruited to the HNF4 ligand-binding domain and methylate H4R3
(101). These methylation activities of PRMT1 together with the recruitment of the histone
acetyltransferase p300 eventually lead to transcriptional activation (101).

PRMT1 also
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methylates the estrogen receptor α (ERα) within the DNA-binding domain, thereby triggering
estrogen-induced interactions of ERα with kinases PI3K and Src, which in turn results in Akt
activation important for cell proliferation and survival (102). Although it is unclear whether
PRMT1 methylates the androgen receptor (AR), it has been reported that PRMT1 activity is
required for it to act as a co-activator of AR-dependent transcriptional activation (79). The
activity of the peroxisome proliferators-activated receptor gamma co-activator 1 (PGC-1α), a
tissue-specific and inducible transcription co-activator for serval nuclear receptors, is potentiated
by PRMT1 mediated methylation (103). PRMT1 can also promote transcription by methylating
and suppressing the function of the receptor interacting protein 140 (RIP140), a liganddependent co-repressor for nuclear factors (104).
PRMT1 also exerts its transcriptional co-regulator function without methylating the
nuclear receptors but merely through protein-protein interactions.

Ligands of farnesoid X

receptor (FXR) and retinoid X receptor (RXR) were able to enhance the formation of
FXR/RXR/PRMT1 complex, induce H4R3 methylation and thus promote FXR-responsive genes
expression (105). PRMT1, PGC-1α, and interleukin enhancer-binding factor 3 (ILF3) have been
reported to act synergistically as the liver receptor homologue-1 (LRH-1) co-activator (106).
PRMT1 can also function as a co-activator in thyroid hormone (T3) receptor (TR)-mediated
transcription by enhancing TR DNA-binding (107). Lastly, PRMT1 can interact directly with
NF-κB subunit p65 and activate NF-κB-dependent transcription in concert with CARM1, and
p300/CBP (52).
Crosstalk between PRMT1 and other PTM enzymes. Histones (H1, H2A, H2B, H3,
and H4) are a group of proteins that organize chromatin structure by packaging DNA into
nucleosomes to form higher-order chromatin fibers. The nucleosomes are dynamic structures;
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histones can either “tightly” wind DNA into heterochromatin where transcription is suppressed,
or “loosely” pack DNA in euchromatin where transcription is activated. According to the
“histone code” hypothesis proposed by Strahl and Allis in 2000, post-translational modifications
on the tail regions of histones can act sequentially or in combination, causing changes in the
degrees of condensation of the chromatin fibers that affects the accessibility of genes for
transcription (108).
PRMT1 is one of the many “histone code writers”, and has been shown to work in
concert with the other “writers” to modulate transcription. As mentioned above, the first group
that showed histone H4 as a PRMT1 substrate also reported that methylation of H4R3 by
PRMT1 facilitates subsequent acetylation of H4 tails by p300, a histone acetylase, while
acetylation of H4 inhibits its methylation by PRMT1 (79). In 2004, An et al. proposed an
ordered cooperative mechanism through which PRMT1 together with p300 and CARM1 activate
p53-dependent transcription (50). The authors presented results suggesting that PRMT1, p300,
and CARM1 are recruited to the p53 targeted promoter regions by interacting with p53.
Methylation of H4R3 by PRMT1 stimulates histone H4 acetylation by p300, which then induces
histone H3R17 methylation by CARM1 that led to chromatin decondensation and transcriptional
activation. Additional evidence suggesting crosstalk between PRMT1 and other PTM enzymes
have been observed including the necessity of H4R3 methylation by PRMT1 for the subsequent
histone acetylation in 6C2 erythroleukemia cells (109).
PRMT1 also regulates transcription by affecting the sub-cellular localization and stability
of certain transcription factors in concert with other PTM enzymes. Methylation of the forkhead
transcription factor of Class O1 (FOXO1) catalyzed by PRMT1 directly blocks Akt-mediated
phosphorylation of FOXO1 (110). Akt-mediated phosphorylation of FOXO1 is known to cause
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subsequent effects such as nuclear exclusion, polyubiquitination, and proteasomal degradation of
this transcription factor in order to suppress transcription of its target genes, whereas PRMT1mediated methylation of FOXO1 has been shown to stabilize it in the nucleus and promote its
transcriptional activity.
Recently, another group of researchers reported that the PRMT1-catalyzed methylation of
Bcl-2 antagonist of cell death (BAD) also inhibits Akt-mediated phosphorylation of BAD and
promoted apoptosis (111). However, a different study revealed that PRMT1 could negatively
regulate apoptosis by methylating the apoptosis signal-regulating kinase (ASK1) to suppress its
signaling (112). These findings suggest that PRMT1 can either positively or negatively regulate
apoptosis by methylating different substrates involved in various signal transduction pathways.
PRMT1 and DNA damage repair. PRMT1 also takes part in DNA double-strand
breaks (DSBs) repair. Proteins involved in DSBs repair such as MRE11 and 53BP1 have been
confirmed to be PRMT1 substrates (113, 114). Arginine methylation of MRE11 is required for
its localization to DNA damage foci and proper regulation of its exonuclease activity (113, 115).
In the case of 53BP1, arginine methylation is essential for its DNA-binding ability (114).
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1.3

Protein Arginine N-Methyltransferase 2 (PRMT2)
Human PRMT2 and isoforms. Two different groups mapped out the human PRMT2

gene independently in the late 1990s (116, 117). Both groups reported the PRMT2 gene to
contain 11 exons and 10 introns located on chromosome 21q22.3. Neither group observed any
splice variant of PRMT2, although the Fisher group proposed alternative splicing might occur for
PRMT2.

Both groups showed that the PRMT2 gene expressed ubiquitously with higher

expression levels in brain and plancenta and reduced levels in liver and lung. The Henry group
tested more tissues and revealed elevated PRMT2 expression level in adult ovary and heart, as
well as in fetal brain, lung, and kidney. Recently, three PRMT2 alternative splicing variants with
distinct C-termini, referred to as PRMT2α, PRMT2β, and PRMT2γ, have been isolated from
breast cancer cells (118). Although these PRMT2 splice variants showed a slightly different subcellular localization where PRMT2α and PRMT2γ are predominantly nuclear but not in nucleoli
and PRMT2γ localization included nucleoli, all three PRMT2 splice variants can bind to ERα
and promote ERα-mediated transcriptional activation (118). This same group also recently
identified a novel transcript of human PRMT2 that is generated from alternative polyadenylation
at intron 7, resulting in a gene product named PRMT2L2 that lacks a portion of the PRMT2 Cterminus (119). In contrast to PRMT2 localization predominantly in the nucleoplasm of T47D
cells, PRMT2L2 mainly expresses in the cytoplasm with higher perinuclear levels. This result
suggests that the C-terminal region is important for the sub-cellular localization of PRMT2.
The SH3 domain of PRMT2. PRMT2 is the only member of PRMT family that bears
an N-terminal Src homology 3 (SH3) domain.

Interestingly, unlike the PRMT1 isoforms

showing differences in the N-terminal sequences, all reported PRMT2 variants share the same N-
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terminal sequence containing the AdoMet-binding domain and the SH3 domain [(119) and
UniProt database].
The SH3 domain is a small non-catalytic sequence of 50 to 60 amino acids found in many
intracellular signaling proteins, especially in the non-receptor tyrosine kinases such as Src and
Abl (120). The SH3 domain is found in all eukaryotic organisms but not in prokaryotes (121). It
is considered to be an important binding module involved in protein-protein interactions. Since
it is present in many membrane and cytoskeletal proteins, the SH3 domain may help to mediate
the cellular localization of proteins (122). It can also modulate enzymatic activities.

For

instance, it has been demonstrated that the activity of Abl tyrosine kinase is negatively regulated
by its SH3 domain (122). Moreover, the SH3 domain plays roles in recruiting specific substrates
to enzymes and mediates interactions with viral proteins [reviewed in (121)]. Crystal structures
of SH3 domains from different kinases reveal a well conserved overall topology that consists of
two perpendicular β sheets formed by five antiparallel β strands (121). It has been reported that
the SH3 domain prefers to bind to ligands that adopt a left-handed type II polyproline (PPII)
helix with three residues per turn. The common feature in SH3 domain ligands is the PxxP motif
(where x is any amino acid) (123). Further elaboration of these ligands revealed that they bind to
the SH3 domain in one of two opposite orientations, thus allowing for two ligand classes: Class I
ligands contain the consensus sequence RxxPxxP, and Class II ligands contain the consensus
sequence xPxxPxR (124).
It is interesting that the SH3 domain, which is generally considered to be a signature
domain conserved among signal transduction proteins, is found in PRMT2. The only study that
may give us a clue about the potential function of the PRMT2 SH3 domain was a large-scale
screen using a protein-domain microarray to identify protein-protein interactions (125). One of
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the twenty-four SH3 domains immobilized to the protein-domain microarray used in this study
was the PRMT2 SH3 domain, while all other SH3 domains were from signal transducers
including various kinases. The PRMT2 SH3 domain interacts with peptide sequences from
Sam68, as did some other kinases. In an earlier study, Bedford and coworkers reported that
arginine methylation on Sam68 peptides near proline-rich regions prevents binding to several
SH3 domains, whereas WW domains that also recognizes proline-rich sequences are not affected
in their binding to the same methylated peptides (54). Consistent with this result, the proteindomain microarray also reveals that the PRMT2 SH3 domain lost its affinity for the methylated
Sam68 peptides (125). Taken together, the results from these two studies suggest that PRMT2
could be a potential “reader” of arginine methylation signals, and it may participate in the
crosstalk between arginine methylation and signal transduction pathways.
PRMT2 substrates and activity. Relative to PRMT1, less is known about PRMT2
activity and its substrates. Only four PRMT2 substrates have been reported so far. The first
identified PRMT2 substrate is E1B-AP5 (hnRNP U-like 1), which belongs to the hnRNP family.
Similar to other hnRNP family members that generally contain methylation modifications in
their RGG repeats, E1B-AP5 is also methylated in its RGG repeats in a PRMT2-dependent
manner (43). E1B-AP5 contains proline-rich regions, which can serve as potential recognization
motifs for the PRMT2 SH3 domain. The authors of the study presented data to suggest that the
SH3 domain of PRMT2 is essential for the PRMT2/E1B-AP5 interaction in vivo (43). Another
known PRMT2 substrate is histone H4, which is also a substrate of PRMT1. Our group has
demonstrated that PRMT2 could selectively methylate the N-terminal tail of histone H4 in vitro,
however the catalytic turnover number of PRMT2 (kcat) is about 800-fold less than the kcat of
PRMT1 (9). The third reported potential substrate for PRMT2 is histone H3, which was
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previously known as a substrate for CARM1, PRMT5, and PRMT6 [reviewed in (2)]. Using
siRNA targeted against PRMT2, Blythe et al. demonstrated abolishment of H3R8 methylation,
leading them to suggest that H3R8 could serve as an in vivo substrate for PRMT2 (45). It has
been proposed that a transcription factor named β-catenin could recruit PRMT2 to target
promoters where PRMT2 then establishes H3R8 methylation resulting in transcriptional
activation (45). Recently, the signal transducers and activators of transcription 3 (STAT3), a
transcription factor from the same family as the PRMT1 substrate STAT1 (99) has been
proposed as a PRMT2 substrate (31). STAT3 appears to play an opposite role in tumorigenesis
compared to STAT1 (44) and is a key component in the leptin-induced pathway that regulates
energy intake and expenditure (31). PRMT1 has been reported to methylate STAT1 on the
conserved Arg31 site (99). Similarly, the methylation of STAT3 at the same Arg31 position and
the subsequent modulation of STAT3-dependent leptin signaling required PRMT2 (31).
PRMT2 and transcriptional regulation. Similar to PRMT1, PRMT2 has also been
shown to act as a co-activator of transcription in response to ligand-dependent activation of
nuclear receptors such as AR, ERα and ERβ, progesterone receptor (PR), peroxisome
proliferator-activated receptor gamma (PPARγ), RARα, and TRβ (126, 127). Although none of
these nuclear receptors have been reported to be PRMT2 substrates, a functional PRMT2 was
required for its co-activator activity with these receptors. As discussed in the previous section,
the co-regulator function of PRMT1 has been attributed to its methylation of H4R3, nuclear
receptors, and other co-regulators (see references in section 1.2). Our recent demonstration that
PRMT2 can selectively methylate the N-terminal tail of histone H4, albeit several orders of
magnitude less in vitro than PRMT1, suggests that its co-activator function may be a direct result
of this activity (9).
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On the other hand, PRMT2 can also act as a transcriptional co-repressor. Out of the PRMT
family members that have been tested, PRMT2 is the only one that showes affinity for the
retinoblastoma gene product (RB) (128). A study showed that PRMT2 can form a ternary
complex with RB and the transcriptional activator E2F1, resulting in direct repression of E2F1
transcriptional activity (128). Additionally, NF-κB-dependent transcription can be promoted by
PRMT1 and CARM1, but inhibited by PRMT2 (32, 52). Studies have indicated that both
PRMT1 and PRMT2 can bind to NF-κB subunit p65, yet PRMT2 also interactes with another
NF-κB subunit p50 as well as the NF-κB inhibitor IκB-α (32). PRMT2 carries out its repressor
function by blocking nuclear export of IκB-α. The resulting increase in nuclear IκB-α decreased
NF-κB DNA-binding. These studies have also provided some evidence that the SH3 domain
may be mediating the PRMT2 interaction with p50 and p65, but not with IκB-α.
PRMT2 and inflammation. As aforementioned, PRMT2 modulates the activity of NFκB, suggesting that PRMT2 may play a role in regulating inflammation and immune response. It
has been reported that lung PRMT2 transcript and protein levels in adult mice exposed to chronic
hypoxia are significantly up-regulated while other PRMT levels remains unchanged, which
correlates with an increase in free amino acid aDMA levels in lung tissues (129, 130). Indeed,
aDMA and MMA both act as potent competitive inhibitors of all three isoforms of nitric oxide
synthase (NOS), including the inflammatory inducible iNOS (131).

NOS produces the

inflammatory mediator nitric oxide from L-arginine. In particular, expression of the iNOS
isoform can be induced by multiple inflammatory cytokines and lipopolysaccharide (LPS)
through NF-κB-mediated transcription (132). Nitric oxide deficiency caused by aDMA in lung
eqithelial tissue has been found to potentiate lung inflammation in a mouse model of allergic
asthma (133). Recently, PRMT2 has been proposed to serve as a new member of the NF-κB
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pathway that regulates LPS-induced inflammatory response in lung in a dosage-sensitive manner
(134).

Taken together, PRMT2 may control the inflammatory response through aDMA

production as well as repression of NF-κB activity.
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1.4

Hypotheses and Research Objectives
PRMT1 and -2 share overlapping substrate specificities in vitro, and they are likely to be

involved in the same pathways such as nuclear receptors- and NF-κB-dependent transcriptional
regulation. More importantly, a sequence alignment of PRMT1 and PRMT2 fragments at their
homodimer interfaces illustrates a 62.3% similarity within these regions (Figure 1.5). Thus, I
hypothesize that PRMT1 works together with PRMT2 by forming a heteromeric complex. My
first research objective was to determine the formation mechanism and enzymatic activity of the
PRMT1/2 heteromeric complex.

Since PRMT2 contains a unique SH3 domain that may

facilitate PRMT2-protein interactions, my second research objective was to uncover the binding
partners of the PRMT2 SH3 domain and determine a plausible role of the PRMT2 SH3 domain
in regulating the formation of PRMT2-containing protein complexes including the PRMT1/2
heteromeric complex. Further, studies present herein aimed to explore the biological functions
of PRMT2 and the PRMT1/2 complex by screening for PRMT1 and/or -2 binding partners. My
third research objective was to identify proteins that associate with the PRMT1/2 complex in an
effort to explore possible biological functions of the heteromeric interaction.
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Figure 1.5.
Sequence alignment of residues at the PRMT dimer interface. Sequences for human PRMTs
that may be involved in dimer contacts were aligned using protein-protein BLAST (NCBI). In some instances
sequences could not be aligned due to insufficient similarity and are not included. Residues reported in PRMT
crystal structures to make direct contacts at the dimer interface between sequences in (A) and (B) are indicated with
a colon and dimer residues (18, 22-25) similar to PRMT1 sequence highlighted in red.
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2

A PRMT1 and -2 Heteromeric Interaction Increases PRMT1
Enzymatic Activity1,2

2.1

Introduction
In this study, the relationship between PRMT1 and -2 was investigated.

Since both

enzymes share overlapping substrate specificity in vitro, my colleagues and I initiated a series of
experiments to see whether PRMT2 would affect PRMT1 activity towards histone H4 or vice
versa, and we observed a synergistic (i.e., non-additive) increase in substrate methylation.
Assaying combinations of wild type and catalytically inactive PRMTs indicated that both
PRMT1 and -2 mutants increased PRMT1 activity. The interaction between PRMT1 and -2 was
confirmed in vitro and in HeLa cells by co-immunoprecipitation, as well as by bimolecular
fluorescence complementation (BiFC). The BiFC technique can demonstrate a direct interaction
in cells between two proteins that, when bound, mediate the reassembly of a fluorescent protein
from its N- and C-terminal fragments attached to each binding partner (40, 41). I analyzed
combinations of wild type and mutant PRMT1 and -2 to further investigate their interaction in
cells, and determined that binding required the dimerization arm and catalytic activity of
PRMT1. In the presence of adenosine dialdehyde (AdOx), which globally inhibits methylation,
the interaction between PRMT1 and -2 was compromised, yet deletion of the PRMT2 SH3
1

A version of chapter 2 has been published. Pak, M.L., Lakowski, T.M., Thomas, D., Vhuiyan, M.I., Hüsecken, K.
and Frankel, A. (2011) A Protein Arginine N-methyltransferase 1 (PRMT1) and 2 Heteromeric Interaction Increases
PRMT1 Enzymatic Activity. Biochemistry. 50(38):8226-40. I designed and conducted all of the in vivo bimolecular
fluorescence complementation (BiFC) experiments as well as all in vitro and in vivo co-immunoprecipitation (co-IP)
experiments.
I preformed all tissue culture and confocal microscopy studies. I prepared samples for the methylation in cells study.
Dr. Ted M. Lakowski and Dylan Thomas expressed and purified GST-PRMT2, GST-E220Q(PRMT2), 6xHisPRMT1, and 6xHis-E153Q(PRMT1), and preformed all in vitro methylation assays and were responsible for the
enzyme kinetics studies. Mynol Islam Vhuiyan helped with the expression and purification of GST-E220Q(PRMT2)
and some of the in vitro methylation assays. Kristina Hüsecken contributed to helpful discussion.
2

DNA constructs for pET28b-PRMT1 splice variants were gifts from Dr. Jocelyn Côté.
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domain restored the interaction in AdOx-treated cells or when PRMT1 was inactive. These
results reveal that the SH3 domain regulates the interaction between PRMT1 and -2 in a
methylation-dependent manner. Moreover, this work represents the first evidence for a direct
interaction between two PRMTs that culminates in a change in activity for one of the enzymes.
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2.2

Methods
DNA constructs. All DNA primers used in this study are listed in Table A.1. Humanized

rat PRMT1 gene coding for PRMT1v1 (isoform 1) (135) was sub-cloned into pcDNA3.1(+)/Neo
(Invitrogen) using BamHI and XhoI restriction sites. The human PRMT2 gene previously subcloned in pGEX-2T (9) was PCR-amplified with primers as described in Table A.1, digested
with BamHI and XhoI, and sub-cloned into pcDNA3.1(+)/Neo. Mutually annealing primers
generated DNA sequences flanked by NheI sites coding for the hemagglutinin (HA)
(YPYDVPDYA) and the c-Myc (EQKLISEEDL) tags. NheI-digested DNA fragments coding
for the c-Myc tag were sub-cloned into the pcDNA3.1(+)/Neo-PRMT1 to generate
pcDNA3.1(+)/Neo-c-myc-PRMT1 that codes for an N-terminal c-Myc-tagged PRMT1 protein.
NheI-digested DNA fragments coding for the HA tag were sub-cloned into pcDNA3.1(+)/NeoPRMT2 to generate pcDNA3.1(+)/Neo-HA-PRMT2 that codes for an N-terminal HA-tagged
PRMT2 protein. The gene for histone H4 in pET3 was a generous gift from Dr. Karolin Luger at
Colorado State University.
BiFC constructs coding for either mCitrineN (amino acid residues 1-173 of mCitrine)
fused to the N-terminus of a PRMT, or mCitrineC (amino acid residues 174-239 of mCitrine)
fused to the C-terminus of a PRMT each contained a short and flexible amino acid linker
(GGGGS) separating the fluorescent protein fragment from the enzyme that was successfully
used in another study (136). In order to make BiFC constructs, PRMT genes were first cloned
into the pET28a vector at NdeI and XhoI sites for mCitrineN constructs, and at BamHI and XhoI
sites for mCitrineC constructs. The mCitrineN-PRMTs were then PCR-amplified with primers
containing HindIII and XhoI sites, and the mCitrineC-PRMTs were amplified with primers
containing BamHI and EcoRI sites. The amplicons were sub-cloned into pcDNA3.1(+)/Hygro
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and pcDNA3.1(+)/Neo, respectively. Control constructs pcDNA3.1(+)/Hygro-mCitrineN-Only
and pcDNA3.1(+)/Neo-mCitrineC-Only were made by PCR with primers containing HindIII and
BamHI sites for mCitrineN, and XhoI site for mCitrineC. The amplicons were sub-cloned into
pcDNA3.1(+)/Hygro for mCitrineN-Only and pcDNA3.1(+)/Neo for mCitrineC-Only.
Primers used for mutagenesis are listed in Table A.2. Site-directed mutagenesis reactions
were done using the QuikChange method (Agilent Technologies).
Protein expression and purification.

GST-PRMT2, GST-E220Q (PRMT2), 6xHis-

PRMT1, and 6xHis-E153Q (PRMT1) were expressed and purified using previously described
methods (9, 135). Histone H4 and its R3K mutant were overexpressed in BL21 DE3 pLysS E.
coli cells (Agilent Technologies) according to previously described methods (137). Histone H4
and its R3K mutant were purified from inclusion bodies by denaturation in 20 mM Tris (pH 8.0),
8.0 M guanidinium hydrochloride, 4.0 mM DTT, followed by rapid dilution in 100 mM Tris (pH
8.0), 400 mM arginine, 2 mM EDTA, 1 mM PMSF, and 0.5 mM oxidized glutathione and 5.0
mM reduced glutathione (total dilution ~1/50). Histone H4 and its R3K mutant were further
purified using a Zorbax 9 × 250 mm C8 semi-preparative reverse phase HPLC column using
0.1% TFA in water and 0.1% TFA in acetonitrile (5 to 95% gradient developed over 20 min).
Enzyme concentrations were determined using a previously described method (9).

The

concentrations of histone H4 and its R3K mutant were determined using UV spectroscopy (e280 =
5120 M-1 cm-1).
Tissue culture.

HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) (Sigma) supplemented with 5% fetal bovine serum (FBS) (Gibco) and 100 µg/mL
Primocin (InvivoGen) at 37 °C in 5% CO2. Approximately 0.1 × 106 HeLa cells were seeded in
each well of a 24-well plate containing a 12-mm microscope cover glass (Fisher) coated with
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poly-D-lysine (Sigma), and grown in standard growth medium 24-h prior to transfection.
Immediately before transfection the growth medium was replaced with Opti-MEM medium
(Invitrogen). HeLa cells were transiently co-transfected with the desired BiFC constructs (0.4 µg
DNA each) using Lipofectamine 2000 (Invitrogen) per the manufacturer’s instructions. The
medium was replaced with DMEM supplemented with 5% FBS, but without antibiotic 7 h posttransfection. The transfected cells were cultured for an additional 18 h before they were fixed.
To inhibit cellular methylation, HeLa cells were transfected in a growth medium supplemented
with 20 µM of periodate-oxidized adenosine (AdOx) (Sigma).
Confocal microscopy. The cells were allowed to grow for 25 h after co-transfection with
BiFC constructs and before fixation with a 4% paraformaldehyde solution in phosphate-buffered
saline (PBS) (Gibco, cat. # 10010). The cells were then stained with Alexa Fluor 594 phalloidin
(Invitrogen)
(Invitrogen).

and

2-(4-carbamimidoylphenyl)-1H-indole-6-carboximidamide

(DAPI)

Representative cell images of BiFC combinations were examined using a

FluoView FV10i confocal microscope (Olympus), which provided an initial scan at 10x
magnification to aid in identifying fluorescence signal in all cells. High-resolution cell images
were then captured with an oil lens at 60x magnification and they were subsequently processed
with ImageJ software (NIH image). Due to the high background signal caused by the
PRMT1E153Q-mCitrineC construct (Figure A.1), the laser input used for generating images of
cells co-transfected with PRMT1E153Q-mCitrineC construct was reduced by half to 7.2%.
Otherwise, all images for BiFC were obtained with the same aperture (1x), sensitivity (49.6%),
and laser input (14.1%) settings, and were processed without brightness and contrast adjustment.
Immunoprecipitation and Western blotting. For immunoprecipitation of proteins from
cells, 8 × 106 HeLa cells cultivated in a 100-mm dish for 24 h were transfected with 24 µg DNA
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using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. To inhibit
cellular methylation, HeLa cells were transfected in a growth medium supplemented with 20 µM
AdOx.
After transfection, cells were harvested and lysed in 250 µl of hypotonic lysis buffer [20
mM HEPES-KOH pH 7.4, 2 mM MgCl2, 0.2 mM EGTA, 10% glycerol, 1x protease inhibitor
cocktail (Roche #04693132001)] by repeated freezing and thawing. The NaCl concentration was
then adjusted to 400 mM. The lysed cells were incubated on ice for 5 min and centrifuged at
14,000 rpm at 4 °C for 15 min in an Eppendorf centrifuge (5417 R). Cell lysate (500 µg protein)
was aliquoted and the buffer was adjusted to 50 mM HEPES-KOH, 150 mM NaCl. Aliquoted
cell lysate was then supplemented with 2.0 µg of monoclonal anti-HA antibody (HA-7, Sigma),
monoclonal anti-c-Myc antibody (9E10, Sigma), or mouse IgG (15381, Sigma), and the volume
was adjusted to 500 µL with co-IP buffer [50 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 1x
protease inhibitor cocktail (Roche #04693132001)].

The protein/antibody mixtures were

incubated at 4 °C for 4 h with rotation. The cell lysate/antibody mixture was added to 50 µL prewashed protein G-sepharose (Invitrogen) and was rotated at 4 °C for 16 h. Subsequently, the
resin was washed thoroughly with 0.05% (v/v) Tween 20 in PBS five times before the bound
proteins were eluted in SDS-PAGE sample buffer.
For in vitro immunoprecipitation, purified recombinant enzymes were pre-incubated at 37
˚C for 1 h in 10 µL methylation buffer (see below) without DTT, followed by the addition of 2.0
µg anti-PRMT2 antibody (PRMT2-340, Abcam) or 2.0 µg mouse IgG (15381, Sigma), and the
volume was adjusted to 500 µL with co-IP buffer [50 mM HEPES-KOH, pH 7.4, 150 mM NaCl,
1× protease inhibitor cocktail]. The protein/antibody mixtures were incubated at 4 ˚C for 4 h
with rotation before combining with 50 µL pre-washed protein G-sepharose (Invitrogen) and
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incubating with rotation overnight at 4 ˚C. The resin was washed with PBS six times before the
bound proteins were eluted in SDS-PAGE sample buffer.
For Western blots, proteins were separated on 10% SDS-PAGE gels and transferred to
nitrocellulose membranes. The membranes were blocked with 5% (w/v) milk in TBS buffer (50
mM Tris-HCl, pH7.6, 150 mM NaCl) at 37°C for 2 h and blotted with monoclonal anti-c-Myc
antibody (9E10, Sigma), monoclonal anti-HA antibody (HA-7, Sigma), monoclonal anti-PRMT1
antibody (PRMT1-171, Sigma), or monoclonal anti-PRMT2 antibody (PRMT2-340, Abcam) in
3% (w/v) milk in TBST buffer [50 mM Tris-HCl, pH7.6, 150 mM NaCl, 0.1% Tween 20 (v/v)]
at 4 °C for 16 h. Goat anti-mouse light chain horseradish peroxidase-conjugated secondary
antibody (Millipore) or goat anti-mouse IgG-HRP (sc-2005, Santa Cruz) and ECL Western
blotting detection reagents (GE Healthcare) were used for protein visualization. All co-IPs and
Western blots present in this dissertation have been repeated at least twice with minor
modifications to procedures. Experimental conditions listed herein as well as in section 3.2 and
section 4.2 are the optimized conditions.
Methylation assays. Purified PRMTs and mutants were pre-incubated at 37 ˚C for 1 h in
methylation buffer (50 mM HEPES-KOH, pH 8.0, 10 mM NaCl, 1 mM DTT) as previously
described to equilibrate heteromeric complexes (9, 135) before initiating the methylation reaction
with final concentrations of 10 µM histone H4 and 100 µM S-adenosyl-L-[methyl14

C]methionine (Perkin Elmer; 1.8056 Gbq mmol-1; concentrated as described in (135)). Either

wild type or mutant PRMT concentrations were fixed and the other increased to molar ratios of
0, 2, 4, 7, 11, 19, 30, and 50 with one noted exception (Figure 2.1C). The final concentration of
glycerol was less than 2.5% so that enzyme activities were not affected (9, 135). Methylation
proceeded at 37 ˚C for 1 h where PRMT1 was held constant and 16 h where PRMT2 was held
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constant, and stopped by a 10-min incubation at 90 ˚C. Proteins from reactions were separated
on 15% tricine gels and exposed to storage phosphor screens for 18 h before imaging on a
Typhoon 9400 (GE Healthcare).
Enzyme kinetics. Apparent enzymatic kinetic parameters were determined at a 25:750
nM (1:30) ratio for PRMT1 with its E153Q mutant, and PRMT1 with the PRMT2 E220Q
mutant. Reactions were preformed similar to the gel assays described above in methylation
buffer with a 1-h pre-incubation of the enzymes at 37 ˚C in the absence of substrates to
equilibrate heteromeric complexes. The 1:30 ratio was chosen because it is the minimum ratio
that produces the maximum increase in PRMT1 activity observed in Figure 2.1, and the PRMT1
concentration falls within the linear range of the enzyme since a linear increase in the formation
of methylated arginines with increasing enzyme from 6.25 to 100 nM was observed (Figure A.2).
For both groups of enzymes, reactions to determine the apparent kinetic parameters with histone
H4 were performed with a constant 100 µM AdoMet and varied histone H4 concentrations of 0,
0.25, 0.5, 1.0, 2.0, 5.0, 10, 20, 30, and 40 µM. Reactions to determine the apparent kinetic
parameters for AdoMet were performed with a constant 40 µM histone H4 and varied AdoMet
concentrations of 0, 0.25, 0.5, 1.0, 2.0, 5.0, 10, 20, 50, and 100 µM. Reactions were stopped by
a 10-min incubation at 90 ˚C and the dried samples were hydrolyzed with 6.0 M HCl at 110 ˚C
for 24 h under vacuum. All titration experiments have been repeated at least twice.
An Agilent 1290 Infinity LC system was connected to a Waters UPLC BEH C18 column
(2.1 x 100 mm) at a 0.15 mL/min flow rate at 45 ˚C. The mobile phases 0.1% aqueous formic
acid and 0.05% TFA (A) and 0.1% formic acid, 0.05% TFA, and 30% methanol (B) were used in
a linear gradient of 0 to 20% B over 2.3-min. Samples were analyzed on an AB SCIEX 5500
QTRAP tandem mass spectrometer using positive ion multiple reaction monitoring in separate
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channels for MMA and aDMA. Parent and fragment ions, respectively, used for quantitation
corresponded to amino acids as follows: MMA, 189 m/z and 74 m/z; aDMA, 203 m/z and 46
m/z. The cone voltage was 30 V and the collision energy was 20 eV for aDMA and 17 eV for
MMA.

Apparent enzymatic kinetic parameters were determined by fitting the data to the

Michaelis–Menten equation using SigmaPlot 8 (SYSTAT). The kcat values were calculated
based on the molecular weight of the active monomer.
Methylation in cells. Approximately 8 × 106 HeLa cells cultivated in a 100-mm dish were
transfected with mammalian expression vectors (24 µg total DNA; 12 µg each construct for cotransfections) using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol.
After transfection, cells were harvested and resuspended in 1.0 mL 50 mM sodium phosphate,
pH 7.5. Cells were lysed by four 10-s sonicator pulses (50% duty; setting “2”) on ice, and
centrifuged at 18,000 × g for 30 min at 4 ˚C. Total protein concentrations were determined using
Bradford protein assay (Biorad).
For simultaneous quantification of MMA, aDMA, and sDMA using mass spectrometry,
100 µL aliquots (approximately 200 µg protein) of cell lysates from transfected HeLa cells
described above were mixed with an equal volume of acetone and dried in a vacuum centrifuge.
Dried samples were hydrolyzed as described above and reconstituted in 300 µL of 10 mM
NaH2PO4, pH 5.0 and basic amino acids were purified using Oasis MCX solid phase extraction
cartridges (Waters) according to previously described methods (45). Dried purified samples
were reconstituted in 100 µL 0.1% aqueous formic acid and 0.05% TFA.

Simultaneous

quantification of MMA, aDMA, sDMA, and histidine was achieved with a Waters Acquity
chromatographic system using the column, mobile phases, and conditions as described in the
Enzyme kinetics section.

A Quatro Premier XE electrospray tandem mass spectrometer
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(Micromass MS Technologies) was operated in positive ion mode multiple reaction monitoring
in separate channels for MMA, aDMA, sDMA, and histidine.

Parent and fragment ions,

respectively, used for quantitation corresponded to amino acids as follows: MMA, 189 m/z, and
74 and 144 m/z; aDMA, 203 m/z and 46 m/z; sDMA, 203 m/z and 172 m/z; histidine 156 m/z
and 110 m/z. In all cases the cone voltage was 30 V and the collision energy was 20 eV except
for MMA where it was 17 eV.
Using the above conditions we were able to unambiguously differentiate aDMA and
sDMA despite having similar retention times and the same parent ion mass.

Even at

concentrations used for standards, 5.0 µM or higher aDMA was not spuriously detected as
sDMA and vice versa (Figure A.3). Standards of MMA, aDMA, and sDMA (Sigma) were used
to prepare standard curves for quantification. All derived concentrations for MMA, aDMA, and
sDMA were normalized by the relative peak area for histidine to control for differences in total
protein (values typically varied less than 10%). Histidine was used for this purpose because it is
a basic amino acid that is retained on SPE cartridges along with arginine derivatives (data not
shown). All samples were prepared in quadruplet and total MMA, aDMA, and sDMA derived
from vector-only controls (average values are 0.73 ± 0.05, 8.2 ± 0.4, and 1.1 ± 0.05 µM,
respectively) were subtracted from experimental values.

HeLa cells untransfected and

transfected with the vector-only controls differed less than 10% in methylarginine content.
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2.3

Results
PRMT2 and its inactive mutant potentiate the methylation activity of PRMT1 in vitro.

In our previous work, the comparatively high activity of PRMT1 towards histone H4 contrasted
to the approximately 600-fold lower activity of PRMT2 towards the same substrate (9). My
collegues and I wanted to then test if these two enzymes could interact and thereby change their
respective activities. In the present study when we mixed both enzymes with substrates at
stoichiometric concentrations no change in histone H4 methylation occurred (data not shown).
When 2- to 50-fold excess PRMT2 was pre-incubated for 1 h with PRMT1 prior to the addition
of AdoMet and histone H4, up to a 6.7-fold increase in methylation activity was found at the
highest enzyme ratio as measured by densitometry (Figure 2.1A). Importantly, to elicit the
synergistic increase in methylation activity, PRMT1 and -2 were pre-incubated for 1 h without
substrates in accordance with our previous studies on PRMT interactions (135). These facts
suggest that the effect was caused by a direct interaction between PRMT1 and -2.
We wanted to then determine who was activating whom by first creating catalytically
inactive PRMT1 mutation E153Q (22) and the corresponding E220Q mutation in PRMT2
(Figure A.5A). As shown in Figure 2.1B and Figure 2.1C, increasing E153Q or E220Q with a
constant concentration of wild type PRMT1 demonstrated a maximum 15-fold and 8-fold
increase in histone H4 methylation, respectively. To show that the results from Figure 2.1A-C
were not the result of non-specific protein binding, the same amounts of bovine serum albumin
(BSA) were pre-incubated with PRMT1, which showed in Figure 2.1D a comparatively modest
increase (1.8-fold) in PRMT1 activity at the highest BSA concentration. These results imply that
the increase in PRMT1 activity observed with PRMT2 (Figure 2.1A), as well as with the mutants
of PRMT1 (Figure 2.1B) and PRMT2 (Figure 2.1C) were the result of specific protein-protein
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interactions. In contrast, increasing wild type PRMT2 with a constant concentration of E153Q
did not result in any above-background methylation of histone H4 (Figure 2.1E). These results
indicate that PRMT2, independent of its own activity, increased the activity of PRMT1.
Moreover, the synergistic effect of E153Q on PRMT1 activity suggests that a higher order
oligomeric complex may be required for maximum PRMT1 activity.
In order to test for any change in PRMT2 activity in response to other PRMT subunits, a
constant concentration of PRMT2 was incubated with increasing concentrations of E153Q
(Figure 2.1F) and E220Q (Figure 2.1G). Increasing E153Q and E220Q resulted in 1.4-fold and
2.1-fold increases in PRMT2 activity up to molar ratios of 11 and 19, respectively, before
dropping off to background levels. Similar titrations were performed with constant PRMT2 and
increasing BSA, which exhibited no increase in PRMT2 activity (Figure 2.1H).
Since PRMT1 methylation of histone H4 at the Arg-3 position has already been well
established (78, 79), and we have demonstrated PRMT2 activity towards histone H4 in vitro (9)
(Figure A.5), we wanted to determine if PRMT2 affected where PRMT1 methylates histone H4.
Wild type histone H4 and its R3K mutant were used as substrates for pre-incubated PRMT1,
PRMT2, and a mixture of both enzymes. In all cases where the histone H4 R3K mutant was
employed the level of methylation was similar to the level of automethylation for the respective
enzyme, whereas when wild type histone H4 was used the level of methylation was higher than
the no-substrate control and histone H4 R3K substrate reactions (Figure A.6). The pre-incubated
combination of PRMT1 and -2 produced the highest amount of arginine methylation formed on
wild type histone H4. These results confirmed that the major site of methylation on histone H4
in vitro is R3 for PRMT1 and -2 individually and together.
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Figure 2.1. Synergistic methylation of histone H4 by PRMT1 and -2. Pre-incubations of enzymes without
substrates were performed at 37 ˚C for 1 h in methylation buffer prior to initiating 1-h methylation reactions. (A)
Reactions included 100 nM PRMT1 alone (lane 1), 100 nM PRMT1 with 210 to 5000 nM PRMT2 (lanes 2-8), and
5000 nM PRMT2 alone (lane 9). Similar reactions were prepared with PRMT1 and (B) PRMT1 E153Q, (C) 100 to
2500 nM PRMT2 E220Q, and (D) BSA. (E) Samples were prepared as in (A) except 100 nM PRMT1 E153Q was
used in place of PRMT1. (F) Pre-incubations were performed as in (A) with 400 nM PRMT2 alone (lane 1), 400
nM PRMT2 with 800 to 20000 nM PRMT1 E153Q (lanes 1-8), and 20000 nM PRMT1 E153Q alone (lane 9) prior
to initiating 16-h methylation reactions. Similar reactions were prepared with PRMT2 and (G) PRMT2 E220Q, and
(H) BSA. Coomassie-stained gels and full-size storage phosphor images are shown in Figure A.4.
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The effect of the interactions between PRMT1 and the inactive mutants of PRMT1 and
PRMT2 on enzyme kinetics of PRMT1 were determined by estimation of apparent enzyme
kinetic parameters. We intentionally avoided estimations where both enzymes were active since
this scenario would be too complex to model and difficult to interpret. We note, however, that
the potential for catalytically inactive enzyme to bind substrate could be a possible confounding
variable in the estimation of apparent KM.
The initial rate of PRMT1 in the presence of E153Q or E220Q with a fixed concentration
of AdoMet and variable histone H4 are plotted in Figure 2.2A and the apparent kinetic
parameters are displayed in Table 2.1. Both enzyme combinations demonstrated enhanced
activities comparing to PRMT1. When combined with E153Q the histone H4 Vmax for PRMT1
was more than 4-fold greater than PRMT1 alone and the kcat was more than 2.5-fold higher.
Smaller increases in Vmax and kcat were also observed for PRMT1 with E220Q. This difference
appears to be driven primarily by a doubling in the rate of formation of aDMA in the
PRMT1/E153Q groups versus the PRMT1/E220Q groups (Figure A.7). PRMT1 with E153Q or
E220 resulted in a 2- or 4-fold reduction in KM for histone H4, respectively when compared to
PRMT1 alone. The changes to PRMT1 activity were also reflected in a 6- to 5-fold increase in
the histone H4 specificity constant (kcat/KM) for PRMT1 with E153Q or E220Q, respectively.
The initial rate of PRMT1 in the presence of E153Q or E220Q with a fixed concentration
of histone H4 and variable AdoMet is plotted in Figure 2.2B and the apparent kinetic parameters
are displayed in Table 2.1. As with histone H4 the AdoMet Vmax and kcat for PRMT1 with either
mutant were increased with respect to PRMT1 alone. However, the AdoMet KM for PRMT1 with
E153Q resulted in a 3.5-fold increase compared to PRMT1 alone; a change not observed for
PRMT1 with E220Q. The addition of mutants to PRMT1 resulted in an AdoMet kcat/KM for
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PRMT1 with E153Q that was 0.33-fold less than PRMT1 alone while an AdoMet kcat/KM for
PRMT1 with E220Q was 1.25-fold higher. Altogether, the results of these kinetic experiments
suggest that various oligomeric combinations of PRMT1 with mutants of PRMT1 and PRMT2
exhibit different enzymatic activities and substrate specificities.

Figure 2.2.
Synergistic methylation of histone H4 by PRMT1 with inactive PRMT1 and -2 mutants. The
initial rate of enzymatic activity of PRMT1 with its E153Q mutant at a 25:750 nM ratio (black circles), and PRMT1
with the E220Q mutant of PRMT2 at a 25:750 nM ratio (open triangles). (A) The concentration of AdoMet was
held constant at 100 µM and histone H4 was varied. (B) The concentration of histone H4 was held constant at 40
µM and AdoMet was varied. Shown are means and standard deviations of two samples determined using UPLC
MS/MS. Total methylation was summed using the equation (2aDMA+MMA). For comparison, the initial rate of
enzymatic activity of PRMT1 in the absence of other PRMTs (dashed line) using data replotted from reference (4) is
shown. In this case the concentration of AdoMet was constant at 20 µM while histone H4 was varied (A), and the
concentration of histone H4 was constant at 32 µM while AdoMet was varied (B).
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Table 2.1.
Apparent kinetic parameters for PRMT1 with E153Q or E220Q. The apparent kinetic
parameters were determined by measuring initial rate of enzymatic activity of PRMT1 with its E153Q mutant at a
25:750 nM ratio, and PRMT1 with the E220Q mutant of PRMT2 at a 25:750 nM ratio, and were derived from the
amount of total methylation. The values are listed as mean (S.D.) of two measurements.
Enzyme

Substrate

KM (µM)

Vmax (nmol/min mg)

kcat (x10-3 s-1)

kcat/KM (M-1 s-1)

PRMT1/E153Q

AdoMet

3.5 (0.4)

4.4 (0.02)

3.2 (0.02)

910 (100)

PRMT1/E153Q

Histone H4

1.8 (0.1)

4.9 (0.1)

3.6 (0.1)

2000 (40)

PRMT1/E220Q

AdoMet

0.9 (0.04)

2.0 (0.07)

1.5 (0.05)

1700 (10)

PRMT1/E220Q

Histone H4

1.0 (0.01)

2.3 (0.1)

1.7 (0.08)

1700 (70)

AdoMet

1.0 (0.1)

1.2 (0.2)

1.3 (0.2)

1400 (20)

Histone H4

4.2 (0.2)

1.2 (0.2)

1.4 (0.2)

320 (40)

PRMT1

a

PRMT1a
a

Values derived from reference (4).
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Ectopic expression of PRMT1 and -2 increases methylarginines in cells. To test
whether PRMT2 and its inactive mutant can also potentiate the methylation activity of PRMT1
in a cellular environment, we transiently transfected HeLa cells with wild type and mutant
PRMT1 and -2 individually and in combination. Cell lysates were hydrolyzed and analyzed for
their MMA, aDMA, and sDMA content via tandem mass spectrometry. As shown in Figure 2.3,
the concentrations of methylarginines are displayed after background subtraction from vectoronly controls. The ectopic expression of PRMT1 or -2 alone resulted in small increases in MMA
and aDMA as a likely consequence of increased PRMT levels. Interestingly, the levels of sDMA
also increased, which neither PRMT1 nor PRMT2 are expected to make. HeLa cells transfected
with E153Q or E220Q produced similar amounts of methylarginines to vector-only controls. On
the other hand, HeLa cells co-transfected with PRMT1 and PRMT2 or its E220Q mutant
produced a synergistic increase in aDMA and to a lesser extent MMA; results consistent with the
observed increases in methylation in vitro (Figure 2.1).

Surprisingly, a similar synergistic

increase in the formation of sDMA was also observed with PRMT1 and -2 co-transfected cells,
but not with PRMT1 and E220Q or E153Q and PRMT2, implying that the combination of
enzymes can increase the formation of sDMA when PRMT1 is active. These dramatic increases
in methylarginines detected by tandem mass spectrometry was not shown by Western blotting
for aDMA in proteins (Figure A.8), so we were unable to pinpoint which substrates other than
histone H4 were methylated higher in response to ectopically-expressed PRMT1 and -2 as
compared to controls.

45

Figure 2.3.
PRMT1- and PRMT2-dependent increases in cellular methylarginines. Cell lysates from
transfected HeLa cells were prepared for tandem mass spectrometry to quantify protein-associated MMA, aDMA
and sDMA. Concentrations are reported after background subtraction from the vector-only control. The set of bars
on the far right shows the sum of PRMT1 and -2 groups to reveal the synergistic methylation with PRMT1/2 and
PRMT1/E220Q groups. Values represent the mean and standard deviation (n = 4). Due to large differences in
analyte concentrations, the right y-axis is scaled for MMA and sDMA, and the left y-axis is scaled for aDMA.

PRMT1 and -2 interact in vitro and in cells. To confirm a direct interaction between
PRMT1 and -2 implied by in vitro experiments described above, I performed in vitro coimmunoprecipitation experiments between wild type and inactive mutants of PRMT1 and
PRMT2. Regardless of whether the enzymes were wild type or mutant, the immunoprecipitated
proteins were enriched above the level of the IgG controls (Figure 2.4A).

These results

demonstrated that PRMT1 and PRMT2 can interact directly in the absence of both AdoMet and
protein substrates. Moreover, the in vitro interaction between these enzymes was not dependent
upon their enzymatic activities based on binding results with E153Q and E220Q mutants.
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I then tested if PRMT1 and -2 interact in cells. I expressed HA-tagged PRMT1, E153Q,
PRMT2, and E220Q in HeLa cells, immunoprecipitated the HA-tagged proteins, and performed
Western blots for endogenous PRMTs. Consistent with the in vitro co-immunoprecipitation
results, endogenous PRMT2 was co-immunoprecipitated with HA-tagged PRMT1 or E153Q
(Figure 2.4B).

Similarly, endogenous PRMT1 was co-immunoprecipitated with HA-tagged

PRMT2 or E220Q (Figure 2.4C). These results suggest that PRMT1 and -2 interact in cells as
well. I also noticed that endogenous PRMT2 was also co-immunoprecipitated with HA-tagged
PRMT2 or E220Q (Figure A.9A).
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Figure 2.4.
PRMT1 and -2 co-immunoprecipitate in vitro and in cells. (A) Indicated combinations of
PRMTs (0.5 µg each) were pre-incubated at 37 ˚C for 1 h in methylation buffer and subsequently
immunoprecipitated with anti-PRMT2 antibody, or with mouse IgG (negative control). Immunoprecipitates were
immunoblotted with either anti-PRMT1 (top) or anti-PRMT2 (bottom) antibodies. (B) HA-PRMT1 and HA-E153Q
were expressed in HeLa cells and cell lysate was immunoprecipitated with anti-HA antibody, or with mouse IgG
(negative control). Immunoprecipitates were immunoblotted with anti-PRMT2 (top) or anti-HA (bottom)
antibodies. (C) HA-PRMT2 or HA-E220Q was expressed in HeLa cells, and cell lysate was immunoprecipitated
with anti-HA antibody, or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with antiPRMT1 (top) or anti-HA (bottom) antibodies. Non-specific bands are labeled with red asterisks.
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Visualization of PRMT interactions in cells. In order to capture potential interactions
between PRMTs in cells, I employed a technique that was initially pioneered by Regan and
coworkers, who showed that the stable reconstitution of green fluorescent protein (GFP) from its
N- and C-terminal fragments (i.e., separate polypeptides) is only mediated by interacting proteins
attached to each fragment of GFP (138, 139). Kerppola and coworkers adapted this concept to
fluorescence microscopy in mammalian cells, which is referred to as bimolecular fluorescence
complementation (BiFC) (140). BiFC has since emerged as a powerful tool for capturing images
of specific and even transient protein-protein interactions in cells (141-144). An important
feature of this technique is that requisite post-translational modifications, sub-cellular
localization, and association with other proteins that may facilitate specific protein binding can
occur within the native environment provided by the mammalian host cell. Expression vectors
that produce N- and C-terminal fragments of the fluorescent protein mCitrine (145) fused to wild
type and mutant PRMTs were designed to test for reconstituted fluorescence as evidence of
PRMT-PRMT interactions in cells. Negative control vectors were devoid of PRMT genes.
Using BiFC in HeLa cells that were transiently co-transfected with mCitrineN-PRMT1 and
PRMT1-mCitrineC (Figure 2.5A), I observed robust fluorescence signal via confocal microscopy
that provides direct evidence that PRMT1 has the capacity to self-associate in the nucleus of
cells (Figure 2.5Bi).

When PRMT2 was tested in different BiFC combinations, only co-

expression of mCitrineN-PRMT2 and PRMT1-mCitrineC resulted in a fluorescence signal
(Figure 2.5Biv), revealing a potential orientation-specific interaction between PRMT1 and -2.
Although

detected

in

co-immunoprecipitation

experiments

(Figure

A.9A),

PRMT2

homodimerization with BiFC was not observed (Figure 2.5Bv). This result may be a function of
the inability of PRMT2-mCitrineC to form any BiFC interactions despite its successful
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expression in cells (data not shown). Additionally, the mCitrineN-PRMT1/ PRMT2-mCitrineC
pair did not produce any above-background signal as well (Figure 2.5Bii), which may have been
caused by insufficient expression of mCitrineN-PRMT1 (Figure A.10): this scenario is unlikely
because the fusion protein was capable of participating in other BiFC complexes. In order to
demonstrate that BiFC was selective for PRMT-PRMT interactions, HeLa cells were cotransfected with mCitrineN-Only or mCitrineC-Only in combination with mCitrine fragments
attached to PRMTs, and these cells exhibited low-level background fluorescence (Figure 2.5Biii,
Figure 2.5Bvi- Figure 2.5Bix). Therefore, fluorescence signals generated from PRMT1 and
PRMT1/2 complexes represent specific protein-protein interactions in HeLa cells.
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Figure 2.5.
Visualization of PRMT1 and -2 interactions via BiFC. (A) An illustration of BiFC fusion
proteins used in these experiments. (B) HeLa cells were co-transfected with the two constructs indicated in columns
and rows (representative images are shown). The left image of each panel shows the formation of a BiFC complex.
The right image of each panel shows an overlay of BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin
(red). The scale bar indicates 10 µm.
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PRMT domains required for BiFC complex formation in cells. Having established an
interaction between human PRMT1 and -2, I sought to determine the structural features
important for their binding. Although no structure of the PRMT2 catalytic core has been solved,
its 64% sequence similarity to PRMT1 within the arm region (PRMT1: residues 188-222;
PRMT2: residues 256-294) evokes the possibility that PRMT2 may exhibit a similar binding
modality (Figure 1.5). In order to test this hypothesis, BiFC constructs of PRMT1 and -2 lacking
their respective dimerization arms were co-transfected in combination with wild type enzymes
(Figure 2.6A). Consistent with results from a previous study that showed the requirement of the
dimerization arm for PRMT1 oligomerization (22), the PRMT1∆188-222 mutant did not yield
any fluorescence indicative of a PRMT1 complex (Figure 2.6Bi and Figure 2.6Bii) or PRMT1/2
complex (Figure 2.6Bv).

These negative BiFC results were not due to unsuccessful co-

transfection of HeLa cells since these proteins were detected by Western blot analysis (Figure
A.10). Some fluorescence signal in cells expressing the mCitrineN-PRMT2∆256-294/ PRMT1mCitrineC pair were detected; however, co-immunoprecipitation results between HAPRMT2∆256-294 and endogenous PRMT1 did not show any interaction (Figure A.9B), making
our results pertaining to the dimerization arm of PRMT2 inconclusive.
I explored the possibility that the SH3 domain of PRMT2 may mediate complex formation.
Clarke, Bedford and coworkers had previously shown that the PRMT2 SH3 domain could
interact with the N-terminus of PRMT8, which contains two stretches of proline-rich amino acid
sequences (42). Even though PRMT1 does not contain any polyproline sequences, perhaps the
SH3 domain of PRMT2 could potentially mediate an interaction with PRMT1. Therefore, the
BiFC construct in which the PRMT2 SH3 domain was deleted (ΔSH3PRMT2) was cotransfected with PRMT1-mCitrineC to explore this possibility. As shown in Figure 2.6Bvii,
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even without its SH3 domain PRMT2 was still able to form the BiFC complex with PRMT1.
This result indicates that the SH3 domain was not directly responsible for the interaction between
PRMT1 and -2.
PRMT activity requirements for BiFC complex formation in cells. To further explore
conditions that affect PRMT-PRMT interactions in HeLa cells, BiFC constructs of E153Q and
E220Q mutants were employed (Figure 2.7A). Cells expressing combinations of wild type and
mutant PRMT1 showed BiFC signals (Figure 2.7Bi, Figure A.11i, and Figure A.11ii), indicating
that enzyme activity from one or both subunits was not a requirement for self-association. When
E153Q was tested with PRMT2, no above-background fluorescence was observed (Figure
2.7Bii), thus directly implicating PRMT1 activity as a requirement for the formation of the BiFC
complex between PRMT1 and -2 in cells. This result contrasts with the co-immunoprecipitation
results for E153Q and PRMT2 for which an interaction was detected (Figure 2.4), revealing that
PRMT1 inactivity from the E153Q mutation prevented reassembly of fluorescent protein
fragments. Interestingly, when the combination of E153Q and ΔSH3PRMT2 was tested for
BiFC, a predominantly nuclear fluorescence signal was observed (Figure 2.7Biii). The results of
these pairings imply that the BiFC complex between PRMT1 and -2 requires PRMT1 activity,
but not when the SH3 domain of PRMT2 is removed.
The E220Q mutation behaved similarly to wild type PRMT2 in the BiFC assay with wild
type PRMT1 (Figure A.11iii) and E153Q (Figure 2.7Biv). These results indicate that PRMT2
activity is not required for its interaction with PRMT1 and does not contribute to formation of
the PRMT1/2 complex.
Since the PRMT1 E153Q mutation prevented its interaction with full length PRMT2, I
wanted to see if small-molecule inhibition of methyltransferase activity could also affect the
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interaction between PRMT1 and -2. Thus, I tested these BiFC combinations in the presence of
20 µM AdOx, which raises the intracellular levels of S-adenosyl-L-homocysteine to globally
inhibit the methylation of arginine residues and other AdoMet-dependent enzyme substrates (35,
63). HeLa cells grown in AdOx did not appear to affect BiFC complex formation for PRMT1
constructs (Figure 2.7Bv), thus providing further evidence that PRMT1 activity is not essential
for its self-association. When PRMT1 was tested for BiFC with PRMT2 in AdOx-treated cells,
however, little if any fluorescence was observed (Figure 2.7Bvi and Figure 2.7Bviii). This result
is similar to what occurred between both wild type and mutant versions of PRMT2 and E153Q
(Figure 2.7Bii and Figure 2.7Biv), and it is also consistent with the result for the PRMT1/2 coimmunoprecipitation performed in AdOx-treated cells for which no enrichment over background
was observed (Figure 2.8A). In contrast, deletion of the PRMT2 SH3 domain did not affect its
interaction with PRMT1 in the presence of AdOx as determined by BiFC (Figure 2.7Bvii) and by
co-immunoprecipitation (Figure 2.8B), providing additional evidence that the interaction
between PRMT1 and -2 exhibits an SH3-dependent sensitivity to the state of methylation within
the cell.
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Figure 2.6.
Effects of domain deletions in PRMT1 and -2 on BiFC complex formation. (A) An
illustration of BiFC fusion proteins used in these experiments. (B) HeLa cells were co-transfected with the two
constructs indicated in the columns and rows (representative images are shown). The left image of each panel
shows the formation of a BiFC complex. The right image of each panel shows an overlay of BiFC (green), DAPI
(blue), and fluorescence-labeled phalloidin (red). The scale bar indicates 10 µm.
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Figure 2.7.
Effects of catalytically inactive PRMT1 and -2 on BiFC complex formation. (A) An
illustration of BiFC fusion proteins used in these experiments. (B) HeLa cells treated with or without 20 µM AdOx
were co-transfected with the two constructs indicated in the columns and rows (representative images are shown).
The left image of each panel shows the formation of a BiFC complex. The right image of each panel shows an
overlay of BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin (red). The scale bar indicates 10 µm.
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Figure 2.8.
Co-immunoprecipitations of PRMT1 and PRMT2 in hypomethylated cells. (A) HA-PRMT1
was expressed in HeLa cells treated with 20 µM AdOx, and cell lysate was immunoprecipitated with anti-HA
antibody, or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with anti-PRMT2 (top)
or anti-HA (bottom) antibodies. (B) c-Myc-∆SH3PRMT2 was expressed in HeLa cells treated with or without 20
µM AdOx, and cell lysate was immunoprecipitated with anti-Myc antibody, or with mouse IgG (negative control).
Immunoprecipitates were immunoblotted with anti-PRMT1 (top) or anti-Myc (bottom) antibodies. Non-specific
bands are labeled with red asterisks.
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2.4

Discussion
Activated PRMT1 via PRMT2 association. The observation that PRMT1 is responsible

for the bulk of total arginine methylation activity in cells (29, 35) suggests two possibilities: (i)
PRMT1 is the enzyme solely responsible for most of this activity, or (ii) most of the activity is
dependent on PRMT1, but not to the exclusion of other PRMTs. In this study a novel interaction
between PRMT1 and -2 has been identified, providing evidence for the latter possibility in which
PRMT1 shoulders most of the burden of transferring methyl groups as an activated complex with
PRMT2.
Some studies have indicated that PRMT2 function in cells may be independent of any
enzymatic activity, as in the cases where PRMT2 in complex with the retinoblastoma gene
product RB is shown to repress the transcriptional activity of E2F1 (128), or where it is
demonstrated to promote apoptosis by retaining IκB-α in the nucleus and prevent NF-κBdependent transcription (32). The transcriptional co-activator functions of PRMT2, however,
have been shown to require a functional enzyme (45, 126, 127). The ability of wild type and
catalytically inactive PRMT2 to potentiate PRMT1 activity in vitro supports an interaction
between the two enzymes in which PRMT2 plays a scaffolding role for PRMT1. This role is
further supported by the observed increase in methylarginine levels when PRMT2 as wild type or
inactive mutant was overexpressed in HeLa cells (Figure 2.3).

The fact that sDMA also

increased along with aDMA and MMA implies that PRMT5 activity or expression may have
been affected by the PRMT2-dependent activation of PRMT1.
The role that PRMT2 played in activating PRMT1 in cells appeared to result from its
ability to serve as a subunit of a heteromeric complex as demonstrated in our in vitro studies.
The apparent kinetic parameters for both combinations of PRMT1 with either E153Q or E220Q
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mutants showed augmented Vmax and kcat values compared to PRMT1 alone (Table 2.1), and
differences in KM values for PRMT1 towards histone H4 and AdoMet. Similar changes in
enzymatic activity and substrate specificity have been observed with PRMTs based on
interactions with other proteins. For example, immediate-early/primary response gene products
have been shown to modulate PRMT1 activity (7). In addition, the substrate preference of
PRMT5 can change depending on its interaction with either co-factor protein pICln or MEP50
(146). It follows then that other heteromeric complexes involving PRMT1 may form and exhibit
altered activity and/or substrate specificity. In this study we can only speculate that the increases
in PRMT1 activity with excess PRMT1 or PRMT2 subunits (Figure 2.2 and Figure 2.3) can be
attributed to the formation of higher order oligomeric structures, perhaps resembling complexes
observed for crystal structures of PRMT1 and its yeast homologue (22, 25).
PRMT1 and -2 associations in cells. The association between endogenous PRMT1 or 2
and HA-tagged PRMT1 or 2 from HeLa cells was demonstrated by Western blot analysis after
co-immunoprecipitation (Figure 2.4B and Figure 2.4C). This interaction can barely be seen in a
Western blot from another study where GFP-PRMT1 was co-immunoprecipitated from cells
with GFP-PRMT2 using anti-PRMT2 antibodies (21), indicating that the interaction between
PRMT1 and -2 may be transient with weaker binding affinity than what has been observed for
PRMT1 and -6 homodimers (135). The use of BiFC in this instance has provided for an
alternative means to capture direct partnering between PRMT1 subunits, as well as between
PRMT1 and -2 subunits. Since deletion of the SH3 domain on PRMT2 did not eliminate
complex formation, I was able to rule it out as a possible binding module directly responsible for
the PRMT1/2 interaction Figure 2.6Bvii). Despite the fact that two PRMT2 subunits did not
form a BiFC complex (Figure 2.5Bv), I was able to co-immunoprecipitate endogenous PRMT2
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with HA-tagged PRMT2 (Figure A.9A). Indeed, Fackelmayer and coworkers as well as our own
group have previously reported evidence for PRMT2 dimerization (9, 21).
In this study I used only one of the seven PRMT1 splice variants, PRMT1v1 (73). Both
PRMT1v1 and PRMT2 do not contain nuclear localization signals within their sequences, but it
is possible that the observed complexes may initially associate in either cytoplasmic or nuclear
compartments and become trapped in the nucleus (Figure 2.5Bi and Figure 2.5Biv). I am aware
that differences in the efficiency of fixation for organelles from experiment to experiment have
been reported as a source of potential artifacts in the localization of soluble proteins (147).
PRMT1, 2, and ΔSH3PRMT2 expressed individually in HeLa cells as fusions with full-length
mCitrine were localized in both cellular compartments consistent with previous results (13), and
this pattern was not altered when cells co-expressed mCitrine-PRMT1 and mCitrine-PRMT2
(Figure A.12).

Fackelmayer and co-workers have demonstrated that PRMT sub-cellular

localization can be different depending on the cell type (21). Thus, it is unclear if the mostly
nuclear localization of BiFC complexes for PRMT1 and -2 observed in HeLa cells is
representative of where they may reside in other cells.

Additionally, PRMT1 isoforms

characterized by Côté and coworkers that exhibited distinct sub-cellular localizations,
particularly the PRMT1v2 isoform bearing a nuclear export signal that localizes it to the
cytoplasm (73), may impact where PRMT1 interactions present as BiFC complexes in cells.
I have initiated experiments to see if PRMT2 can interact with any of the seven PRMT1
isoforms. My preliminary result indicates that a BiFC complex between PRMT2 and PRMT1v2
forms in both the cytoplasm and the nucleus (Figure A.13A, panel b), indicating that PRMT1v2
can be retained in the nucleus by interacting with PRMT2. Additionally, PRMT2 interacts with
PRMT1v5 predominantly in the nucleus similar to what was observed with PRMT1v1 (Figure
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A.13A, panel a, and Figure A.13A, panel d). The BiFC signal for PRMT2 and PRMT1v7
appears to concentrate in some type of nuclear granule structures (Figure A.13A, panel f).
Lastly, only weak fluorescence signals at a comparable level to background fluorescence (Figure
A.13A, panel g) was captured when mCitrineN-PRMT2 and PRMT1v4-mCitrineC or
PRMT1v6-mCitrineC were co-expressed in HeLa cells (Figure A.13A, panel c, and Figure
A.13A, panel e).
BiFC complexes formed from combinations of PRMT1 isoforms showed a range of
different distributions within HeLa cells (Figure A.13A, panels h to y), including the nucleus
(Figure A.13A, panel h, Figure A.13A, panel n, Figure A.13A, panel f), the cytoplasm (Figure
A.13A, panel o, Figure A.13A, panel u, and Figure A.13A, panel v), large perinuclear
cytoplasmic aggregates (Figure A.13A, panels h-m, p-s, and w-y), and nuclear granules (Figure
A.13A, panel m, Figure A.13A, panel s, and Figure A.13A, panel y).

To test whether

PRMT7v7-mCitrineC interacts with mCitrineN-PRMT2 or the other mCitrineN tagged PRMT1
isoforms in the nucleolus, HeLa cells co-expressing mCitrineN-PRMT1v7 and PRMT1v7mCitrineC were immunostained with the nucleolar marker Nop1 (Figure A.13B), which showed
that these BiFC complexes do not localized to the nucleolus. Since all PRMT1v7-mCitrineCcontaining BiFC complexes appeared to accumulate in large cytoplasmic and nuclear aggregates,
it is possible that these aggregates are artifacts resulting from the expression of PRMT1v7mCitrineC.
Methylation-dependent mediation of PRMT1/2 complex formation.

The inactive

PRMT1 E153Q mutant has been previously shown to exhibit similar oligomeric structure and
AdoMet binding ability to that of the wild type enzyme (22). Using this mutation in our BiFC
assay confirmed that PRMT1 self-association is independent of its catalytic activity (Figure
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2.7Bi, Figure A.7i, and Figure A.7ii). AdOx treatment to reduce the methylation potential of the
cell also did not impact PRMT1 pairing (Figure 2.7Bv), which is consistent with the finding
from Fackelmayer and coworkers that a PRMT1-GFP fusion protein maintains a presence in a
high molecular mass complex with or without AdOx treatment (21). In contrast, the interaction
between PRMT1 and -2 was solely dependent upon PRMT1 activity as determined either by
inactive mutant E153Q (Figure 2.7Bii, Figure 2.7Biv, and Figure A.7iii), as well as by AdOx
treatment (Figure 2.7Bvi, Figure 2.7Bviii, and Figure 2.8A). Unlike PRMT1, AdOx treatment
was shown to significantly reduce the mobility of PRMT2-GFP in cells, indicating, as the
authors point out, that PRMTs respond differently to the accumulation of unmethylated
substrates (21). In this study I have found that the interaction between PRMT1 and -2 appeared
sensitive to the methylation state of one or more unknown substrates, which were presumably
modified by PRMT1 based on evidence presented above.
A deletion of the SH3 domain in PRMT2 had restored PRMT1/2 complex formation
regardless of PRMT1 inactivity or AdOx treatment. These results imply that the recognition of
SH3 domain ligands, possibly as methylated substrates, impacts PRMT1/2 complex assembly. I
propose that the SH3 domain or another mediator bearing a proline-rich sequence to which the
SH3 domain can bind controls the formation of the complete complex.
A handful of PRMT2 SH3 domain ligands that are also methyl acceptors have already been
identified. The first ligand shown to bind to PRMT2 through its SH3 domain is the arginine
methyltransferase substrate hnRNP E1B-AP5, an interaction that is initially found via a yeast
two-hybrid

screen

and

demonstrated

using

co-immunoprecipitation

and

in

situ

immunofluorescence (43). In a protein domain microarray an immobilized GST-SH3 (PRMT2)
was able to tightly bind to the core small nuclear ribonucleoprotein SmB´ and Sam68 (125), both
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of which contain poly-proline stretches that are known recognition sequences for SH3 domain
binding (123). Indeed, the proline-rich N-terminus of PRMT8 has also been shown to bind to the
PRMT2 SH3 domain (42). Recently, a yeast two-hybrid screen identified an interaction between
the PRMT2 SH3 domain and mammalian cleavage factor I (CF Im59), which is an hnRNP and
PRMT substrate that contains poly-proline sequences (146). Given the importance of the SH3
domain in mediating interactions for PRMT2, it is conceivable that the methylation state of
specific substrates affects the interaction between PRMT1 and -2. The association of PRMT1
with its substrates such as hnRNP U (87) and Sam68 (95) suggests that these RNA-binding
proteins are ideal candidates to serve an additional scaffolding role in mediating the interaction
between PRMT1 and -2. Sam68 has been shown to bridge the interaction between PRMT1 and
the Mixed Lineage Leukemia oncogenic complex (MLL-EEN) as a required scaffold for
hematopoietic cell transformation, and mediating this interaction is the SH3 domain from MLLEEN binding to poly-proline sequences in Sam68 (148). Since the SH3 domain is a unique
feature of PRMT2 within its enzyme family, the identification of its endogenous ligands will aid
in our understanding of its role in PRMT2 interactions.
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3

Identification of Potential Binding Partners of the PRMT2 SH3
Domain3

3.1

Introduction
In the previous Chapter, I illustrated an example for a heteromeric PRMT complex, in

which PRMT1 and -2 interact and result in an increased PRMT1 enzymatic activity. Evidence
presented in Chapter 2 suggested that the PRMT2 SH3 domain, though was not required for the
PRMT1/-2 interaction, may regulate this heteromeric PRMT complex formation by directing the
associations among the PRMT2 subunit of the PRMT1/-2 complex and other PRMT2-associated
proteins in a methylation-dependent fashion. In order to gain a better understanding of the
formation mechanism of the PRMT1/-2 complex, I attempted to identify proteins interacting
with PRMT2 through the PRMT2 SH3 domain. The PRMT2 SH3 domain-associated proteins,
especially the ones that sense the methylation state in cells, are likely to be plausible regulators
of the PRMT1/-2 complex. Additionally, recognizing the interacting partners of PRMT2 will
help us to explore the functions of the less studied PRMT2 as well as the newly discovered
heteromeric PRMT1/-2 complex.
In this Chapter, I will present a list of PRMT2 SH3 domain-associated proteins I have
identified using GST-pull down assays. The fact that the majority of these identified PRMT2
3

The DNA constructs GST-SH3(Abl) and GST-SH3(PRMT2) used for the GST-pull down study were gifts from Dr.
Mark Bedford. A summer student, Jenny J. Kim expressed and purified GST-SH3(PRMT2). Kristina Hüsecken
expressed and purified GST-SH3(Abl). Another summer student, Daisy Ji helped with the DNA construct design,
expression and purification of the GST protein.
The PRMT1 knockdown HeLa cells were gifts from Dr. Jocelyn Côté. The mouse embryonic fibroblasts (MEFs)
and the PRMT2 knockout MEFs were gifts from Dr. Maria Hatzoglou.
The LC-MS/MS proteomic study was preformed in the Proteomics Core Facility at UBC. The Core Facility
manager, Suzanne C. Perry digested the protein samples and ran them on a LC-MS/MS followed by a MASCOT
database search.
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SH3 domain-associated proteins are splicing-related factors suggests that PRMT2 could play a
potential role in pre-mRNA processing. A previously reported PRMT2 SH3 domain binder
(125), Sam68 has also been identified in my GST-pull down assays. Moreover, the results
presented in this Chapter reveal that Sam68, a known PRMT1 substrate (95), interacts with
PRMT2 possibly through the PRMT2 SH3 domain in cells; and this interaction appears to affect
the subcellular localization of Sam68 in HeLa cells treated with or without AdOx.
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3.2

Methods
DNA constructs.

A DNA construct coding for the glutathione-S-transferase (GST)

protein from Schistosoma japonicum was generated by inserting a stop codon at the 3’ end of the
GST coding sequence in the pET41a(+) plasmid (Novagen) using the QuickChange site-directed
mutagenesis method (Agilent Technologies) (see Table A.2 for primer sequences). pGEX-GSTSH3(Abl) and pGEX-GST-SH3(PRMT2) were gifts from Dr. Mark Bedford.
Protein expression and purification.

Recombinant proteins GST, GST-SH3(Abl),

and GST-SH3(PRMT2) were expressed in E. coli and purified using previously described
methods (9, 135).
GST-pull down. Cells were harvested and lysed as described in section 2.2. Sample
lysates containing 10 mg total protein from HeLa cells, or 2 mg total protein from wild type
mouse embryonic fibroblast (MEFs), PRMT2-/- MEFs, and induced or non-induced PRMT1
knock-down HeLa cells were incubated with 100 µg of GST, GST-SH3(Abl), or GSTSH3(PRMT2) in co-IP buffer [50 mM HEPES (pH 7.4), 150 mM NaCl, 1x proteases inhibitor
cocktail (Roche)] at 4 °C for 2 hours with rotation.

A volume of 50 µL of pre-washed

glutathione (GSH)-sepharose (Genescript) was then added to each mixture. The GST pull down
experiments were carried out at 4 °C for 2 hours with rotation in co-IP buffer with 0.1% NP-40
(Sigma). The resin was then washed five times with 1 mL of PBS (Gibco) with 0.01% NP40. The bound proteins were eluted with 50 µL of 50 mM Tris-HCl (pH 8.0) and 10 mM
reduced GSH (Sigma). For the negative control, cell lysate added to GST protein (100 µg) in coIP buffer with 0.1% NP-40 was also incubated with 50 µL of pre-washed GSH-sepharose, and
the samples were processed in the same way as for the experimental groups. Eluents from GSTpull downs were loaded onto two 10% SDS-PAGE gels. Proteins were visualized by Colloidal
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Coomassie Blue stain on one gel. Six unique bands in GST-SH3(PRMT2) pull down were
excised and submitted for identification by LC-MS/MS. Resolved proteins on the other 10%
SDS-PAGE gel were transferred to a piece of PVDF membrane and blotted for aDMA using a
polyclonal anti-aDMA antibody (Active Motif).

Goat anti-rabbit IgG-HRP (Santa Cruz)

antibody and ECL Western blotting detection reagents (GE Healthcare) were used for protein
visualization.
For micrococcal nuclease (MNase) treatment of lysates to disassemble protein complexes
dependent on RNA or DNA, 4 mg total protein from HeLa or HEK 293 cell lysates were
supplemented with 5 mM CaCl2 and then treated with 10,000 gel units of micrococcal nuclease
(M0247S, New England BioLabs) at 37°C for 30 minutes.

GST-pull down assays were

performed with the MNase-treated cell lysates as described above. Cell lysates without MNase
treatment were used as additional controls.
Proteomic study. The six isolated gel slices as well as a slice of gel cut from an empty
lane on the same 10% SDS-PAGE gel were submitted to the Proteomics Core Facility within the
Centre for High-Throughput Biology at UBC for de novo sequencing of unique PRMT2 SH3
domain-associated proteins using LC-MS/MS. The samples were digested with trypsin and
desalted using ZipTip (Millipore) C-18 cartridges. Tryptic fragments were analyzed by an API
QSTAR PULSARI Hybrid LC-MS/MS and identified by a human database search using the
MASCOT (Matrix Science) search engine. Identified peptide sequences considered insignificant
(p≥0.05) based on MASCOT scoring or found in the negative control were eliminated from the
list of hits.
Far Western blotting.

Cell lysates containing approximately 30 µg total protein

from HeLa, HEK 293, MEF, PRMT2-/- MEF, and induced or non-induced PRMT1 knockdown
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HeLa cells were loaded onto a 10% SDS-PAGE gel and proteins were resolved by gel
electrophoresis. Proteins were then transferred onto a piece of nitrocellulose membrane, and
were denatured and re-natured on the membrane as previously described (149). The membrane
was blocked with 5% TBS-milk solution at 37°C for 1 h, and was subsequently incubated with
purified GST-SH3(PRMT2) (0.5 µg) in 5 ml PBS buffer at 4°C overnight. Unbound bait GSTSH3(PRMT2) was washed off by rinsing the membrane three times (10-min wash each time)
with TBST buffer. The blot was then incubated with an anti-GST antibody (sc-33613, Santa
Cruz) at a 1:500 dilution at room temperature for 1 h, washed with TBST three times (10-min
wash each time). Goat anti-rabbit IgG-HRP (Santa Cruz) and ECL Western blotting detection
reagents (GE Healthcare) were used for protein visualization.
Immunoprecipitation and Western blotting. HA-PRMT2 and HA-ΔSH3PRMT2 were
overexpressed in HeLa cells as previously described (150). HeLa cells were harvested 72 h after
transfection using hypotonic lysis buffer, and the cell lysates were fractionated into cytoplasmic
and nuclear fractions as described in (151). Cell lysate (700 µg protein for the cytoplasmic
lysate and 250 µg protein for the nuclear lystate) was aliquoted and the buffer was adjusted to 50
mM HEPES-KOH, 150 mM NaCl. Aliquoted cell lysate was then supplemented with 2.0 µg of
monoclonal anti-HA antibody (HA-7, Sigma) or mouse IgG (15381, Sigma), and the volume was
adjusted to 0.6 mL with co-IP buffer [50 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 1x protease
inhibitor cocktail (Roche #04693132001)]. The protein/antibody mixtures were incubated at 4
°C for 16 h with rotation. The cell lysate/ antibody mixture was added to 50 µL pre-washed
protein G-sepharose (Invitrogen) and was rotated at 4 °C for 2 h. Subsequently, the resin was
washed thoroughly with 0.05% (v/v) Tween 20 in PBS five times before the bound proteins were
eluted in SDS-PAGE sample buffer.
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For Western blots, proteins were separated on 10% SDS-PAGE gels, transferred to PVDF
membranes, and then blotted with a polyclonal anti-Sam68 antibody (Santa Cruz). Goat antirabbit IgG-HRP (Santa Cruz) and ECL Western blotting detection reagents (GE Healthcare)
were used for protein visualization.
Immunofluorescence and confocal microscopy. Approximately 1.0 × 107 HeLa cells
were transiently transfected with pcDNA3.1(+)/Neo-mCitrine-PRMT2 or pcDNA3.1(+)/NeomCitrine-ΔSH3PRMT2 (24 µg) using Lipofectamine 2000 (Invitrogen) per the manufacturer’s
instructions. The Opti-MEM medium was replaced with standard growth medium (DMEM
supplemented with 5% FBS, 50 units/mL penicillin, and 50 µg/mL streptomycin) 8 h posttransfection. The transfected cells were split 24-h post-transfection and re-seeded onto a 12-mm
microscope cover glass (Fisher) coated with poly-D-lysine (Sigma) in a 24-well plate in standard
growth medium. To inhibit cellular methylation, cells were treated with 20 µM AdOx at this
point. The cells were then allowed to grow to 80% confluency for an additional 24 h before
fixation with a 4% paraformaldehyde solution in PBS.
The cell membrane was permeabilized by incubating the cells in 0.1% Triton X-100 in
PBS at room temperature for 5 min, followed by three 5-min washes with PBS. To block nonspecific binding of the antibody, the cells were incubated in 1% BSA (w/v) in PBS at room
temperature for 30 min. The cells were first blotted with an anti-Sam68 antibody (Santa Cruz) at
1:50 dilution, then with an Alexa Fluor 546-conjugated goat anti-rabbit secondary antibody
(Invitrogen) at a 1:1000 dilution, both in 1% BSA (w/v) in PBS with 0.1% Tween-20 (v/v)
(PBST) at room temperature for 1 h, with three 5-min washes in between each step.
Subsequently, the cells were stained with 50 nM DAPI at room temperature for 10-min before
they were washed and mounted on microscope slides (Fisher). Cell images were captured using
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a FluoView FV10i confocal microscope (Olympus) with an oil lens at 60x magnification, and
were processed with ImageJ software (NIH image).
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3.3

Results
PRMT2 SH3 domain-associated proteins.

To identify potential PRMT2-protein

interactions mediated through the PRMT2 SH3 domain, I performed a GST-pull down assay
using the purified GST tagged SH3 domain region of PRMT2 [GST-SH3(PRMT2)]. The GSTSH3(PRMT2) was allowed to bind with proteins in HeLa cell lysate for 2 hours, then the protein
complex was immobilized, washed, eluted, and visualized on a 10% SDS-PAGE gel. GST-pull
down assays using the purified GST tagged SH3 domain region of a tyrosine kinase, Abl [GSTSH3(Abl)], or the purified GST tag itself as baits were also performed in the same way as
positive and negative controls, respectively. As shown in Figure 3.1A, the GST-SH3(PRMT2)
and GST-SH3(Abl) pull downs showed similar protein banding patterns, which implies that the
two SH3 domains may recognize a similar array of ligands.

However, at least six bands

(indicated as red asterisks in the Figure 3.1A) were enriched in the GST-SH3(PRMT2) pull
down in comparison to the two controls, suggesting that the SH3 domain of PRMT2 may display
a unique binding selectivity towards some ligands. These six bands were isolated and proteins
within each band were identified by LC-MS/MS analysis. The PRMT2 SH3 domain-associated
proteins are listed in Table 3.1. A discussion of these proteins that interact with PRMT2 SH3
can be found later in this chapter.
Since PRMT2 has Type I methylation activity and interacts with the predominant
arginine methyltransferase PRMT1, I then tested the PRMT2 SH3 domain-associated proteins
for aDMA modifications by blotting them with an anti-aDMA antibody. Despite the similarity
in protein banding pattern between GST pull downs for the SH3 domains of PRMT2 and Abl,
the aDMA level in the PRMT2 SH3 domain pull down sample was higher (Figure 3.1B). The
fact that the banding pattern in the PRMT2 SH3 domain pull down by Colloidal Coomassie Blue
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staining reflected in the anti-aDMA blot implies that the majority of PRMT2 SH3 domainassociated proteins contain aDMA. These results indicate that PRMT2 may associate with Type
I PRMT substrates through SH3 domain-mediated interactions.
To further explore whether these PRMT2 SH3 domain-associated proteins directly
interact with the PRMT2 SH3 domain, a Far Western blotting experiment was conducted using
the purified GST-SH3(PRMT2) to probe protein from different cell lysates (Figure 3.1C). This
Far Western blot exhibited a similar banding pattern as that for GST-SH3(PRMT2) pull down
visualized by Colloidal Coomassie Blue stain (Figure 3.1A), suggesting that the PRMT2 SH3
domain directly interacts with most of its identified interacting partners.
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Figure 3.1.
PRMT2 SH3 domain-associated proteins contain aDMA. (A) Eluents of indicated GST-pull
down experiments were visualized by Colloidal Coomassie Blue stain of resolved proteins on a 10% SDS-PAGE
gel. Red asterisks indicate protein bands that were isolated for proteomic analysis. (B) aDMA content in pulled
down proteins was assessed by Western blot. (C) Total proteins in HEK293 and HeLa cell lysates were resolved on
a 10% SDS-PAGE gel, then transferred to a piece of nitrocellulose membrane and were subsequently denatured and
refolded on the membrane. GST-SH3(PRMT2) was allowed to incubate with proteins on the membrane for over
night at 4°C. Direct interactions in between PRMT2 SH3 domain and proteins on the membrane were detected by
blotting with an anti-GST antibody.
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Table 3.1.
Summary of identified PRMT2 SH3 domain binders. The PRMT2 SH3 domain binders
identified in our proteomic study have been listed. The known and identified arginine methylation states of these
proteins are indicated in the far right column. Proteins that are annotated as arginine methylated in both the Uniprot
database and in our proteomic study are indicated as (∗∗). Proteins that are annotated as arginine methylated in the
Uniprot database but not identified as arginine methylated in our proteomic study are indicated as (∗). Proteins that
are not annotated as arginine methylated in the Uniprot database but identified as arginine methylated in our
proteomic study are indicated as (Δ). Proteins that are neither annotated as arginine methylated in the Uniprot
database nor in our proteomic study are indicated as (-).
Gene Name

Protein Name

Sm/LsmCore snRNP protein
SNRPB

Small nuclear ribonucleoprotein-associated proteins B and B´

U1 snRNP-specific protein
SNRNP70

U1 small nuclear ribonucleoprotein 70 kDa

U2 snRNP-specific proteins
SNRPB2
SF3A1
SF3A2
SF3A3
SF3B3
DDX42

U2 small nuclear ribonucleoprotein B''
Splicing factor 3A subunit 1
Splicing factor 3A subunit 2
Splicing factor 3A subunit 3
Splicing factor 3B subunit 3
ATP-dependent RNA helicase DDX42

U4/U6.U5 snRNP-specific proteins
USP39

U4/U6.U5 tri-snRNP-associated protein 2

U11/U12 snRNP-specific proteins
PDCD7

Programmed cell death protein 7

Note
Major and minor spliceosomes
PxxP motif
Major spliceosome, spliceosomal E complex
RGG motif, clustered Arg-Ser dipeptides; PxxP motif
Major spliceosome, spliceosomal A complex
PxxP motif
Pro-rich domain
Pro-rich domain
PxxP motif
Also is a component of U11/U12 di-snRNP;PxxP motif
Also known as SF3B125; Also is a component of U11/U12 di-snRNP;PxxP motif
Major spliceosome, spliceosomal B complex
Arg-rich domain;PxxP motif
Minor spliceosome
Pro-rich domain

Arginine Methylation

Score

**

225

-

367

-

67
1142
541
130
528
122

-

67

-
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PxxP motif; Arg/Gly-rich domain
A known PRMT1 substrate; Pro-rich domain; KH domain
Pro-rich domain
PxxP motif; RGG motif
PxxP motif; RGG motif
PxxP motif
Forms a mRNA granule complex with hnRNP L, -R,-U, and HSPA1A; PxxP motif

**
*

515
64
89
158
118
484
362

Pro-rich domain
Arg/Ser-rich (RS) domain
Pro-rich domain, KH domain
Pro-rich domain
Pro-rich domain
PxxP motif; PWI domain; Arg-rich domain
Arg/Ser-rich (RS) domain
A known PRMT1 substrate; interacts with PRMT1 and -2; KH domain; Pro-rich domain
PxxP motif
Interacts with SFPQ and p54nrb; PxxP motif
Displays temperature-dependent chaperone activity

**
*
-

Known H complex components
FUS
HNRNPK
HNRNPL
HNRNPR
HNRNPU
HSPA1A
HSPA8

RNA-binding protein FUS
Heterogeneous nuclear ribonucleoprotein K
Heterogeneous nuclear ribonucleoprotein L
Heterogeneous nuclear ribonucleoprotein R
Heterogeneous nuclear ribonucleoprotein U
Heat shock 70 kDa protein 1A/1B
Heat shock cognate 71 kDa protein

*
*
-

Other splicing-related proteins
NONO
RBM39*
SF1
SFPQ
WBP11
RBM25
LUC7L3*
KHDRBS1
PUF60
PSPC1
HSPB1

Non-POU domain-containing octamer-binding protein
RNA-binding protein 39
Splicing factor 1
Splicing factor, proline- and glutamine-rich
WW domain-binding protein 11
RNA-binding protein 25
Luc7-like protein 3
Src-associated in mitosis 68 kDa protein
Poly(U)-binding-splicing factor PUF60
Paraspeckle component 1
Heat shock protein beta-1

-

1933
283
203
829
388
396
152
74
143
106
65

PxxP motif
Pro-rich domain
Pro-rich domain
A known PRMT2 substrate; Pro-rich domain

*

426
609
363
57

Molecular chaperone involved in folding of actin and tublin ; complexes with CCT4 and CC7
Molecular chaperone involved in folding of actin and tublin; complexes with CCT3 and CC7
Molecular chaperone involved in folding of actin and tublin; complexes with CCT3 and CC4

-

86
182
99

Regulates actin polymerization; Pro-rich domain
Induces actin polymerization and redistribution; participate in WASL regulation;Pro-rich domain

-

168
249

Proteins with roles in pre-mRNA metabolism processes linked to splicing
NUDT21
CPSF6
CPSF7
HNRNPUL1

Cleavage and polyadenylation specificity factor subunit 5
Cleavage and polyadenylation specificity factor subunit 6
Cleavage and polyadenylation specificity factor subunit 7
Heterogeneous nuclear ribonucleoprotein U-like protein 1

Possible splicing-related proteins
CCT3
CCT4
CCT7

T-complex protein 1 subunit gamma
T-complex protein 1 subunit delta
T-complex protein 1 subunit eta

Proteins without demonstrated role in splicing
WASL
Neural Wiskott-Aldrich syndrome protein
WIPF1
WAS/WASL-interacting protein family member 1
* Proteins do not contain any PxxP motif or Pro-rich domain
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To test whether the detected PRMT2 SH3 domain-mediated interactions require the presence
of endogenous PRMT1 or -2, the GST-SH3(PRMT2) pull downs were performed using PRMT1
knockdown HeLa cell (PRMT1 k./d.) lysate or PRMT2 knockout mouse embryonic fibroblast
(PRMT2 k./o. MEF) lysate. The patterns of PRMT2 SH3 domain-associated proteins in the
absence of endogenous PRMT1 or PRMT2 were almost identical. One band pulled down with
GST-SH3(PRMT2) in wild type HeLa cell lysate that migrated below the 75 kDa molecular
weight marker (annotated with an red asterisk) was not detected in the PRMT1 k./d. pull down
sample, while another band that migrated at a slightly lower molecular weight (annotated with an
red asterisk) was enriched in the PRMT1 k./d. pull down sample (Figure 3.2). It is reasonable to
speculate that a certain subset of the PRMT2 SH3 domain-mediated interactions is regulated by
endogenous PRMT1, possibly through the PRMT1/2 interaction. In the absence of endogenous
PRMT1, PRMT2 may exhibit altered affinities for certain binders.
Likewise, GST-SH3(PRMT2) pull downs performed with the wild type MEF or PRMT2
k./o. MEF lysates also demonstrated similar protein banding patterns with the exception that
three weakly-stained bands in the wild type MEF pull down (annotated with red asterisks) were
reduced in intensity or disappeared in the PRMT2 k./o. pull down (Figure 3.2). One possible
explanation for this observation is that the presence of endogenous PRMT2 can affect specific
interactions between the PRMT2 SH3 domain and its interacting partners.
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Figure 3.2.
PRMT2 SH3 domain-mediated interactions in the absence of endogenous PRMT1 or -2.
Eluents of indicated GST-pull down experiments using wild type cell lysates, or cell lysates containing no
endogenous PRMT1 or -2 as prey were visualized by Colloidal Coomassie Blue stain of resolved proteins on a 10%
SDS-PAGE gel. Red asterisks indicate unique protein bands detected only in the presence or absence of
endogenous PRMT1 or -2.

SH3 domain mediates PRMT2 interactions with splicing-related proteins. Since
many proteins in a total cell lysate can have similar apparent molecular weights, more than one
protein can be identified from an excised protein band. As shown in Table 3.1, thirty-seven
proteins have been identified from the six isolated protein bands that appeared enriched from the
GST-SH3(PRMT2) pull down (bands annotated with red asterisks in Figure 3.1A) by LCMS/MS analysis, however, the specific protein(s) responsible for the enrichment in protein band
intensities has yet to be determined. Interestingly, twenty-nine of these proteins were splicingrelated proteins, including components of both major and minor spliceosomes, spliceosome76

associated factors, RNA-binding proteins with demonstrated roles in splicing, and proteins
involved in pre-mRNA metabolism processes linked to splicing (annotation of biological
functions from UniProt database at www.uniprot.org, as well as from references herein). In
addition, six of the identified proteins could possibly take part in splicing based on the current
understanding on their functions and interacting partners. This result suggests that PRMT2 may
play a role in mRNA splicing and/or pre-mRNA processing.
Nucleic acids stabilize PRMT2 SH3 domain-mediated protein complexs. Since most
of the splicing-related proteins identified as PRMT2 SH3 domain-associated proteins are DNAand/or RNA-binding proteins (see references within the previous sections), I then tested whether
the presence of nucleic acids are required for the detected PRMT2 SH3 domain-mediated
interactions.
Micrococcal nuclease (MNase) is a relatively non-specific endonuclease that digests both
double- and single-stranded nucleic acids (152). Thus HeLa and HEK293 cell lysates were
subjected to MNase treatment in order to degrade the nucleic acids within these samples. The
GST-SH3(PRMT2) pull down assays were performed in a similar fashion as the one presented
above, but using the HeLa and HEK293 cell lysates treated with MNase as sources of total
protein. The proteins that bound to the PRMT2 SH3 domain in the absence of nucleic acids were
resolved and visualized on a 10% SDS-PAGE gel in parallel with the GST-SH3(PRMT2) pull
down samples obtained using cell lysates without MNase treatment. As shown in Figure 3.3, the
intensities of the pulled down bands decreased in both experiments performed with MNasetreated HeLa and HEK293 cell lysates when compared to those experiments done with nontreated cell lysates, whereas the patterns of bands in all samples appeared unchanged. The fact
that these PRMT2 SH3 domain-mediated interactions were sensitive to MNase treatment
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suggests the identified protein-protein interactions may be tethered by nucleic acids. Since the
banding patterns were not affected by the MNase treatment, it is possible that the presence of
nucleic acids is not a prerequisite for the SH3 domain-facilitated interactions. Instead, nucleic
acids may stabilize the PRMT2-associated splicing-related protein complexes.

Figure 3.3.
Micrococcal nuclease treatments affect PRMT2 SH3 domain-mediated interactions. HeLa or
HEK293 cell lysate was treated with micrococcal nuclease to digest nucleic acids. GST-pull down experiments
were performed using the corresponding cell lysates as labeled. Eluents of were visualized by Colloidal Coomassie
Blue stain of resolved proteins on a 10% SDS-PAGE gel. Red asterisks indicate protein bands enriched in the
presence of nucleic acids.
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Sam68 associates with the PRMT2 SH3 domain. One protein identified from the GSTSH3(PRMT2) pull down that caught my attention was Sam68. Sam68 has been identified as a
binder for the SH3 domain of PRMT2 in a large-scale screen using a protein-domain microarray
(125). Importantly, arginine methylation of Sam68 appeares to interrupt its binding with the
SH3 domain (125). Sam68 is a protein that is phosphorylated on its tyrosine residues and
functions as a substrate for Src family tyrosine kinases during mitosis. It has five proline-rich
domains and has been shown to associate with several SH3 domain-containing proteins (153).
Sam68 is also a substrate for PRMT1, and arginine methylation is essential for its nuclear
localization (95). Interestingly, it has been shown that Sam68 can interact with hnRNP A1 and
regulate alternative splicing (154, 155).
The association of Sam68 with the PRMT2 SH3 domain was confirmed by blotting the
GST-SH3(PRMT2) and GST-SH3(Abl) pulled-down proteins with an anti-Sam68 antibody.
Sam68 was detected in both GST-SH3 domain pull down samples, but not in the GST-alone pull
down control. Additionally, the level of Sam68 pulled down by the PRMT2 SH3 domain
appeared higher than by the Abl SH3 domain (Figure 3.4), suggesting that the PRMT2 SH3
domain may be selective for this ligand.

Figure 3.4.
GST-SH3(PRMT2) associates with Sam68. Eluents of indicated GST-pull down experiments
were resolved on a 10% SDS-PAGE gel and blotted with an anti-Sam68 antibody.
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Sam68, a newly confirmed PRMT2 binder. Since Sam68 associated with the SH3
domain of PRMT2, I then asked the question if the full length PRMT2 could also interact with
Sam68. If so, is the SH3 domain essential for such an interaction? To answer these questions, I
expressed either the HA tagged full-length PRMT2 or ΔSH3PRMT2 in HeLa cells. Since
Sam68 bears a nuclear localization sequence (NLS) and may have distinct functions in the
cytoplasm versus in the nucleus (156), the HeLa cell lysates expressing the ectopic HA tagged
full-length or truncated PRMT2 were separated into nuclear and cytoplasmic fractions. Then the
PRMT2 protein complexes in each sub-cellular fraction were immunoprecipitated using an antiHA antibody, and endogenous Sam68 was detected with an anti-Sam68 antibody. The co-IP
results indicate that only the full-length PRMT2 but not the PRMT2 lacking its SH3 domain was
able to pull down endogenous Sam68 in the nuclear fraction, and none of the epitope-tagged wild
type and mutant PRMT2 could co-immunoprecipitate Sam68 in the cytoplasmic fraction (Figure
3.5). However, we have noticed that HA-ΔSH3PRMT2 did not express in the nuclear fraction to
the same level as the full-length PRMT2 did, which may be part of the reason for why the SH3
deletion on PRMT2 did not associate with Sam68. In contrast, HA-ΔSH3PRMT2 expressed at a
comparable level as the HA-PRMT2 in the cytoplasmic fraction (Figure 3.5), which suggested
that the low expression level of HA-ΔSH3PRMT2 in the nucleus was unlikely to be caused by an
unsuccessful transfection but possibly due to the change in relative expression level in different
sub-cellular compartments when the SH3 domain of PRMT2 was removed. Nevertheless, the
GST-SH3(PRMT2) pull down and co-IP results suggest that the PRMT2 SH3 domain is
important for the PRMT2/Sam68 interaction, although the detailed mechanism for this
interaction requires further investigation.
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Figure 3.5.
PRMT2 and Sam68 co-immunoprecipitate in cells. HA-PRMT2 or HA-ΔSH3PRMT2 was
expressed in HeLa cells and cell lysate was fractionated into nucleus (top) and cytoplasm (bottom) fractions. Both
cell lysate fractions were immunoprecipitated with anti-HA antibody, or with mouse IgG (negative control).
Immunoprecipitates were immunoblotted with anti-Sam68 or anti-HA antibodies as indicated. Immunoblots blotted
with anti-Nop1 or anti-Actin antibodies were also preformed as negative controls for nuclear or cytoplasmic
proteins, respectively. The non-specific band is labeled with a red asterisk.
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PRMT2 affects Sam68 sub-cellular localization in hypomethylated HeLa cells. It has
been shown that arginine methylation of Sam68 by PRMT1 was required for its nuclear
localization in HeLa cells, and Sam68 accumulated in the cytoplasm in the presence of the
methylase inhibitor AdOx (95). I tested if PRMT2 plays a role in the sub-cellular localization of
Sam68. HeLa cells were transfected with mCitrine-PRMT1, mCitrine-PRMT2, or mCitrineΔSH3PRMT2 to enable visualization of the fluorescence protein fusions in situ. These cells
were allowed to grow either in standard growth medium or in the presence of 20 µM AdOx. The
sub-cellular localization of Sam68 in the transfected HeLa cells as well as in wild type HeLa
cells was then visualized by immunoblotting with an anti-Sam68 antibody followed by a
secondary antibody conjugated to Alexa Fluor 546. Figure 3.6A illustrates that Sam68 resides
predominantly in the nucleus in wild type HeLa cells as previously reported by Côté et al. (95).
However, these authors have also noticed an increase in cytoplasmic Sam68 in the presence of
1.0 mM AdOx dissolved in DMSO. In contrast, I did not observe any obvious change in Sam68
localization when the wild type HeLa cells were treated with 20 µM AdOx dissolved in PBS
(Figure 3.6A). Strikingly, only HeLa cells overexpressing mCitrine-PRMT2 (Figure 3.6C), but
neither those expressing mCitrine-PRMT1 (Figure 3.6B) or mCitrine-ΔSH3PRMT2 (Figure
3.6D) demonstrated a methylation-dependent Sam68 sub-cellular localization such that Sam68
accumulated in the cytoplasm of the HeLa cells in the presence of 20 µM AdOx. On the other
hand, mCitrine-PRMT1, mCitrine-PRMT2 and mCitrine-ΔSH3PRMT2 all predominantly
localized in the nucleus in the absence of AdOx. Only mCitrine-PRMT2 accumulated in the
cytoplasm in the presence of AdOx (Figure 3.6). Moreover, Sam68 appeared to co-localize with
the mCitrine tagged PRMTs in HeLa cells treated with or without AdOx (Figure 3.6).
Altogether, these results imply that the PRMT2 SH3 domain may affect the sub-cellular
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localization of PRMT2 and certain PRMT2 binders under conditions of hypomethylation, and
only the full-length PRMT2 co-localizes with Sam68 in the cytoplasm in hypomethylated HeLa
cells that overexpress PRMT2. I am aware that some phase contrast images presented in the
Figure 3.6 reveal debris-like dots, which may due to the transfection reagent or cell culture
contamination.
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Figure 3.6.
The change of Sam68 sub-cellular localization in hypomethylated HeLa cells overexpressing
PRMT1, PRMT2, or ∆SH3PRMT2. Wild type HeLa cells (A) and HeLa cells transfected with mCitrine-PRMT1
(B, green), mCitrine-PRMT2 (C, green) or mCitrine-ΔSH3 (D, green) were treated with or without 20 µ M AdOx as
indicated. The cells were fixed and immunostained with an anti-Sam68 antibody followed by a secondary antibody
conjugated to Alexa Fluor 546 (red). Nuclei were visualized by the DAPI stain (cyan). The phase contrasted
images (left) and the merged images (right) are also shown. The scale bar indicates 10 µm.
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The localization of PRMT1, PRMT2, and Sam68 in HeLa cells co-expressing mCitrine
tagged full-length or truncated PRMT2 and HA-tagged wild type or inactive PRMT1 was also
investigated in cells treated with or without 20 µM AdOx. Surprisingly, overexpressed HAPRMT1 co-localized with mCitrine-PRMT2 in the nucleus in hypomethylated HeLa cells
(Figure A.15A).

However, HA-PRMT1 co-localized with mCitrine-ΔSH3PRMT2 in the

cytoplasm in AdOx treated HeLa cells (Figure A.15B), though neither PRMT1 nor ΔSH3PRMT2
localized to the cytoplasm upon AdOx treatment when individually expressed (Figure 3.6A and
Figure 3.6D).

It has been shown in Chapter 2 that the inactive HA-PRMT1E153Q only

interacted with ΔSH3PRMT2 but not the full-length PRMT2 (Figure 2.7). However, HAPRMT1E153Q, mCitrine-PRMT2, and mCitrine-ΔSH3PRMT2 all demonstrated nuclear
localizations regardless of AdOx treatment (Figure A.15C and Figure A.15D). On the other
hand, Sam68 co-localized with the two overexpressed PRMTs in the presence or absence of
AdOx (Figure A.15).

The inconsistency of data makes the interpretation of these results

difficult. The current experimental design does not control for the relative expression level of
the two ectopically tagged PRMTs.

And the present immunofluorescence studies were

conducted in wild type HeLa cells in the presence of all endogenous PRMTs, some of which are
able to interact with the overexpressed PRMTs, thereby potentially influencing the sub-cellular
localization of the ectopically tagged PRMTs and overall arginine methylation activity in cells.
These drawbacks may contribute to the inconsistency of immunofluorescence results.
Nevertheless, it is clear that PRMT2 affects the sub-cellular localization of Sam68 likely through
the SH3 domain. However, the detailed mechanism of PRMT2 and Sam68 interaction in cells
with different methylation states still needs to be further investigated.
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3.4

Discussion
Splicing. Eukaryotic mRNA transports genetic information encoded by DNA out of the

nucleus and serves as a template for protein synthesis. Nascent mRNA transcripts or pre-mRNA
contain not only expressed sequences (exons) but also non-coding intervening sequences
(introns), and they need to be further processed into a mature form through 5’ capping, 3’
cleaving and polyadenylating, and splicing prior to ribosomal translation (157). One key premRNA processing event that contributes to gene regulation and increased proteome diversity is
alternative splicing (AS), during which multiple mRNA splice variants can be made from a
single piece of pre-mRNA through intramolecularly joining different exons by the spliceosome
(158). Alternative splicing allows for more than one transcript to be generated from a single
gene in order to diversify RNA species, produce different protein splice variants, and increase
biological complexity.
The initial draft of human genome announced in 2001 indicates that the human genome
contains somewhere between 30,000 and 35,000 protein-coding genes (159). Three years later,
the completed human genome provides an even lower estimate of only 20,000 to 25,000 genes
(160). Surprisingly, the number of human genes is only slightly higher than the gene numbers of
Drosophila melanogaster (~13,500) by less than 2-fold.

Scientists then propose that the

increased physiological complexity of vertebrates might result from regulatory events such as
post-translational modifications and alternative splicing (161). Consistent with this hypothesis,
independent research groups have estimated that alternative splicing may occur in up to 80% of
human genes (162). Therefore, researchers have shown an increased interest in exploring the
regulatory mechanism of the splicing pathway.
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The spliceosome is a dynamic complex made up of small nuclear RNAs (snRNAs) and
proteins (163). Two types of spliceosomes exist: the major or U2 type and the minor or U12
type (163). The major spliceosome is highly expressed in eukaryotes; it is a 60S complex
composed of five major small nuclear ribonucleoproteins (snRNPs) referred to as U1, U2, U4,
U5, and U6 snRNPs. Each of these snRNPs contains their own snRNA and makes additional
interactions with more than a hundred distinct non-snRNP proteins (164). After the formation of
the E complex in which the U1 snRNP is recruited to the 5’ splice site (165), the U2 snRNP
subsequently binds to the branchpoint sequence (BPS) located upstream of the 3’ splice site of an
intron thereby yields the A complex (166). The pre-assembled U4/U6.U5 tri-snRNP is then
associated with the intron to give rise to an activated spliceosome called the B complex
[reviewed in (165)]. On the other hand, the minor spliceosome also contains a U5 snRNP but
four other snRNPs: U11, U12, U4atac, and U6atac (163).
At least two groups of elements are involved in regulating alternative splicing. The first
group is the cis-acting regulatory sites located within the pre-mRNA transcript itself; assembly
of spliceosome on the pre-mRNA is guided by splice-site consensus sequences located at the
ends of introns, as well as by auxiliary consensus sequences such as exon splicing enhancers and
silencers (ESEs and ESSs) and intron splicing enhancers and silencers (ISEs and ISSs) [reviewed
in (162)].

The second group is the trans-acting proteins able to recognize the consensus

sequences. For example, the U1, U5, and U6 snRNAs all interact with the 5’ splice site by base
pairing with the consensus sequence (167). The splicing factor SF1 directly binds the BPS
through its hnRNP K homology (KH)-domain (168), which is an evolutionarily conserved
domain demonstrating affinity for RNA (169). On the other hand, the U2 auxiliary factor 2
(U2AF2) and U2 auxiliary factor 1 (U2AF1) cooperatively recognize the polypyrimidine tract,
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which locates downstream of BPS, and the 3’ splice site consensus sequence, respectively (170).
Additionally, the serine/arginine-rich (SR) proteins bind ESEs utilizing their N-terminal RRM;
meanwhile, SR proteins also facilitate protein-protein interactions via their C-terminal RS
domains (171). For example, U1 small nuclear ribonucleoprotein 70 kDa (U1-70K) binds to U1
snRNA at the 5’ splice site while interacting with the RS domain of the SR protein alternative
splicing factor/splicing factor 2 (ASF/SF2), thereby strengthening the association between the
spliceosomal complex and the 5’ splice site (172, 173). In contrast, hnRNPs have been observed
to interact with ESSs and ISSs through their KH domains or RRMs, and are generally considered
to be splicing silencers [reviewed in (162)]. As an example, hnRNP A1 can antagonize the
splicing activation function of ASF/SF2, and the relative concentrations of hnRNP A1 and
ASF/SF2 can control the 5’ splice site selection by the U1 snRNP (174). Many spliceosome
components were identified as PRMT2 SH3 domain-associated proteins in this study, which
include an Sm core snRNP protein and splicing regulators.
PRMT2 SH3 domain associates with an Sm core snRNP protein.

Two of the

identified PRMT2 SH3 domain-associated proteins are the small nuclear ribonucleoproteinassociated proteins B and B´ (SmB/B´), which are essential for the biogenesis of most of the
snRNPs except U6 and U6atac (175). SmB and SmB´ are two nearly identical splicing variants
encoded by the gene SNRPB, except that SmB´ has an additional repeat of a proline-rich motif at
its C-terminus (176). Together with five other Sm proteins, SmB/B´ constitutes the core domain
of the snRNPs that is required for snRNP relocation to the nucleus by forming a heptameric ring
around a conserved sequence motif on the snRNA termed the “Sm-site” [reviewed in (175)].
Both SmB and SmB´ contain multiple proline-rich motifs on their C-termini (176), which can be
theoretically recognized by the SH3 domain. Espejo et al. has detected the interaction between
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the PRMT2 SH3 domain and a peptide containing the last 24 amino acid residues at the Cterminus of SmB´ using a protein-domain microarray (125). My observation that SmB/B´
associated with PRMT2 SH3 domain suggests that PRMT2 may be involved in the core domain
formation of snRNPs, yet whether PRMT2 directly interacts with the C-terminal proline-rich
motifs of SmB and SmB´ through the SH3 domain in vivo still needs to be further explored.
PRMT2 SH3 domain associates with spliceosome components. Besides the two Sm
core proteins, a handful of spliceosome components were pulled down from HeLa cell lysate
with GST-SH3(PRMT2). One of them is the aforementioned U1-70K, which is a U1 snRNPspecific protein that bridges between stem-loop I of the U1 snRNA (177) and splicing factors
such as the serine/arginine-rich splicing factor 2 (SRSF2/ SC35) and ASF/SF2 (172, 173), thus
facilitating the 5’ splice site recognition by the U1 snRNP. Additionally, several of the U2
snRNP-specific proteins were found to interact with the PRMT2 SH3 domain based on the
results of my study, including the U2 small nuclear ribonucleoprotein B'' (U2B''/SNRPB2) that
binds with the stem-loop IV of the U2 snRNA (178), all three splicing factor 3A (SF3A)
subunits, and two out of the eight splicing factor 3B (SF3B) subunits (179, 180). It has been
reported that the multi-subunit complexes SF3A and SF3B help to stabilize the binding of U2
snRNP to the BPS (181). Moreover, a U4/U6.U5 snRNP-specific protein that is essential for the
recruitment of the tri-snRNP to the pre-splicing complex A (180, 182) called U4/U6.U5 trisnRNP-associated protein 2 (65K) has been identified as a PRMT2 SH3 domain-associated
protein in this study.
A component of the minor U11 snRNP, the programmed cell death protein 7 (PDCD7
/U11-59K) showed up in the list of PRMT2 SH3 domain interacting partners. During the
formation of a minor U12-type pre-spliceosome, the U11 and U12 snRNP, which are functional
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analogs of the U1 and U2 snRNP, cooperatively binds to the 5’ splice site and BPS of an U12type intron, respectively (183). The U11-59K bridges the U11 and U12 snRNPs and promotes
the formation of the U11/U12 di-snRNP, which is known as the U12-type pre-spliceosome
(184). Taken together, these results indicate that PRMT2 can potentially take part in splicing
regulation by associating with the components of both major and minor spliceosome through its
SH3 domain.
PRMT2 SH3 domain associates with the H complex components. Members of the
hnRNP and SR (serine/arginine-rich) protein families are two major groups of splicing regulators
that can modulate interactions among non-snRNP proteins, snRNPs, and pre-mRNA to control
alternative pre-mRNA splicing (185). Although no SR proteins have been identified as PRMT2
SH3 domain-associated proteins in this study, six hnRNPs were pulled down with the SH3
domain of PRMT2.
hnRNPs have been previously found in a complex named the H complex, which contains
proteins bound to RNA in the absence of splicing [summarized in (164)], and they have been
frequently observed as binders of splicing silencers that inhibit the use of splice sites (186, 187).
Therefore, hnRNPs were first considered as splicing inhibitors. Two identified PRMT2 SH3
domain-associated hnRNPs, hnRNP R and hnRNP U, have been reported as components of the
repressive H complex (164). The PRMT2 SH3 domain was able to pull down the RNA-binding
protein FUS also known as hnRNP P2, which has been reported as a negative regulator of intron
splicing by associating with hnRNP A1 and SC35 to recognize an intronic silencer sequence
(188). However, hnRNPs could also promote splicing at certain splice sites [reviewed in (189)].
One of the identified PRMT2 SH3 domain interacting partners hnRNP K has been shown to
enhance splicing of the alternative exon 6A from chicken β-tropomyosin pre-mRNA (190).
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Another PRMT2 SH3 domain-associated protein hnRNP L can act as repressor and stimulator of
splicing (191, 192). Interestingly, an hnRNP that is highly similar to hnRNP U called hnRNP Ulike protein 1 (hnRNP UL1) that is not known as a component of the H complex (193) was
identified as a PRMT2 SH3 domain associated-protein in this study.
Lastly, a non-hnRNP member of the H complex (164), the heat shock 70 kDa protein
1A/1B (HSP70-1/HSP70-2) was pulled down by the SH3 domain of PRMT2. Additionally, the
heat shock cognate 71 kDa protein (HSC70) that is involved in the same mRNA binding protein
(mRNP) granule complex together with HSC70-1/HSC70-2, hnRNP L, -R, and -U (Uniprot
Database) was identified in this pull down assay.
PRMT2 SH3 domain associates with other splicing-related proteins. This GSTSH3(PRMT2) pull down study revealed the association of the PRMT2 SH3 domain to a number
of other splicing-related proteins that have not been found in the H complex but displayed roles
in splicing regulation. Among these PRMT2 SH3 domain-associated proteins, the non-POU
domain-containing octamer-binding protein (p54nrb) and the proline- and glutamine-rich splicing
factor (PSF), sharing a 71% sequence identity within their RNA recognition motif (RRM) (194),
interact with each other and bind to the U5 snRNA and the U4/U6.U5 tri-snRNP (195). Another
two identified PRMT2 SH3 domain-associated splicing regulators that are known to work
cooperatively in directing alternative splicing are RNA-binding protein 25 (RBM25) and Luc7like protein 3 (Luc7L3). It has been shown that RBM25 can associate with Luc7L3 and promote
the formation of the pro-apoptotic Bcl-xs versus the anti-apoptotic Bcl- xL through alternative
splicing (196). Moreover, both Luc7L3 and another newly discovered PRMT2 SH3 domainassociated protein RNA-binding protein 39 (RBM39) contain the arginine/serine-rich (RS)
domain that is a signature structure conserved for splicing enhancers such as the SR proteins able
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to recognize the exonic splicing enhancer (ESE) sequence (197). Both Luc7L3 and RBM39
have been reported as binders of a SR-like protein termed SRrp53 (198). Indeed, RBM39 is
highly homologous to the U2AF2 that binds to the polyprimidine tract at the 3’ splice site and
forms the pre-splicing complex E in concert with U1 snRNP and SR proteins (199).
The U2AF is also necessary for the binding of U2 snRNP to the BPS, resulting in the
formation of the pre-splicing complex A (200). Although U2AF was not identified as a PRMT2
SH3 interacting partner in this assay, most of essential elements for the formation of pre-splicing
complex A have been found in the PRMT2 SH3 domain-associated protein complex, which
include U2B'' and the SF3A and SF3B subunits mentioned above, as well as the splicing factor 1
(SF1) (168).
This GST-SH3(PRMT2) pull down study also identified the WW domain-binding protein
11 (WBP-11) as a PRMT2 SH3 domain-associated protein. The poly(G)-binding pre-mRNA
splicing factor WBP-11, which co-localizes with two other pre-mRNA splicing factors SC35 and
U2B'' (U2B'' was pulled down in this study as mentioned above) within the nucleus, was first
isolated as a binder that selectively interacted with the SH3 domain of p47phox, p85α, and c-Src
(201, 202). Whether WBP-11 directly interacts with U2B'' or these two proteins co-localize
through one or more common SH3 domain-containing proteins still needs to be further explored.
Moreover, the poly(U)-binding-splicing factor PUF60 was pulled down by the GSTSH3(PRMT2). It has been shown that PUF60 binds to the polyprimidine tract at the 3’ splice
site together with U2AF2 and one other identified PRMT2 SH3 domain interacting partner PSF.
The activities of all three factors are required for pre-slicing E complex formation (203).
In addition, the paraspeckle component 1 (PSPC1) identified in this pull down assay may
potentially act in splicing. Paraspeckles are dynamic sub-nuclear compartments found in the
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interchromatin space of mammalian cells (204, 205), and comprised of long nonprotein-coding
RNAs and at least the three core proteins PSPC1, p54nrb, and PSF. Interestingly, all three coremembers of the paraspeckle have been identified in this study. In addition, another PRMT SH3
domain-associated protein, the cleavage and polyadenylation specificity factor 6 (CPSF6) has
also been considered as a possible factor of the paraspeckle (206). Although the function of the
paraspeckle has yet to be determined, evidence suggests that the paraspeckle contributes to premRNA splicing through its adjacent localization to splicing speckles enriched in pre-mRNA
splicing machinery (207) where it can provide an ordered localization of its component proteins
(204, 208). It has also been proposed that paraspeckles could play a role in transcriptional
regulation and nuclear retention of RNA (209-211).
Lastly, the heat shock protein beta-1 (HSPB1) also showed up in the list of proteins that
interact with the PRMT2 SH3 domain. HSPB1 co-localizes with the splicing factor SC35 upon
stress-induced phosphorylation in nuclear speckles (212). It has been suggested that HSPB1 may
couple signaling transduction and pre-mRNA splicing in order to response for the actin
cytoskeleton reorganization under heat stress activation (212, 213).
PRMT2 SH3 domain associates with the pre-mRNA 3’ processing factors.

In

additional to spliceosome components and their associated proteins, results of this GST-pull
down study included the cleavage and polyadenylation specificity factors as interacting partners
of the PRMT2 SH3 domain. In order to prepare the mature 3’-end of a eukaryotic mRNA, the
pre-mRNA must undergo an endonucleolytic cleavage followed by the addition of a poly(A) tail
to the upstream cleavage product [reviewed in (214)]. A heteromeric complex of cleavage and
polyadenylation specificity factors (CPSFs) comprised of three major polypeptides of 25, 59, and
68 kDa and one minor polypeptide of 72 kDa recognizes the highly conserved AAUAAA
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sequence element downstream of the poly(A) site and catalyzes the endonucleolytic cleavage
reaction (215). Surprisingly, all three of the major polypeptides, also known as NUDT21/CPSF5
(25 kDa), CPSF6 (68 kDa), CPSF7 (59 kDa) have been found as PRMT2 SH3 domainassociated proteins. In fact, the 3’ end processing of pre-mRNA is not an isolated event but
happens during the orchestration of other pre-mRNA processing steps, including splicing
[reviewed in (216)]. CPSF6 has an RRM and a RS-like domain containing repeats of arginineserine dipeptides that interact with members of the SR family of splicing factors (206). A
previous study has shown that both the CPSF6 and NUDT21/CPSF5 associates to U1 snRNP
and may coordinate the coupling of pre-mRNA splicing and 3’-end maturation, while
NUDT21/CPSF5 specifically interactes with U1-70K (206, 217) that was also identified in this
study.

Therefore, the PRMT2 SH3 domain interacting partners NUDT21/CPSF5, CPSF6,

CPSF7 were categorized as splicing-related proteins despite their own 3’-end processing
functions. These results suggest that PRMT2 may regulate splicing through the coordination of
pre-mRNA 3’-end processing and splicing.
PRMT2 SH3 domain associates with three possible splicing-related proteins. In
addition to the splicing-related proteins discussed above, three possible splicing-related proteins
were found to associate with the SH3 domain of PRMT2, namely, the T-complex protein 1
subunit gamma (CCT3), -delta (CCT4), and -eta (CCT7). These proteins are components of the
eukaryotic chaperonin CCT complex that is essential for the folding of a subset of cytosolic
proteins including the pre-mRNA splicing factor Prp46 [a yeast homologue of the human
splicing factor PLRG1 (218)] (219, 220).
Non-splicing-related PRMT2 SH3 domain-associated proteins. While the majority
of the identified PRMT2 SH3 domain-associated proteins are known or possible splicing-related
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proteins, two of these pulled-down hits, the WAS/WASL-interacting protein family member 1
(WIPF1) and the neural Wiskott-Aldrich syndrome protein (WASL) have no previously reported
roles in splicing. However, they may interact with each other, and are responsible for the
formation and function of the WIPF1/WASL complex that connects signaling cascades to actin
polymerization (221, 222).
Plausible roles of PRMT2 in alternative splicing and RNA export. The vast majority
of identified PRMT2 SH3 domain-associated proteins with only two exceptions contain prolinerich domains or PxxP motifs that could be generally recognized by SH3 domains (Error!
Reference source not found.Table 3.1, Uniprot Database). Consistent with this observation, the
Far Western blot also revealed a comparable banding pattern as the one shown in the GSTSH3(PRMT2) pull down SDS-PAGE (Figure 3.1), suggesting that PRMT2 SH3 domain may
physically interact with most of its identified interacting partners. Moreover, the association of
the PRMT2 SH3 domain with its interacting partners was not hugely affected by MNase
treatment; once again implying that a direct protein-protein interaction between the PRMT2 SH3
domain and associated splicing-related proteins may occur. However, MNase treatment resulted
in an overall reduction in the amount of isolated proteins (Figure 3.3), suggesting that the
presence of RNA species may help to stabilize the PRMT2 SH3 domain-associated splicing
complex. Indeed, RNA-RNA as well as protein-RNA interactions have been reported to be
essential for pre-mRNA splicing. For instance, U1 snRNA is required for the formation of the
U1 snRNP complex (223), and protein-RNA interactions also stabilize the U1 snRNP on the premRNA (224).
On the other hand, eight of the identified PRMT2 SH3 domain-associated splicing related
proteins have been reported to bear arginine methylation modifications (Uniprot Database).
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Although not designed for capturing arginine-methylated protein complexes exclusively, the
present proteomic approach was still able to detect methylated arginine-containing tryptic
peptides, three of which were previously reported (Table 3.1). Five of the methylargininecontaining PRMT2 SH3 domain-associated proteins, however, were novel (Table 3.1).
One of the methylated PRMT2 SH3 domain-associated proteins is PSF, which contains
three RGG repeats that can be recognized and methylated by Type I PRMTs [reviewed in (225)].
It has been reported that the three arginines located within the RGG repeats of PSF are
asymmetrically dimethylated consistent with the present proteomic result (81), yet the PRMT
responsible for this methylation activity has not been established. These arginine methylation
modifications have been proposed to decrease the RNA-binding ability of PSF (226).
In contrast, one of the identified PRMT2 SH3 domain-associated proteins denoted E1BAP5 (also known as hnRNP UL1) has been suggested to be a PRMT2 substrate (43).
Kzhyshkowska et al. pointed out that although PRMT1 can methylate E1B-AP5 in vitro, PRMT2
was the Type I methyltransferase responsible for the arginine methylation of the RGG-box
domain of E1B-AP5 in cells. These authors have also stated that the SH3 domain of PRMT2 is
essential for its interaction with E1B-AP5 in cells (43). The present result further suggests that
the PRMT2 SH3 domain is sufficient for the interaction between PRMT2 and E1B-AP5 in vitro.
However, since this proteomic study was not designed to capture and enrich for methylargininecontaining tryptic peptides, the methylation state of pulled-down E1B-AP5 was not observed.
Multiple RNA-binding proteins have been identified as PRMT2 SH3 domain-associated
proteins in the present study. Besides acting as splicing-regulators, hnRNPs are critical for RNA
export out of the cell nucleus (227).

Intriguingly, hnRNPs contain about 65% of Type I

methylated arginine in the cell nucleus (80).

Further, arginine methylation of hnRNPs is
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important for RNA nuclear export (228).

Additionally, Sam68 is also responsible for the

nucleocytoplasmic transport of HIV RNAs (229), and arginine methylation is essential for
Sam68 RNA export function (95).

Therefore, PRMT2 may also be involved in controlling

nuclear export of mature RNAs.
Plausible roles of PRMT2 in transcriptional regulation. PRMT2 is able to act as a
coactivator for several nuclear receptors (126, 127). A yeast two-hybrid screen revealed an
interaction between the C-terminal fragment of PRMT2 and the C-terminal DNA-binding
domain (DBD) and the ligand-dependent transcriptional activation domain (AF-2) of AR (126).
Despite the association between AR and the C-terminal domain of PRMT2, the N-terminal
fragment of PRMT2 was required for androgen-dependent coactivation of transcription (126). It
has also been found that the PRMT2 C-terminal domain is able to bind to the N-terminal
activation function 1 (AF-1) domain, DBD, and the C-terminal AF-2 domain of ERα, which
resulte in an enhanced ERα transcriptional activity in a cell type- and ligand-dependent manner,
suggesting the involvement of other differentially expressed coregulators (126, 127). Unlike
PRMT1 whose coactivator function depends on its methylation activity towards AR and ERα
(79, 102), PRMT2 does not methylate AR and ERα (126, 127).

However, the detailed

mechanism of how PRMT2 acts as a coactivator of nuclear receptor-dependent transcriptional
activation has not been well understood. Coincidentally, several of the newly identified PRMT2
SH3 domain-associated proteins have been known to act as transcriptional coregulators, which
provide more clues in solving the role PRMT2 may play in regulating gene expression.
FUS. Du et al. have shown that PRMT1 methylates FUS within its GAR domain and
activates transcription at the survivin promoter synergistically with FUS (230). These authors
also found that the enzymatic activity of PRMT1 was required for this synergistic transcriptional
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activation. Consistent with this previous observation, data presented here also revealed arginine
methylation within the GAR domain of FUS co-purified with the PRMT2 SH3 domain.
Arginine methylation of FUS may also positively influence its nuclear import and affect its
nucleocytoplasmic shuttling (231).

Interestingly, FUS can also act as a transcriptional

coactivator of AR in prostate cancer cells similar to PRMT2 (232).
PRMT1 may not necessarily be the only enzyme responsible for FUS methylation. In the
previous chapter, I have shown that PRMT1 and -2 synergistically methylated their common
substrate by forming a heteromeric PRMT1/2 complex. Amino acid sequence of FUS reveals
two PXXP motifs located at its N- and C-termini, while the methylated GAR sequences sit in the
middle (Uniprot Database), providing binding sites for both PRMT1 and PRMT2. Further
studies are required to determine if the SH3 domain of PRMT2 can directly interact with FUS,
and influence FUS methylation and transcription activity.
Additionally, it has been observed that FUS interactes with the p65 subunit of NF-κB and
enhances NF-κB-dependent transcriptional activation induced by physiological stimuli (233).
Similarly, PRMT1 also interacts with p65 and coactivates the NF-κB pathway (52). On the other
hand, PRMT2 inhibits NF-κB-dependent transcription by interacting with its p50 and p65
subunits via the PRMT2 SH3 domain, and by binding to the NF-κB inhibitor IκB-α through
other regions of PRMT2 at the same time (32). These observations imply PRMT1, PRMT2, and
FUS may play different roles in the NF-κB pathway depending on different cellular backgrounds
and stimuli. It is interesting that these three proteins are able to interact with the same subunit of
NF-κB, although these interactions do lead to different outcomes. Perhaps PRMT1, PRMT2,
and FUS can synergistically activate NF-κB-mediated transcription, while PRMT2 could also
negatively regulate the same pathway through a feedback mechanism.
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PSF and p54nrb. Two other proteins identified in the PRMT2 SH3 domain pull down
involved in transcriptional regulation can exist in the same complex with FUS. Like FUS, PSF
also binds to the DBD of thyroid hormone receptor (TR) and retinoid X receptor (RXR)
mediated by its C-terminus, while p54nrb associates with these receptors through an interaction
with PSF (234). PSF then recruits the transcriptional repressor Sin3A, which mediates gene
silencing by interacting with histone deacetylases (HDACs) to prime for histone deacetylation
(234). In contrast to ER and AR that bind DNA and activate transcription in a ligand-dependent
fashion, TR and RXR associate with their cognate DNA sequences and recruit repressors in the
absence of ligands, and activators in the presence of ligands (235). It has been observed that
suppression of TR- and RXR-dependent transcription is mediated by a protein complex
consisting of FUS, PSF, p54nrb, Sin3A, and HDACs (234).
Surprisingly, PRMT1 has been found in the same complex with Sin3A that downregulated RARα/RXR-dependent transcription by facilitating histone H4 methylation and
deacetylation, whereas retinoic acid treatment resulted in detachment of this repressive complex
(77). Another study has uncovered that PRMT1, Sam68, PSF, and p54nrb are involved in the
same protein complex using a GST-pull down assay (148). Additionally, it has been documented
that SF1, which was also identified in the PRMT2 SH3 domain pull down, binds to the CYP17
gene promoter and regulates CYP17 transcription in concert with PSF, p54nrb, Sin3A, and
HDACs (236).
Sam68. The data herein demonstrates an interaction between the splicing-related protein
Sam68 and PRMT2, which appeared to be likely mediated by the PRMT2 SH3 domain. Since
Sam68 has six proline-rich motifs, it can interact with SH3 domain-containing proteins such as
multiple members of the Src tyrosine kinase family, p85 phos-hatidylinositol 3-kinase (PI3K),
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phospholipase C gamma-1 (PLC-γ-1), Ras-GAP-binding protein 1 (G3BP1), and several signal
transduction adaptor proteins such as the growth factor receptor-bound protein 2 (Grb2), Grb2related adapter protein (Grap), and noncatalytic region of tyrosine kinase (Nck) adapter protein
family members (237, 238). In addition, Sam68 has also been found to bind to the WW domains
of the formin-binding proteins FBP21 and FBP30 through its proline-rich motifs (54).
Therefore, Sam68 is best known as an adaptor protein capable of playing a role in signal
transduction pathways by mediating interactions with numerous signaling proteins.
Additionally, Sam68 has been shown to be involved in regulating transcription and gene
expression. Sam68 binds to CBP and represses CBP-dependent transcription activation, though
Sam68 may also exert repressor function independent of its CBP-binding ability (239).
Intriguingly, the transcriptional repression activity of Sam68 is independent of its RNA-binding
ability, suggesting that RNA-processing and transcriptional regulation are two separate functions
of Sam68 (239). Sam68 also interacts with hnRNP K (240), which has also been identified from
the pull down assay in the present study. It has been reported that Sam68 enhances HIV-1 Revresponse element (RRE)-mediated gene expression and virus replication (229), and hnRNP Kactivates transcription of the human c-myc gene (241). Strikingly, association of Sam68 and
hnRNP K suppresses the transcriptional activation activities of both proteins (240).
Additionally, elevated Sam68 expression levels have been found in prostate tumours, and Sam68
has also been shown to enhance AR-mediated transactivation (242).

Mice with Sam68

haploinsufficiency display a delayed onset of mammary tumorigenesis driven by the mammarytargeted polyoma middle T-antigen (MMTV-PyMT) oncogene, which is under transcriptional
control of the ER-dependent MMTV promoter (243). Sam68 has then been proposed as a coactivator of ER-dependent transcription in mammary tumorigenesis and metastasis (244).
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Collectively, Sam68 and PRMTs share common interacting partners such as CBP and hnRNP K,
and are involved in the same transcriptional regulation pathways. Moreover, Sam68, CBP, and
hnRNP K have been reported as substrates for Type I PRMTs (93, 95, 245). Most of the
previous studies of PRMT-mediated transcriptional regulation have been focused on PRMTs
activities towards histones and CBP. It will be interesting to test if PRMT-mediated arginine
methylation of signaling proteins such as Sam68 and hnRNP K can also take part in controlling
gene expression through a complex model coupling signal transduction with transcriptional
regulation.
Plausible roles of PRMT2 in Sam68-mediated signal transduction and alternative
splicing. Figure 3.1 illustrates a similar set of interacting partners for the SH3 domains of Abl
and PRMT2. Although different SH3 domains have been observed to display various binding
selectivities, the SH3 domain of PRMT2 and other signal proteins share some common binding
partners (123, 125, 246). For example, the SH3 domain of PRMT2, PI3K, and PLC-γ-1 all bind
to Sam68 and SmB´ [(125) and Table 3.1], while Nck has been documented to associate with
five of the newly determined PRMT2 SH3 domain-associated proteins, namely hnRNP K,
WASL, WIPF1, PSF, and p54nrb (247).

Collectively, PRMT2 may play a role in Sam68-

mediated signal transduction by associating with Sam68 along with other signaling proteins.
Furthermore, the methylation of Sam68 by PRMT1 in close proximity to its proline-rich motifs
can attenuate its interactions with certain SH3 domains while not affecting its interactions with
WW domains (54, 95). Regardless of whether PRMT2 increases PRMT1 activity towards
Sam68, which still needs to be tested, it is clear that Type I arginine methylation can interfere
with Sam68-protein interactions, and thus may potentially modulate the function of Sam68 in
signaling pathways.
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Other than acting as an adaptor protein in signal transduction pathways, Sam68 can also
bind to RNA through its KH domain (248). It has been shown that the RNA binding capacity of
Sam68 is able to regulate alternative splicing, playing crucial roles in apoptosis, oncogenesis,
tumor metastasis, spermatogenesis, and neurogenesis (154, 249-254). The RT-PCR technique
allowed researchers to identify a panel of target exons regulated by Sam68 (253). Interestingly,
knockdown of Sam68 causes either increases in exon inclusion or skipping (253), implying that
Sam68 imposes variable regulatory mechanisms to control alternative splicing.
It has been demonstrated that Sam68 can interact with hnRNP A1, and these two proteins
cooperatively promote alternative splicing of the small pro-apoptotic isoform of Bcl-x termed
Bcl-xS over the large anti-apoptotic Bcl-xL (154). Recently, Paronetto et al. have reported that
Sam68 interacted with the proximal region of CCND1 gene intron 4 and prevented the
recruitment of U1-70K from binding to the 5’ splice site, thus resulting in the inclusion of intron
4 and the expression of the CCND1 gene to code for the cyclin D1b isoform, which
demonstrated higher oncogenic potential than the cyclin D1a isoform devoid of the intron 4
(249). As another example, CD44 antigen is a transmembrane glycoprotein that renders cells
response to extracellular stimuli (250). The CD44 gene contains 10 constitutively spliced exons
and 10 variable exons; expression of the variable 5 exon (v5) has been correlated with enhanced
tumor malignancy and invasiveness (250). Importantly, Sam68 binds to the splice-regulatory
sequences within CD44 exon v5 and enhances exon v5 inclusion in conjunction with the splicing
coactivator SRm160 (250, 251). Another role of Sam68 in tumor metastasis is its function in
promoting retention of the 3’ UTR-intron of SF2/ASF, which generates the proto-oncoprotein
SF2/ASF that triggers the epithelial-to mesenchymal transition (EMT), leading to cell invasion
(252).
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Null mutations of survival of motor neurons 1 (SMN1) gene have been observed in
patients with a neurodegenerative disease named spinal muscular atrophy (SMA). Strikingly, a
highly homologous SMN2 gene is unable to compensate for SMN1 deficiency in SMA patients
due to SMN2 exon 7 skipping caused by the splicing repressor hnRNP A1 recruited to this exon
by Sam68 (155). Increased Sam68 expression has been noticed during neuronal differentiation
of P19 cells, correlating with changes in expression and splicing of many Sam68-targeted
transcripts (253). Notably, alternative splicing of an exon of the Hnrpa1 gene encoding mouse
hnRNP A1 is also negatively controlled by Sam68 during neuogenesis (253). Sam68 not only
represses inclusion of exon 8 of the epsilon sarcoglycan (Sgce) gene in order to promote
neuogenesis (253), but also recruits phosphorylated RNAPII for transcriptional termination (255)
at the intron 7/exon 8 boundary while preventing U2AF from binding to the 3’ splice site of exon
8, thereby enhancing exon 8 skipping during mammalian spermatogenesis (254).
Post-translational modifications can affect Sam68 functions. For example, Src family
kinase p59fyn-mediated Sam68 phosphorylation inhibits Sam68 homo-oligomerization and
prevents Sam68 from associating with RNA (256). In contrast, lysine acetylation of Sam68 has
been shown to enhance Sam68 RNA binding ability (257). Arginine methylation catalyzed by
PRMT1 is critical for the nuclear localization of Sam68 and is required for Sam68-dependent
RNA export (95), and negatively regulates the interactions between Sam68 and SH3 domaincontaining proteins (54). It has been speculated that Sam68 may have distinct functions in the
nucleus versus in the cytoplasm, and arginine methylation of Sam68 may switch Sam68
cytoplasmic functions to predominantly nuclear functions by preventing Sam68 from interacting
with cytoplasmic SH3 domain-containing proteins (156). PRMT2 expresses in both nuclear and
cytoplasmic compartments, though the relative concentration of PRMT2 in these two sub-
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cellular compartments can be different depending on cell types and the presence of nuclear
receptor ligands (21, 126). The immunofluorescence images presented in this study show that
PRMT2 co-localizes with Sam68 predominantly in the nucleus of HeLa cells, as well as in the
cytoplasm upon AdOx treatment. On the other hand, ΔSH3PRMT2 may act as a dominantnegative of PRMT2 and impair nucleocytoplasmic shuttling of Sam68 in hypomethylated HeLa
cells (Figure 3.6).

Therefore, PRMT2 may serve as a plausible regulator of the

nucleocytoplasmic switch of Sam68.
It has been determined that nuclear Sam68 together with most splicing factors were
retained in the nuclear matrix-attached insoluble fraction, suggesting the major role Sam68 plays
in the nucleus is splicing-related (254).

Importantly, it has been noticed that the Sam68-

dependent alternative splicing was also regulated by post-translational modification. Activities
of tyrosine kinases such as p59fyn (154, 258) and extracellular signal-regulated kinases (ERKs)
(238, 251) have been found to interfere with Sam68-dependent RNA splicing.

As

aforementioned, PRMTs and CBP cooperatively regulate gene expression by exerting their
activities towards their common substrates like histone H4 (50). Since PRMT1, PRMT2, and
CBP can interact with and even modify Sam68, as well as affect its RNA-binding ability and
sub-cellular localization, these modifying enzymes may potentially play a role in regulating
Sam68-dependent alternative splicing.
Plausible roles of PRMT2 in programmed cell death. Programmed cell death or
apoptosis is a way to maintain normal tissue homeostasis by removing malfunctioning or DNAdamaged cells (259). Resistance to apoptosis can result in the inappropriate survival of DNAdamaged cells, and thus an increased the susceptibility to cancer (260). The interplay between
pro- and anti-apoptotic members of the B-cell lymphoma 2 (Bcl-2) related protein family is
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important for balancing apoptotic activity in cells (261). Bcl-x is one of the best-characterized
members of the Bcl-2-related protein family. At least two human isoforms for Bcl-x have been
described; the larger isoform denoted Bcl-xL contains the highly conserved BH1 and BH2
domains that are essential for the anti-apoptotic function, whereas the small isoform named BclxS devoid of these conserved domains is generated by utilizing a distinct splice site in Bcl-x exon
2 during alternative splicing to form a pro-apoptotic form of Bcl-xL (261, 262).
Is has been discussed in the previous section that Sam68 regulates the production of the
two Bcl-x isoforms (154). Similarly, the PRMT2 SH3 domain binder RBM25 have also been
found to modulate alternative splicing of Bcl-x. Zhou et al. reported that RBM25 promoted the
usage of a weak 5’ splice site within exon 2 of the Bcl-x gene by recruiting U1 snRNP through
an interaction with the U1 snRNP-associated protein Luc7L3, hence stimulating Bcl-xS instead of
Bcl-xL formation (196). Notably, Luc7L3 is one of the two proteins identified in the PRMT2
SH3 domain pull down that does not contain a PXXP motif. Since it interacts with other PRMT2
SH3 domain-associated proteins, it may simply associate with its binders such as RBM25 and
U1 snRNP in the pull down assay. This result suggests that the PRMT2 SH3 domain interacts
with factors regulating alternative splicing of Bcl-x. Further studies are needed to investigate the
role PRMT2 may play in the control of Bcl-x isoform expression.
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4

PRMT1/2 Protein Complex4

4.1

Introduction
I have demonstrated in Chapter 2 that the formation of a PRMT1/2 complex may be

regulated through interactions between the SH3 domain of PRMT2 and other interacting partners
of the PRMT1/2 complex in a methylation-dependent fashion. This result suggests that the
PRMT2 SH3 domain is able to respond to the overall methylation state in cells and modulate the
sub-cellular localization of associated proteins like Sam68. However, whether Sam68 or other
proteins identified in Chapter 3 can regulate PRMT1/2 complex formation through their
interactions with PRMT2 remains unclear.
In order to gain a better understanding of PRMT1/2 complex formation, I pursued the
identity of interacting partners common to both PRMT1 and -2. I immunoprecipitated HAPRMT1 and HA-PRMT2 overexpressed in HeLa cells and then characterized the purified
immuno-complex using mass spectrometry proteomics. Co-immunoprecipitation coupled with
LC-MS/MS is a technique that is routinely used to look for protein binding partners (263). The
co-immunoprecipitation step allows for the isolation of the protein complexes comprised of the
protein of interest (bait) and associated proteins (prey) under the experimental condition. The
isolated protein complexes can be either resolved on a SDS-PAGE gel in which specific protein
bands can then be excised and subjected to in-gel proteolysis followed by LC-MS/MS
sequencing, or these protein complexes can be precipitated out of solution, reconstituted for
4

The LC-MS/MS proteomic study was preformed in the Proteomics Core Facility at UBC. The
Core Facility manager, Suzanne C. Perry digested the protein samples and ran them on a LCMS/MS followed by a MASCOT search.
The baculovirus lysates for 6×His-PML-I and 6×His-PML-IV were gifts from Dr. Graham
Dellaire at Dalhousie University.
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proteolytic digestion, and then sequenced by LC-MS/MS analysis. The first method enables one
to visualize the banding pattern of the interacting partners of the bait protein, thus one can
identify one or few specific interacting partners. For example, the first approach presented in
Chapter 3 employed a GST-pull down experiment as another means to isolate protein complexes
in order to determine associated proteins that prefer the PRMT2 SH3 domain to the Abl SH3
domain. In the absence of the SDS-PAGE gel resolution step no a priori knowledge about
possible components of the isolated protein complexes is required, thus permitting one to screen
for all protein-protein interaction that can be captured and detected within experimental limits.
Therefore, no resolving step was used after co-IP to identify as many interacting partners for
PRMT1 and -2 as possible.
I found that the majority of proteins found in the experimental samples associated with
both PRMT1 and PRMT2 specifically. Two of the identified PRMT2-associated proteins, the
promyelocytic leukemia protein (PML) and extra eleven nineteen (EEN) were confirmed as
PRMT2 interacting partners in cells. Furthermore, the PRMT2 SH3 domain was required for the
association between PML and PRMT2, which suggests that PML may serve as a plausible
regulator of the PRMT1/2 complex.

In addition, I found that the tumor suppressor and

transcription factor p53, which is known to bind to PRMT1 and PML (50, 264), coimmunoprecipitated with PRMT2. These results suggest that PRMT1, PRMT2, PML and p53
may be involved in the same protein complex that regulates transcriptional activation.
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4.2

Methods
DNA constructs.

pcDNA3.1(+)/Neo-HA-PRMT1

and

pcDNA3.1(+)/Neo-HA-

PRMT2 were generated and purified as described in section 2.2.
Tissue culture. HeLa cells were cultured under the same condition as described in
section 2.2, and were transiently transfected with pcDNA3.1(+)/Neo-HA-PRMT1 or
pcDNA3.1(+)/Neo-HA-PRMT2 (24 µg) using Lipofectamine 2000 (Invitrogen) per the
manufacturer’s instructions. The Opti-MEM medium was replaced with regular growth medium
(DMEM supplemented with 5% FBS, 50 units/mL penicillin, and 50 µg/mL streptomycin) 8 h
post-transfection. The transfected cells were split 24-h post-transfection and allowed to grow to
80% confluency for an additional 48 h before they were harvested.
Sample preparation for proteomic study. Anti-HA antibody was crosslinked to the
NHS-activated sepharose (GE Healthcare) per manufacturer’s instructions. HA-PRMT1 and
HA-PRMT2 were overexpressed in HeLa cells, and cells were harvested and lysed in hypotonic
lysis buffer as described in section 2.2. Cell lysates containing 3 mg total protein from wild type
HeLa cells or HeLa cells that overexpressed HA-PRMT1 or HA-PRMT2 were incubated with 50
µl of sepharose cross-linked with 4.5 µg of monoclonal anti-HA antibody (Sigma) in 3 mL of coIP buffer [50 mM HEPES (pH 7.4), 150 mM NaCl, 1x proteases inhibitor cocktail (Roche)] at 4
°C for 2 h with rotation. Subsequently, the resin was washed thoroughly with 0.05% (v/v)
Tween 20 in PBS five times before the bound proteins were eluted in 150 µl 6 M urea and 2 M
thiourea followed by adding 3 times volume of absolute ethanol. The composition of this
solution was adjusted to 50 mM NaCH3COO, pH 5.0 by adding 2.5 M NaCH3COO (pH5.0).
Glycogen (20 µg) was then added to the sample to facilitate protein precipitation. The sample
was incubated at room temperature for 2 h before precipitants were pelleted by centrifuging at
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20,000 x g for 10 minutes. Precipitated proteins were dried in a vacuum centrifuge prior to
sample submission. These experiments were performed in duplicate.
Proteomic study. The immunoprecipitated proteins were submitted as dried pellets in
duplicate to the Proteomics Core Facility within the Centre for High-Throughput Biology at
UBC for de novo sequencing of PRMT-associated proteins using LC-MS/MS. The samples were
digested with trypsin and desalted using ZipTip (Millipore) C-18 cartridges. Tryptic fragments
were analyzed by an API QSTAR PULSARI Hybrid LC-MS/MS and identified by a human
database search using the MASCOT (Matrix Science) search engine. Proteins were disregarded
if their MASCOT score did not meet the p≥0.05 threshold, if they were identified in only one of
the duplicates, or if they were identified in the negative controls. We identified 22 proteins
unique to both HA-PRMT1 duplicates, 15 proteins unique to both HA-PRMT2 duplicates, and
79 proteins shared between HA-PRMT1 and HA-PRMT2 samples.
GST-pull down. For GST-pull down with PML-I or PML-IV, total proteins (200 µg)
from lysate overexpressing 6xHis-PML-I or 6xHis-PML-IV were incubated with 100 µg of
GST-SH3(PRMT2) in co-IP buffer [50 mM HEPES (pH 7.4), 150 mM NaCl, 1x proteases
inhibitor cocktail (Roche)] at 4 °C for 2 hours with rotation. The pull down assay was performed
as described in section 3.2. Protein eluents from GST-pull downs were resolved on a 10% SDSPAGE gel before being transferred to a piece of PVDF membrane and blotted for PML using an
anti-PML antibody (Santa Cruz) at 1:500 dilution. Goat anti-rabbit IgG-HRP (Santa Cruz)
antibody and ECL Western blotting detection reagents (GE Healthcare) were used for protein
visualization.
Immunoprecipitation and Western blotting. HA-PRMT2 and HA-ΔSH3PRMT2 were
overexpressed in HeLa cells as previously described in section 2.2. Cells were harvested and
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lysed 72 h after transfection using hypotonic lysis buffer. Cell lysate (500 µg protein) was
aliquoted and the buffer was adjusted to 50 mM HEPES-KOH, 150 mM NaCl. Aliquoted cell
lysate was then supplemented with 4.0 µg of polyclonal anti-Smac, anti-IKKγ, anti-PML,
polyclonal anti-PP2A-B55α, anti-EEN, or 2.0 µg of monoclonal anti-HA antibody or mouse
IgG, and the volume was adjusted to 0.5 mL with co-IP buffer [50 mM HEPES-KOH, pH 7.4,
150 mM NaCl, 1x protease inhibitor cocktail (Roche #04693132001)]. The protein/antibody
mixtures were incubated at 4 °C for 16 h with rotation. The cell lysate/antibody mixture was
added to 30 µL pre-washed protein G-sepharose (Invitrogen) and was rotated at 4 °C for 2 h.
Subsequently, the resin was washed thoroughly with 0.05% (v/v) Tween 20 in PBS five times
before the bound proteins were eluted in SDS-PAGE sample buffer.
To study the interaction between p53 and PRMT1, PRMT2, or PRMT6, the proteins
Myc-p53 and HA-PRMT1, HA-PRMT2, HA-∆SH3, or HA-PRMT6 were overexpressed in
HeLa cells, and the co-IP experiments were performed as described above using 2.0 µg of
monoclonal anti-HA or anti-Myc antibody.
For Western blots, proteins were separated on 10% SDS-PAGE gels, transferred to PVDF
membranes and blotted with anti-HA, anti-Myc, anti-PML, or anti-EEN antibody. Goat antimouse light chain HRP conjugated secondary antibody (Millipore) or goat anti-rabbit IgG-HRP
(Santa Cruz) and ECL Western blotting detection reagents (GE Healthcare) were used for protein
visualization.
Immunofluorescence and Confocal Microscopy. Approximately 1.0 × 107 HeLa cells
were co-transfected with either pcDNA3.1(+)/Neo-mCitrine-PRMT2 or pcDNA3.1(+)/NeomCitrine-ΔSH3PRMT2

and

pcDNA3.1(+)/Neo-mCitrine-PRMT2

(12

µg

each)

using

Lipofectamine 2000 (Invitrogen) as described in section 2.2.
110

The cells were permeabilized and blocked as aforementioned. The cells were co-blotted
with anti-HA (Sigma) and anti-PML antibodies (Santa Cruz) at 1:500 and 1:50 dilution in 1%
(w/v) PBST-BSA solution at room temperature for 1 h, respectively. The cells were then washed
with PBST for three times before blotting with Alexa Fluor 546-conjugated goat anti-rabbit
secondary and Alexa Fluor 647-conjugated goat anti-mouse secondary antibodies (Invitrogen) at
1:1000 dilution in 1% (w/v) PBST-BSA solution at room temperature for 1 h. DAPI stain and
confocal microscopy were performed as previously mentioned in Chapter 3.
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4.3

Results
Identification of interacting partners of PRMT1 and -2. HA-PRMT1 or HA-PRMT2

was expressed in HeLa cells individually to serve as bait proteins. All other proteins expressed
endogenously in HeLa cells served as prey. HeLa cells were harvested and lysed; the bait
proteins together with their associating partners were immunoprecipitated using an anti-HA
antibody conjugated sepharose resin. A similar co-IP using non-transfected wild type HeLa cell
lysate was done as a negative control for non-specific interactions that may occur between
endogenous proteins and the anti-HA antibody-conjugated sepharose resin.

The protein

complexes were eluted from resin under denaturing conditions, and proteins in the eluents were
precipitated out of solution, dried, reconstituted into a trypsin buffer system, and then
trypsinized. The tryptic peptides were injected into the LC-MS/MS system and MS/MS raw
spectra were generated as outputs, which were subsequently analyzed using the MASCOT
algorithm (Matrix Science).
The software package MASCOT is developed by Matrix Science to convert mass spectral
data into protein identities.

MASCOT compares or queries (MASCOT terminology) each

MS/MS spectrum against a database of known protein sequences, thereby determining the most
likely match. However, false positives caused by random matching can also be produced by
MASCOT. To address this problem, all MASCOT reports contain an “ion score significance
threshold” representing a 5% confidence threshold. In a MASCOT report, the ion score is
reported as -10Log(P), where P is the probability that the observed match between the
experimental data and the database sequence is a random event. Because more than one MS/MS
spectra (queries) can be matched to an identified protein, an ion score will be assigned to each of
these queries. In general, a confident identification should have two or more matching queries;
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and the individual ion score should be greater than the 5% confidence threshold, thus falling into
the 95% confidence interval, which indicates that the query match chance of being a false
positive is less than 1 in 20 (p<0.05). One more term, the protein score is introduced to represent
the sum of the highest ion score for each distinct matched query sequence. Protein score is
therefore used to rank the protein hits because it takes into consideration two different
parameters, the number of distinct matched queries and the ion score for each matched query.
Besides using these thresholds given by MASCOT to rule out false positive protein hits,
the present study also employed a negative control in which a mock co-immunoprecipitation was
done using untransfected wild type HeLa cell lysate and the same anti-HA antibody conjugated
resin. The protein hits generated by this negative control represented non-specific proteinprotein and protein-resin interactions captured by the co-immunoprecipitation experiment.
Moreover, all of the co-immunoprecipitation experiments including the negative controls were
done in duplicate. Only those protein hits with ions scores above the 5% confidence threshold
identified in both duplicates of the experimental groups but not found in any of the negative
control replicates are considered as unique binders for PRMT1 or -2. Additionally, the protein
hits with ions scores above the threshold identified in both duplicates of co-IPs for one PRMT
and one or both duplicates for the other PRMT were considered as common associated proteins
for the two PRMTs.
Applying the above selection criteria, a total of 101 PRMT1-associated proteins and 94
PRMT2-associated proteins were identified with 79 hits from these groups associated with both
PRMTs (Figure 4.1). Out of the 79 PRMT1 and -2 common binders, 32 hits have been identified
in both HA-PRMT1 samples and in only one HA-PRMT2 sample; 26 hits have been identified in
both HA-PRMT2 samples and in only one HA-PRMT1 sample; and 21 hits have been identified
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in all four co-IP samples (Figure 4.1). Moreover, 208 hits showed up once in only one HAPRMT1 sample, and 304 hits showed up once in only one HA-PRMT2 sample, while another 91
hits were found once in the HA-PRMT1 and HA-PRMT2 samples (Figure 4.1). Although the
proteins that were identified only once in the duplicates represent additional potential PRMT1
and/or PRMT2-associated proteins, I did not consider them as hits in this screen for the purpose
of stringency.
The identified hits exhibit an array of biological functions, intriguingly, at least 55 out of
the 116 identified PRMT1 and/or -2 interacting partners play roles in controlling gene expression
through DNA replication, RNA processing, transcription, translation, post-translational
modification, and cell cycle regulation (Table A.3). The functional diversity of the PRMTassociated proteins implicates the involvement of PRMTs in a variety of cellular processes, and
hence underscores the significance of PRMTs. Further, the result of this proteomic study reveals
that the majority of identified interacting partners are shared by both PRMT1 and -2. It is quite
possible that more than one PRMT is needed for most of the PRMT-facilitated biological
processes.
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Figure 4.1.
Identified PRMT1 and PRMT2 interacting partners. An illustration of associated proteins of
PRMT1 and/or PRMT2 as determined by co-immunoprecipitation and LC-MS/MS. “Doubles” in pink and blue are
hits identified in both duplicates of PRMT1 or -2, respectively. “Singles” are hits identified once in a sample of
either PRMT1 or -2. “Doubles” in light green are hits identified in one sample of each PRMT. “Triples” are hits
identified in both duplicates of one PRMT and in one sample of the other PRMT. “Quadruples” are hits identified in
both duplicates of both PRMTs. This diagram is prepared using the Cytoscape Software.

Confirmation of PRMT-protein interactions. Five proteomic hits with previously
known roles in regulating apoptosis or oncogenesis, second mitochondria-derived activator of
caspase (Smac), NF-κB essential modulator (NEMO/ΙΚΚγ), PML, EEN, alpha isoform of the 55
kDa regulatory subunit for serine/threonine-protein phosphatase 2A (PP2A-B55α), were selected
to confirm associations with PRMT2 in HeLa cells expressing HA-PRMT2 and either
immunoprecipitating the five proteins of interest and blotting for HA-PRMT2, or
immunoprecipitating HA-PRMT2 and blotting for proteins of interest with appropriate
antibodies.

With the exception of EEN and Smac, the other three hits used to confirm

associations were isolated in both PRMT1 and -2 proteomic samples.
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EEN. HeLa cells were transfected with DNA constructs encoding either HA tagged fulllength PRMT1 (HA-PRMT1), PRMT2 (HA-PRMT2), or truncated PRMT2 lacking its SH3
domain (HA-∆SH3). The immunoprecipitated protein complexes were resolved on a 10% SDSPAGE gel, and then transferred to a piece of PVDF membrane. Consistent with an earlier
observation reported by Cheung et al. showing that EEN co-immunoprecipitated with PRMT1,
my co-IP result illustrates association of endogenous EEN and HA-PRMT1 (Figure 4.2) even
though EEN has only been identified to associate with PRMT2 in the proteomic portion of this
study. The existence of endogenous EEN in the immunoprecipitated HA-PRMT2 or HA-∆SH3
protein complexes was confirmed by blotting with an anti-EEN antibody (Figure 4.2).
Therefore, I have verified the association between EEN and PRMT2. Furthermore, the SH3
domain of PRMT2 is dispensable for the interaction these two proteins.

Figure 4.2.
PRMT2 and EEN co-immunoprecipitate in cells. HA-PRMT1, HA-PRMT2, or HAΔSH3PRMT2 was expressed in HeLa cells and cell lysate was immunoprecipitated with anti-HA antibody, or with
mouse IgG (negative control). Immunoprecipitates were immunoblotted with anti-EEN (top) or anti-HA (bottom)
antibodies.
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EEN is an SH3 domain-containing gene of endophilin family. It was discovered as a
fusion to the mixed lineage leukemia (MLL) as a result of t(11; 19) chromosomal translocation
in a case of infant acute myeloid leukemia (AML) (265). An earlier study showed that the EEN
SH3 domain could interact with Sam68, thereby recruiting Sam68-associated PRMT1 to
methylate histone H4 at its R3 position (148). The same study also demonstrated that histone H4
methylation and acetylation, as well as cell transformation of hematopoietic cells mediated by
the oncogenic fusion MLL-EEN require the EEN SH3 domain (148).

The present study

demonstrates that PRMT2, in addition to PRMT1, can associate with EEN. Whether PRMT1,
Sam68 and/or the SH3 domain of EEN are necessary for the association of EEN and PRMT2
remains to be tested.
Despite that endogenous EEN had been shown to co-immunoprecipitate with both HAPRMT2 and HA-∆SH3, these PRMT2 proteins were not detected in the co-IP with EEN (Figure
4.3). Moreover, no interaction between these PRMT2 proteins and endogenous Smac, IKKγ, or
PP2A-B55α was observed (Figure 4.3). In fact, none of the other identified protein hits, namely
Smac, IKKγ, and PP2A-B55α were pulled down by endogenous PRMT2 (data not shown).
These discrepancies could be due to many variants such as the nature of the interactions between
the proteins of interest and PRMT2, the relative expression levels of these proteins, or the
sensitivity of detection method. Nevertheless, the associations of Smac, IKKγ, and PP2A-B55α
to PRMT2 still need to be further investigated by other methods such as co-expressing the
epitope tagged versions of these proteins and HA-PRMT2 in cells, or by in vitro techniques such
as the GST-pull down.
PML. Endogenous PML was immunoprecipitated from HeLa cells expressing either HA
tagged full-length PRMT2 (HA-PRMT2) or truncated PRMT2 lacking its SH3 domain (HA-
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∆SH3) using an anti-PML antibody. Western blots using an anti-HA antibody were used to test
if any of the ectopically expressed proteins had co-immunoprecipitated with the endogenous
PML. As shown in Figure 4.3, only the full-length but not the truncated PRMT2 was isolated
with the endogenous PML. Consistent with the proteomic study, this co-IP result also verifies an
association between PML and PRMT2, possibly mediated by the SH3 domain of PRMT2.

Figure 4.3.
PRMT2 and PML co-immunoprecipitate in cells. HA-PRMT2 or HA-ΔSH3PRMT2 was
expressed in HeLa cells and cell lysate was immunoprecipitated with anti-Smac, anti-IKKγ, anti-PML, anti-EEN,
anti-PP2A-B55α, or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with an anti-HA
antibody. The HA-PRMT2 or HA-ΔSH3PRMT2 is indicated by red asterisks. The arrow indicates the antibody
heavy chain contamination (h.c.).

In 1990, the PML gene was originally cloned from the frequent t(15; 17) chromosomal
translocation that generates the PML-RARα and RARα-PML fusion genes in acute promyelocytic
leukemia (APL) (266, 267). APL is a distinct subtype that comprises 10% to 15% of all cases of
adult AML, while the PML-RARα/ RARα-PML fusions have been associated with more than
90% of APL (268). PML acts as a tumor suppressor in vivo, and the PML-RARα fusion protein
may act as an anti-apoptotic oncogene by interacting with and antagonizing PML (269). It has
been reported that PML is the major component of the sub-nuclear structure named PML-NBs
that host various transcriptional regulators and play a role in transcriptional regulation [reviewed
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in (270)]. It will be interesting to test if the interaction between PML and PRMT2 through the
PRMT2 SH3 domain brings PRMT2 into PML-NBs.
PRMT2 SH3 domain binds PML isoforms I and IV. The PML gene contains nine
exons, and at least seven groups of alternatively spliced PML transcripts denoted PML I-VII; the
PML isoforms contain different sequences at their C-termini, but express at comparable levels in
all cell lines tested to date (271). To investigate if the SH3 domain of PRMT2 is sufficient for
PML binding, GST-pull down experiments were performed using GST-SH3(PRMT2) as a bait
and baculovirus lysate expressing either 6×His-PML-I or 6×His-PML-IV as a prey.

The

baculovirus lysates for PML-I and PML-IV were kindly provided by Dr. Graham Dellaire at
Dalhousie University. PML-I is the largest PML variant reported, and PML-IV is the most
studied PML isoform by far due to its involvement in mediating p53-dependent apoptosis
through directly interacting with p53 (272). The presence of PML isoforms in the final GST-pull
down was examined by Western blotting with an anti-PML antibody (Figure 4.4). Both of the
two PML isoforms tested were isolated by GST-SH3(PRMT2), indicating that the SH3 domain
portion is sufficient for the association of PML and PRMT2. Since both PML isoforms were
able to bind to the PRMT2 SH3 domain, the interaction between PML and PRMT2 is likely to
occur through the conserved N-terminus of PML, which contains a proline-rich region.
To test whether PML is a substrate for PRMT1 and/or -2, an in vitro methylation assay as
described in section 2.2 was performed using recombinantly expressed GST-PRMT2 or 6xHisPRMT1 as a methylation source, and heat inactivated baculovirus lysate expressing either 6×HisPML-I or 6×His-PML-IV as a substrate.

The heating step has been shown to inactivate

endogenous methyltransferase activities in cell lysate (43).

Proteins from the methylation

reactions were separated on 15% tricine gels and exposed to storage phosphor screens. PRMT1
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and PRMT2 did not methylate either of the two PML isoforms (data not shown). The biological
consequence of the interaction between PRMT2 and PML requires further study.

Figure 4.4.
PRMT2 SH3 domain interacts with PML isoforms I and IV. GST-pull down experiments
were performed using baculovirus lysate expressing either 6×His-PML-I or 6×His-PML-IV as prey. Eluents were
resolved on a 10% SDS-PAGE gel and blotted with an anti-PML antibody.
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PRMT2 interacts with the tumor suppressor p53. As discussed in an earlier section,
several of proteomic hits are known to regulate apoptosis through the p53 pathway. Both
PRMT1 and CARM1 are able to bind p53 and exert their transactivating functions in conjunction
with the histone acetylase p300 (50). Although CARM1 associated with PRMT1 and -2, p53
was not identified in this proteomic study. However, it has been reported that p53 levels in HeLa
cells are undetectable, which may be due to its high instability in this cell line (273). Therefore,
it is not surprising that endogenous p53 has not been isolated in any of the co-IPs.
To examine the interaction between p53 and the two PRMTs, HeLa cells were cotransfected with DNA constructs encoding Myc-p53 along with HA-PRMT1, HA-PRMT2, or
HA-∆SH3.

The HA tagged PRMT was immunoprecipitated by an anti-HA antibody and

subsequently blotted for Myc-p53 using an anti-Myc antibody. Consistent with a previous
observation (50), my co-IP result also showed an association between PRMT1 and p53 (Figure
4.5A). Additionally, p53 was pulled down by both full-length PRMT2 and PRMT2 devoid of its
SH3 domain (Figure 4.5A). Strikingly, endogenous PRMT2 was detected in the same protein
complex containing HA-PRMT1 and p53 (Figure 4.5B). Furthermore, endogenous PRMT2 was
also isolated within the immunoprecipitated HA-p53 protein complex (Figure 4.5C). These
results illustrate that both PRMT1 and -2 interact with p53 when it is stably expressed, and that
the interaction between PRMT2 and p53 does not require the PRMT2 SH3 domain even though
p53 contains many PXXP motifs that could serve as binding sites for SH3 domains (274).
In another one of my co-IP experiments I found that HA-PRMT6 also associated with
Myc-p53 (Figure A.14), and an interaction between PRMT5 and p53 has been reported earlier by
another group of researchers (47). Thus, five out of nine members of the PRMT family have
been shown to associate with p53 so far, and in the proteomic experiment in this study several
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proteins involved in the p53 pathway were pulled down by co-IP with PRMT1 and -2. All of
these observations suggest a role for the family of PRMTs in p53-dependent pathways.

Figure 4.5.
PRMT2 and p53 co-immunoprecipitate in cells. (A) Myc-p53 and HA-PRMT1, HA-PRMT2,
or HA-ΔSH3PRMT2 were co-expressed in HeLa cells and cell lysate was immunoprecipitated with anti-HA
antibody, or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with anti-Myc (top) or
anti-HA (bottom) antibodies. (B) HA-PRMT1 was expressed in HeLa cells and cell lysate was immunoprecipitated
with anti-HA antibody, or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with an
anti-PRMT2 antibody.
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4.4

Discussion
In this study, I used a proteomic approach to identify proteins that associate with PRMT1

and/or -2. Although some identified proteins are uniquely associated to either enzyme sample,
most of the hits were identified in both. This proteomic analysis reveals several previously
known PRMT binders, and more importantly, it captures a handful of mostly PRMT1/2associated proteins involved in regulating gene expression, mRNA splicing, protein degradation,
inflammatory response, and apoptosis. This result suggests the involvement of PRMT1 and -2 in
various essential cellular pathways through a series of PRMT-protein interactions.
Identification of known PRMT1 binders.
TAF15. Identified as a hit for PRMT1 and -2 by co-IP, TAF15 has been reported as a
PRMT1 substrate (97). Jobert et al. pointed out in 2009 that the PRMT1 methylation of TAF15
within its C-terminal GAR domain is important for its shuttling between the nucleus and the
cytoplasm. These authors demonstrated that TAF15 accumulated in stress granules (SG) within
the cytoplasm of HeLa cells upon AdOx treatment or PRMT1 knockdown, whereas it localized
predominantly in the nucleus without treatment.

Moreover, the authors found that the

transactivation function of TAF15 required PRMT1 mediated-methylation. Since TAF15 was
able to associate with both PRMT1 and -2, it is plausible that these two PRMTs could cooperate
in the methylation of TAF15.
HMGA1. HMGA1 has been proposed as a potential in vivo substrate for PRMT1 based
on the observation that PRMT1 and -3 preferentially methylate HMGA1 at residues R25 and
R23 in vitro, respectively (275). An earlier study suggested that PRMT6 methylates HMGA1 at
residues R57 and R59 in vivo (276). HMGA1 is an architectural nuclear factor that plays an
important role in chromatin dynamics and serves as a central ‘hub’ of nuclear function by
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interacting with a large number of other proteins such as various transcription factors including
NF-κB (277, 278). The monomethylation of HMGA1 has been shown to increase in four
leukemic cell lines when treated with drug or virus to induce of apoptosis (279). A different
group of researchers later reported that the amount of monomethylated HMGA1 can reach up to
50% of total HMGA1 in some tumor cell lines; and the degree of monomethylation, specifically
at amino acid residue R25, appears to increase during apoptosis (280). PRMT1 is the only
known Type I PRMT that methylates HMGA1 at R25 in vitro (275, 281), though it is unclear if
PRMT1 is responsible for the methylation at this residue in vivo. The present study reveals the
association of PRMT1 but not PRMT2 with HMGA1, which supports the existing hypothesis
that PRMT1 is responsible for HMGA1 methylation at R25.
CARM1. The association between PRMT1 and CARM1 has already been established via
a co-IP experiment (21). In this study, CARM1 was detected in both duplicates of the PRMT1
and -2 immunoprecipitation samples but in neither of the negative controls by LC-MS/MS. This
observation not only provides additional evidence for a CARM1-PRMT1 association, but also
reveals a new association between CARM1 and PRMT2. Since PRMT1 is able to form a
heteromeric complex with PRMT2 and PRMTs share highly similar ternary structures (5),
heteromeric complexes containing CARM1 and PRMT1 or -2 may also exist, yet no common
substrate shared by these three PRMTs has been discovered. It will be interesting to test whether
CARM1 can directly interact with PRMT1 and/or 2 in vitro. It has been shown that PRMT1 and
CARM1 regulate gene expression cooperatively (50, 51); therefore, it is reasonable to postulate
that all three PRMTs can be coordinated in their roles as transcriptional regulators.
EEN. The known PRMT1-associated protein EEN was only found in the PRMT2 co-IP.
EEN is a SH3 domain-containing protein first identified as the C-terminal component of the
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oncogenic MLL-EEN fusion protein where the C-terminal truncation of the lysine
methyltransferase MLL is fused to the N-terminus of EEN lacking its first 15 amino acid
residues (265). MLL is the gene product of the Mixed Lineage Leukemia (MLL) gene located on
chromosome 11q23, where chromosomal translocations have been frequently observed in
patients with AML and acute lymphoid leukemia (ALL) (282). MLL rearrangements account for
5-10% of childhood and adult AML and ALL, and up to 80% of infant ALL and approximate
60% of infant AML (283). At least 51 partner genes of MLL have been discovered in patients
with various leukemias so far (284).
EEN is the only member of the endophilin protein family expressed in hematopoietic
cells. It has been reported that EEN may play a role in endocytosis and signal transduction (265,
285); however, more studies have been performed to explore the function of EEN’s in
hematopoietic cells and oncogenesis, especially as an MLL-EEN fusion protein. It has been
reported that the knock-in of an MLL-EEN gene causes myeloid leukemia in chimeric mice
(286), and only the MLL-EEN fusion protein but not the truncated form of MLL is oncogenic
(282). It is noteworthy that the MLL portion of the MLL-EEN fusion protein contains a DNAbinding motif that contributes to the DNA-binding ability of the fusion protein. In a 2004 study,
Liu et al. attempted to tackle the functional contribution of EEN to leukemogenic transformation
by the MLL-EEN fusion protein (282). They noticed that MLL-EEN interacted with EEN
through the coiled-coil domain of EEN, and directed the normally cytoplasmic EEN to the
nucleus. Furthermore, they demonstrated that either the SH3 domain or the coiled-coil domain
of EEN when expressed alone could activate transcription using a reporter gene assay. They
then proposed that EEN might obtain transactivation activity through protein-protein interactions
mediated by its coiled-coil and SH3 domains.
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In support of this hypothesis, Cheung et al. determine that the EEN SH3 domain ias
necessary and sufficient for leukemogenesis since the deletion of the coiled-coil domain does not
abolish cell transformation (148). These authors conducted a GST-pull down experiment by
using GST-SH3(EEN) as bait and total proteins in HeLa cell lysate as prey and identified Sam68,
p54nrb, and PSF as the major EEN SH3 domain-associated proteins. Additionally, they were able
to detect the presence of PRMT1 in their purified GST-SH3(EEN) pull down. The presence of
PRMT2, however, was not tested.
Although EEN has been shown to associate with PRMT1 (148), it was not detected as a
PRMT1-associated protein, but rather a PRMT2 interacting partner by the present co-IP followed
by proteomic analysis. However, the association of endogenous EEN and HA-PRMT1 was
demonstrated using co-IP followed by Western blotting (Figure 4.2). Many factors such as the
relative abundance of the proteins, the binding affinity of the interactions, or the sensitivity of the
detection method can cause these inconsistencies.
p53. It has been reported that p53 interacts with PRMT1 and CARM1 (50). The present
study demonstrated the association between p53 and PRMT2 via a co-IP experiment. p53 is a
tumor suppressor that regulates the transcription of a range of genes in response to cellular
stresses such as DNA damage and hyper-proliferation, directing cells to undergo cell cycle arrest
and DNA damage repair, or apoptosis (287). For example, after exposure of normal cells to
genotoxic agents, p53 activates transcription of a protein named p21, which is an inhibitor of
multiple G1 phase cyclin-dependent kinase (Cdk) complexes that phosphorylate the
retinoblastoma tumor suppressor protein (pRb) [reviewed in (288)]. Non-phosphorylated pRb
binds and inactivates E2F transcription factors that control the expression of a number of genes
essential for DNA synthesis, leading to cell cycle arrest [(289) and references therein].
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Interestingly, PRMT2 can bind pRb directly through the AdoMet binding domain, forming a
ternary PRMT2:E2F:pRb complex that represses E2F activity and G1-S transition in an pRbdependent manner (128). p53 can actually play dual roles since it can induce expression of proapoptotic proteins such as the Bcl-2-associated X protein (BAX), as well as repress translation of
the anti-apoptotic Bcl-2 to promote apoptosis [reviewed in (288)].
Arginine methylation can regulate p53 response and direct cells towards apoptosis or cell
cycle arrest. It has been reported that tetramerization is important for p53 nuclear retention and
DNA-binding ability (290, 291). In 2008, Jansson et al. demonstrated that PRMT5 promotes
p53 oligomerization by methylating its oligomerization domain, resulting in p53-dependent G1
arrest in response to DNA damage (47). A year later, Scoumanne et al. confirmed the role of
PRMT5 in controlling p53-dependent G1 arrest.

Moreover, these authors, aware of the

association of PRMT1 and CARM1 with p53, further pointed out that PRMT5 is the only
reported p53-binding PRMT responsible for G1-S phase transition (292).
Results of my co-IP experiments uncovered the association of multiple Type I PRMTs
with p53. Additionally, the PRMT1 hit S100A4 has been known to bind to p53, disrupt p53
tetramerization, and affect the sub-cellular localization and stability of p53 (293). Despite that
PRMT1, -2, and -5 are all able to associate with p53, PRMT1 and -2 interact with proteins that
destabilize p53 or promote protein synthesis and tumorigenesis, while PRMT5 stabilizes p53
tetramers and induces cell cycle arrest. In fact, PRMT5 was isolated in one of the two PRMT2
proteomic samples and not in the negative controls. I showed in Chapter 2 that both aDMA and
sDMA levels increased when PRMT1 and -2 were overexpressed in HeLa cells (150). Taken
together, a potential crosstalk between Type I and Type II PRMTs may exist; and these PRMTs

127

may be involved in fine-tuning the p53 pathway and regulating cell cycle progression by
participating in different protein complexes.
Newly identified PRMT-associated proteins involved in gene expression.
DNA replication. In addition to the known PRMT1 binder HMGA1, which induces
chromatin structural changes and promotes DNA replication by directly binding to DNA and
their associated nucleosomes (294), five other identified protein hits are directly involved in
regulating DNA replication.

These hits include DNA replication licensing factor MCM7

(MCM7) for PRMT2, and four hits for both PRMT1 and -2. Interestingly, the PRMT2 hit
MCM7 interacts with the hit for both PRMT1 and -2, DNA replication licensing factor MCM4,
as part of the MCM complex that is essential for the initiation and elongation of DNA replication
(295, 296). Another shared hit, the mini-chromosome maintenance complex-binding protein
(MCM-BP) acts as a replacement of MCM2, another component of the MCM complex, and also
regulates the dissociation of the MCM complex from chromatin (297, 298). The other two hits,
replication factor C (RF-C) subunit 1 and ATPase WRNIP1 (WRNIP1) both work in conjunction
with DNA polymerase δ (pol δ). While RF-C is required for proliferating cell nuclear antigen
(PCNA)-dependent DNA elongation by pol δ (299), WRNIP1 modulates pol δ-mediated DNA
synthesis initiation independent of PCNA (300).
Transcription. A total of 17 protein hits have been implicated in transcriptional
regulation, including the known PRMT1 binders HMGA1, TAF15, and CARM1. The general
transcription factor IIH subunit 5 (TFB5) and protein S100-A4 (S100A4) were identified in the
HA-PRMT1 co-IP. Four and a half LIM domains protein 2 (FHL2) and PRMT2 itself were
found exclusively in the HA-PRMT2 co-IP. The remaining 12 protein hits showed up in both
co-IPs.
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Some of these PRMT-associated proteins act as transcription factors, transcriptional
regulators, or co-regulators. TFB5 is a subunit of transcription factor TFIIH that regulates the
TFIIH expression level in cells (301). The leucine-rich repeat flightless-interacting protein 1
(GCF2), chromodomain Y-like protein (CDYL), and developmentally-regulated GTP-binding
protein 1 (DRG1) all have been reported as transcriptional repressors (302-304), whereas thyroid
receptor-interacting protein 6 (TRIP6), protein furry homolog-like (AF4P12), and 59 kDa 2’-5’oligoadenylate synthase-like protein (OASL/TRIP14) have been known for their transcriptional
activation abilities (50, 97, 305-307). In addition, although the detailed mechanism has yet to be
studied, it has been reported that RF-C subunit 1 mentioned above as a hit associated with
PRMT1 and -2 can stimulate the expression of the damage-inducible RNR3 gene in response to
DNA damage (308). Furthermore, it has been observed by different research groups that another
protein that associated with both PRMT1 and -2, the cellular nucleic acid-binding protein
(CNBP), can either negatively control the activity of a human beta-myosin heavy chain (β-MHC)
reporter construct and the expression of the JC virus early promoter-enhancer [JCV(E)] (309,
310), or up-regulate the promoter activities of the mouse macrophage colony-stimulating factor
1 (Csf-1) and the human c-MYC genes (311, 312).
Several of the hits affect transcription through regulating the activity of transcription
factors. FHL2 identified in the HA-PRMT2 co-IP associates and inhibits the repressive capacity
of the transcription factor E4F1, leading to transcriptional activation and cell proliferation (313).
A second hit to fall into this category is the NF-κB essential modulator (NEMO/IKKγ), which is
a regulatory subunit of the IκB kinase (IKK) complex. Additionally, PRMT1 pulled down an
NF-κB activator, the protein S100-A4 (S100A4) (314).
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Some of the hits in this study are known to regulate transcription through changes to
chromatin structure. For example, the PRMT1 binder HMGA1 interacts with transcription
factors and causes targeted unfolding of compact chromatin as a first step in transcriptional
activation (315). A second example is the common PRMT binder, the actin-like protein 6A
(BAF53), which is involved in transcriptional regulation by serving as an essential element
necessary for the association of the mammalian chromatin remodeling BAF complex with
chromatin (316).
Last but not least, the scaffolding protein PML has been recognized as a protein that
associates with both PRMT1 and -2 in the present proteomic study. Further, the co-IP result
suggests the PRMT2 SH3 domain is essential for the interaction between PRMT2 and PML
(Figure 4.3 and Figure 4.4). The association of PML and PRMT1 and -2 may bring the two
PRMTs into the PML-NBs, which host different transcriptional regulators [reviewed in (270)],
so that PRMTs can work in concert with other transcriptional regulators in close proximity.
RNA processing.

Similar to the GST-SH3(PRMT2) pull down results presented in

Chapter 3, the results of the co-IP experiments also reveal the association between at least six
splicing-related proteins and PRMTs. However, besides the two splicing-related proteins that
associated with PRMT1, at least four other hits with previously known roles in pre-mRNA
splicing were pulled down by both HA-PRMT1 and HA-PRMT2, suggesting that the two
PRMTs may both involve in splicing regulation.
Selection of splicing sites-The U2 auxiliary factor (U2AF) is composed of two subunits, a
35 kDa subunit (U2AF1) and a 65 kDa subunit (U2AF2) (199), the latter was coimmunoprecipitated with PRMT1. As mentioned in Chapter 3, U2AF is important for the
formation of pre-splicing complexes E and A by binding to the polyprimidine tract at the 3’
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splice site and recruiting U2 snRNP to the BPS (199, 200). However, U2AF2 itself can bind to
the polypyrimidine tract (317), and it is the only U2AF subunit required for in vitro splicing
(318). On the other hand, the interaction of U1 snRNP to the 5’ splice site is important for the
selection of a 3’ splice site mediated by U2AF (319); furthermore, the U1 snRNP at the 5’ splice
site facilitates U2AF2 binding to the 3’ splice site by recruiting other factors (320). Therefore,
protein-protein interactions spanning the RNA sequence between 5’ and 3’ splice sites are
important for the regulation of alternative splicing. Most of essential elements for the formation
of the pre-splicing complexes E and A have been found in the PRMT2 SH3 domain-associated
protein complex as described in Chapter 3. It is exciting to see a subunit of U2AF, the missing
piece of the puzzle, actually being introduced to the pre-splicing complexes by PRMT1.
Intriguingly, SC35 identified in co-IPs for PRMT1 and -2 and SF1 found to associate
with the PRMT2 SH3 domain (Chapter 3) have been suggested to work in bridging the 5’ and 3’
splice sites. SC35 interacts with the U1-70K subunit in the U1 snRNP complex and also U2AF1,
which sits at the BPS and interacts with the C-terminus of U2AF2; whereas SF1 is a bona fide
U1-snRNP component, and non-phosphorylated SF1 interacts with U2AF2 through the U2AF2
N-terminus positioned proximal to the 3’ splice site (172, 321, 322). Interestingly, SC35 is able
to act as a functional substitute for U2AF2 (323). Additionally, the spliceosome RNA helicase
DDX39B (UAP56) has been found to associate with both PRMT1 and -2. UAP56 has been
discovered as a U2AF2-associated protein required for the recruitment of U2 snRNP to the BPS,
leading to the formation of the pre-splicing complex A (324). The association of PRMT1 and -2
with these splicing factors implicates the participation of these PRMTs in splice site selection
during the regulation of pre-mRNA splicing.
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One of the few reported regulators of PRMT1-dependent arginine methylation, CCR4associated factor 1 (hCAF1), interacts with PRMT1 and down-regulates PRMT1 activity towards
Sam68 and histone H4, but not hnRNP A1 (74). Interestingly, PRMT1:hCAF1 complexes
specifically localize to nuclear speckles, which are enriched in elements of the pre-mRNA
splicing machinery and might function in the regulation of splicing and transcription by
modulating the storage, assembly, modification, and localization of splicing factors (74, 207).
Curiously, neither PRMT1 nor hCAF1 contain an SR domain, which helps to direct proteins to
nuclear speckles (74). It has been proposed that SC35, a known speckle protein, may carry the
PRMT1:hCAF1 complex into the nuclear speckle (74). However, no evidence in support of an
interaction between SC35 and PRMT1 or hCAF1 has been reported. Other SR proteins such as
ASF/SF2 and SFRS9/SRp30c were found to be in vitro substrates of PRMT1 (73, 325). Further,
arginine methylation is important for the subnuclear localization of SFRS9/SRp30c in HEK293
cells (325). Results of the present study suggest an association of SC35 and PRMT1, though
whether SC35 is a PRMT1 substrate has yet to be addressed.
Assembly of spliceosomal snRNPs-The core domain of all snRNPs is built by a group of
Sm proteins [Sm-like proteins (LSms) for U6 and U6atac] (175). Interestingly, the U6 snRNAassociated Sm-like protein LSm5 (LSm5) that binds U6 snRNA and may facilitate the formation
of the U4/U6 snRNP (326), was identified in the HA-PRMT1 co-IP. Additionally, one protein
that associates with both PRMTs, the component of gems 4 (Gemin4) has been shown to interact
with several of the Sm proteins including the identified PRMT2 SH3 domain-associated protein
SmB (327). Gemin 4 associates tightly with SMN and forms the SMN complex that is essential
for the assembly of spliceosomal snRNPs (327). On the other hand, it has been observed that the
catalytic subunit of protein phosphatase 4 (Ppp4c) and its regulatory subunit R2 can interact with
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Gemin4 and enhance the function of the SMN complex in maturing snRNPs (328). Interestingly,
the present proteomic analysis revealed R1, another regulatory subunit of Ppp4c, associated with
both PRMT1 and -2 like Gemin4, yet the interaction between R1 and Gemin4 still needs to be
tested.
Mutations in the SMN gene account for a recessive neuromuscular disorder named
proximal spinal muscular atrophy (SMA) (329). The exons of the SMN gene encoding a SMN
homodimerization domain and a tudor domain contain extensive mutations in SMA patients
(330, 331). While the homodimerization domain has been considered to be responsible for SMN
oligomerization and its correct localization in the sub-nuclear structure termed Cajal
bodies/Gems (330, 331), the SMN tudor domain resembles the ternary structure of Sm core
proteins and facilitates the SMN-Sm protein interaction (332). Interestingly, it has been shown
that the SMN-Sm interaction is sDMA-dependent but not aDMA-dependent (333). Furthermore,
the tudor domain of SMN prefers to bind to methylated endogenous Sm proteins over nonmethylated Sm proteins (56).
PRMT5 is the only known Sm protein methyltransferase reported to date [reviewed in
(55)], although PRMT7 has been found to be required for Sm-class snRNPs biogenesis as well
(48). It has been demonstrated that PRMT5 interacts with the SMN complex and potentiates the
assisted assembly of spliceosomal snRNPs (334).

As an integral component of the SMN

complex, Gemin4 has also been identified in this SMN-PRMT5 complex (334).
The present data reveal that Gemin4 is able to associate with PRMT1 and -2. Indeed, the
SMN protein has been identified in one of the PRMT1 samples and both of the PRMT2 samples.
Unfortunately, one negative control also displayed a SMN hit, thus SMN was excluded from the
list of hits according to a relatively stringent selection criterion that had been applied to reduce
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false positives. However, showing up in the negative control does not necessarily mean that
SMN does not interact with PRMT1 and -2. The current proteomic analysis was not done in a
quantitative way, and the relative amount of protein hits in the experimental groups and the
control groups was not reflected in the output. Therefore, whether a hit like SMN interacts with
PRMT1 and -2 remains inconclusive. It is noteworthy that PRMT1 itself was identified in all of
the samples including negative controls. Again, the stringency for hit selection prevented its
inclusion in the final list of PRMT1- and/or PRMT2-associated proteins. Regardless of any
technical shortcomings of this proteomic study, the existing data suggest that both Type II and
Type I PRMTs could function in SMN complex formation and spliceosomal assembly.
Other PRMT-associated RNA processing proteins-The pre-mRNA-processing factor 40
homolog A (FNBP3) is an orthologue of the S. cerevisiae splicing factor PRP40, however, its
role in human splicing remains unclear (335). Associating with both PRMTs, the probable ATPdependent RNA helicase DDX56 (NOH61) has been postulated to be a factor involved in the
assembly process of the large (60S) ribosomal subunit (336). Another protein hit in both co-IPs
is the lysyl-tRNA synthetase (LysRS) that charges the tRNALys with the amino acid lysine (337).
The exosome complex component RRP41 (Rrp41) that associated with PRMT1 is a part of the
human 3’-5’ exoribonuclease complex that degrades RNA (338). These results illustrate that
PRMTs may play roles in various steps of RNA metabolism.
Translation. Both PRMT1 and -2 associate with eukaryotic translation initiation factors
such as initiation factor 3 subunit I (eIF3I) and factor 4E type 2 (eIF4E2). Both of these two
PRMT-associated initiation factors are involved in the early steps of translation initiation during
which mRNAs are brought to the translational machinery. eIF3I is a component of the eIF3
complex, which stabilizes initiator Met-tRNAi binding on the 40 S ribosome and is also needed
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for the ribosomal binding of a mRNA template (339, 340). eIF4E controls the rate-limiting step
of eukaryotic translational initiation by recognizing the 7-methylguanine cap at the 5’ end of
mature mRNAs and recruits them to ribosomes (341). It has been used as a tumor marker since
its overexpression is observed in numerous cancers (342, 343). One of many ways that p53
controls senescence and tumorigenesis is by modulating the activity of eIF4E.

Evidence

suggests that p53 can inhibit eIF4E-dependent translation initiation by increasing the stability of
the eIF4E-binding protein 4E-BP1, which is an inhibitor of eIF4E (344, 345). The identified
PRMT-associated protein eIF4E2 is a divergent eIF4E homologue that shares only 28%
sequence identity to human eIF4E, but is still able to interact with the mRNA cap-structure and
the eIF4E-binding proteins (4E-BPs) (346). In addition, a structural protein of the 40S ribosome
(347), the 40S ribosomal protein S20 has been identified as a PRMT1-associated protein in this
study.
p53-dependent cell cycle regulation. The present study pointed out at least six PRMTassociated proteins that participate in cell cycle control through the p53-mediated pathway.
Additionally, the interaction between p53 and PRMT2 was demonstrated by co-IP (Figure 4.5).
In the absence of a stress stimulus, p53 associates with its negative regulators such as the mouse
double-minute 2 protein (MDM2), which is an E3 ligase, and many other cellular factors such as
additional E3 ubiquitin ligases; these negative regulators cause ubiquitination, nuclear export and
proteasomal degradation of p53 catalyzed by the 26S proteasome, thereby maintaining the
cellular p53 concentration at a low level (348, 349). Stress results in the phosphorylation of
MDM2 and p53, leading to MDM2 degradation and p53-dependent transcriptional activation
(350).

135

It has been shown that the ubiquitinated cytoplasmic p53 could be recycled by a
cytoplasmic enzyme that deubiquitinates p53, namely ubiquitin carboxyl-terminal hydrolase 10
(USP10) (351). Interestingly, USP10 has been identified as a PRMT2-associated protein in this
proteomic study.

Moreover, both nuclear and mitochondrial p53 trigger the expression of

another PRMT2-associated protein, the human homolog of the mitochondrial protein Diablo
from D. melanogaster termed the second mitochondria-derived activator of caspase (Smac),
leading to the release of several downstream pro-apoptotic proteins (352).
The PRMT1-associatd proteins, the 40S ribosomal protein S27-like (RPS27L) and
proteasome subunit beta type-1 (PSMB1) both take part in the p53 pathway. RPS27L is a p53inducible target, and once expressed it competes for MDM2 binding with p53 and promotes
apoptosis (353, 354), whereas PSMB1 is a proteolytic subunit of the 20S core of the 26S
proteasome that is responsible for the degradation of ubiquitinated p53 (355, 356). Indeed, two
other subunits of the 26S proteasome have also been identified in this proteomic study,
associating with both PRMT1 and -2. One of them is the proteasome subunit alpha type-4
(PSMA4) and the other is the 26S proteasome non-ATPase regulatory subunit 11 (PSMD11).
Furthermore, one additional hit is the proteasome-associated protein ECM29 homolog (ECM29)
(357).
Other proteins involved in cell cycle regulation. Three proteins involved in cell cycle
regulation not through the p53 pathway were also identified in this study.

The PRMT1-

associated protein kinetochore-associated protein 1 (hRod) is a component of the kinetochore,
and is required for mitotic checkpoint arrest that enables faithful chromosome segregation during
mitosis (358). Another PRMT1-associated protein nucleoporin NUP43 (NUP43) is also needed
for normal kinetochore microtubule attachment and chromosome segregation (359). Condensin-
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2 complex subunit D3 (NCAPD3), a hit in both co-IPs, is a component of the condensin II
complex that plays a key role in chromosome condensation that is needed for accurate
segregation of sister chromatids in anaphase of mitosis (360). Another hit in both co-IPs, the
CD2-associated protein (CMS) contains three SH3 domains in it N-terminus and a proline-rich
domain in its C-terminus that allows it to interact with many proline-rich domains and SH3
domain-containing signaling proteins (361).

CMS has been found to be essential for the

activation of a signal transduction pathway necessary for transforming growth factor-β (TGF-β)induced apoptosis (362).
Post-translational modifying enzymes.

Besides the methyltransferases PRMT2 and

CARM1, the aforementioned protein phosphatase 4 regulatory subunit R1, and the hydrolase
with deubiquitination activity USP10, eleven additional modifying enzymes associated with
PRMT1 and -2.

Two proteins isolated with PRMT1 and -2 in addition to USP10 have

demonstrated deubiquitination activities.

One of them is the ubiquitin carboxyl-terminal

hydrolase 24 (USP24) (363); and another one is the probable ubiquitin carboxyl-terminal
hydrolase FAF-X (USP9X) (364, 365). Plus, two more subunits of serine/threonine-protein
phosphatases were pulled down with the two PRMTs. The catalytic subunit of the protein
phosphatase 1 (Ppp1CC) interacts with over fifty regulatory subunits of the protein phosphatase
1 (PP1), contributing to the regulation of many cellular functions such as cell division and
protein synthesis (366). PP2A-B55α, which associated with both PRMTs, is the alpha isoform
of the 55 kDa regulatory subunit for serine/threonine-protein phosphatase 2A (PP2A). PP2A
contains a catalytic subunit and various regulatory subunits similar to PP1 in addition to a
scaffolding subunit. Through associating with different regulatory subunits, PP2A regulates the
cell cycle either positively or negatively (367). Found in both co-IPs, the only kinase identified
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in this proteomic study is the serine/threonine-protein kinase MRCK beta (MRCKβ), which
phosphorylates a regulatory subunit of PP1 (Uniprot Database).
Cullin-4B (CUL4B), which was identified in both co-IPs, is a scaffold protein that brings
together the substrate and the ubiquitin-conjugating enzyme within the cullin-RING E3
ubiquitin-protein ligase complexe to catalyze the ubiquitination reaction necessary for the
subsequent proteasomal degradation of their targeted proteins (368).

However, the cullins

interact with neither the ubiquitin-conjugating enzyme nor the substrate directly, but through
recruiting two conjugating enzyme binders and many substrate receptors (369). Interestingly, the
PRMT1 co-IP experiments have pulled down the DDB1- and CUL4-associated factor 7
(WDR68) that could be a possible substrate receptor for a CUL4-RING complex (370).
Additionally, two possible substrate receptors for other cullin-RING ligase complexes have also
been identified. The F-box only protein 30 (FBXO30) isolated with PRMT1 and -2 has been
proposed as a substrate-recognition component of SKP1-CUL1-F-box protein E3 ubiquitin ligase
complex based on sequence similarity (Uniprot Database). Found to associate with PRMT2 in
this study, gigaxonin (GAN1) is known to interact with CUL3 and recruit protein targets to the
BTB-CUL3-Roc1 ubiquitin ligase complex together with other substrate adaptors (371).
Another E3 ubiquitin-protein ligase that was associated with both PRMT1 and -2 is the
probable E3 ubiquitin-protein ligase TRIP12 (TRIP12). The yeast homolog of TRIP12, UFD4,
interacts with particles within the 19S subunit of the 26S proteasome and facilitates the
proteolysis process (372). In conjunction with the other enzymes involved in the ubiquitin
fusion degradation pathway, TRIP12 acts as an E3 enzyme that covalently links ubiquitin
moieties to the N-terminus of its targets, serving as a degradation signal recognized by the 26S
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proteasome (373). TRIP12 also contributes to the ubiquitination and degradation of monomeric
ubiquitin (374).
Other cellular processes. Other isolated proteins associated with PRMT1 and/or -2
participate in many different cellular processes such as protein folding and transport, actin
binding, and a variety of metabolic pathways (Table A.3). It is unclear what the significance of
these hits can be. Although a number of these PRMT-associated proteins may not directly
impact gene expression, they may be able to do so indirectly.
For instance, importin-7 (Imp7), which associated with PRMT1, mediates the nuclear
import of histone H1 (375); and in vitro evidence suggests that Imp7 can also mediate the
nuclear import of histones H2A, H2B, H3, and H4 (376). The PRMT2-associated hit endophilinA2 (EEN) contributes to the EEN portion of the oncogenic MLL-EEN fusion protein, which has
been observed in a subgroup of acute leukemia patients (265). The MLL part of the MLL-EEN
fusion protein is thought to provide DNA binding affinity, whereas the EEN part demonstrates
transactivation property (282). Last but not least, identified in both co-IPs the nuclear fragile X
mental retardation-interacting protein 2 (82-FIP) interacts with the PRMT1 substrate FMRP, and
shows a cell cycle-dependent sub-cellular localization (377). It has been shown that PRMT1catalyzes arginine methylation affects both the protein-protein and protein-RNA binding ability
of FMRP (378). Although we cannot rule out the possibility that the 82-FIP associates with
PRMT1 through FMRP, it may be more than a coincidence to see a binding partner of a PRMT1
substrate being isolated with PRMT1 while the substrate FMRP itself has not been identified in
the same assay.
Interactions among PRMTs, protein phosphatases, and NF-κB protein complexes.
Components of at least three serine/threonine-protein phosphatases that are responsible for
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dephosphorylating phosphorylated serine and threonine residues in proteins (379), namely PP1,
PP2A, and PP4, were isolated in co-IPs of PRMT1 and -2. All three protein phosphatases are
comprised of one catalytic subunit and one or more regulatory subunits, while the PP2A also
contains a scaffolding subunit (379).
Three highly similar (> 89% identical in amino acid sequence) PP1 isoforms, α, β/δ, and
γ, encoded by different genes have been documented (380). These isoforms demonstrate various
tissue distribution and distinct sub-cellular localization patterns (380, 381). The catalytic subunit
of the PP1γ has been detected in the PRMT1 and -2 protein complexes in the present proteomic
study. This finding is consistent with the result of an earlier study that suggests the presence of
PRMT1 in both PP1α and PP1γ interactomes (381). In contrast to the other isoforms, PP1γ
shows a higher expression level in brain. Within cells, PP1γ localizes to nucleoli and associates
with chromatin during mitosis, suggesting its role in cellular events such as transcription,
chromatin remodeling, chromosome condensation and segregation (380, 381). As mentioned
above, PRMT1 and -2 also act in regulating these cellular processes. The association of PP1γ
with the two PRMTs, and their overlapping functions give rise to the possibility that these
proteins may work cooperatively in certain cellular pathways.
Another protein isolated by both PRMTs is PP2A-B55α, one of the many known
regulatory subunits for PP2A (379). PP2A is able to dephosphorylate Bcl-2 antagonist of cell
death (BAD) and enhance its pro-apoptotic activity, while PRMT1 is also able to specifically
methylate BAD at its consensus phosphorylation motif and thereby prevent phosphorylation of
BAD (111). Based on these observations, I postulate that PRMT1, possibly in complex with
PRMT2, maintains BAD in its dephosphorylated state not only by methylating BAD to prevent
its phosphorylation, but also via recruiting PP2A through associating with the PP2A-B55α.
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Unlike PP2A that can be regulated through binding to various regulatory subunits, only
two structurally distinct core regulatory subunits unique for the protein phosphatase 4 catalytic
subunit (Ppp4c) have been uncovered so far. The regulatory subunit R1 was found to associate
with PRMT1 and -2; and the second one is a smaller protein termed R2 (382), yet it is still
unclear whether R1 and R2 differentially regulate Ppp4c activity. Emerging evidence indicates
that Ppp4c-R1 complexes may positively regulate transcription by decreasing the activity of a
histone deacetylase (HADC) that is believed to be a transcriptional repressor (383). On the other
hand, PRMT1 works in conjunction with the histone acetyltransferase p300 during
transactivation (50, 79). It has been shown that PRMT1 facilitates methylation of histone H4
preceding acetylation by p300, whereas prior acetylation of histone H4 preventes it from being a
PRMT1 substrate (79). The present result implies that PRMT1 may mediate transactivation
through a more comprehensive mechanism, such that PRMT1 and its associated Ppp4c-R1
complex recruit HDAC and deacetylate histone H4, then work in concert with p300, resulting in
transcriptional activation. PRMT2 may exert its function in PRMT1-mediated transactivation by
forming heteromeric PRMT1/2 complexes and potentiating PRMT1 activity, as well as through
introducing other PRMT-associated modifying proteins to the PRMT complexes. Although not
being identified in the present proteomic study, R2 in complex with Ppp4c is known to be
involved in spliceosomal assembly through interacts with the SMN complex containing Gemin4,
PRMT5, and SMN (328). However, the exact role of Ppp4c-R2 complexes and whether Ppp4cR1 complexes also exist in the same SMN complex have yet to be investigated.
Moreover, both PP2A and PP4C have been implicated in regulating NF-κB-mediated
transcription dependent on their dephosphorylation activity (382). NF-κB family of proteins can
be further divided into two subfamilies: the NF-κB subfamily, which contains p50 and p52 that

141

do not display the C-terminal transactivation domains; and the Rel subfamily including c-Rel,
RelB, and p65 that do contain the C-terminal transactivation domains [reviewed in (384)].
Therefore, the NF-κB subfamily members p50 and p52 generally lack transactivation abilities
unless heterodimerizing with the Rel subfamily members (384).

PP4C has been co-

immunoprecipitated with NF-κB subunits c-Rel, p65, and p50, and overexpression of PP4C
leads to activation of NF-κB-mediated transcription (385). In contrast, PP2A dephosphorylates
p65, resulting in decreased NF-κB transactivation activity (386). PRMT1 and -2, in addition to
interacting with these two phosphatases, also interact with NF-κB subunits. A previous study
has revealed a direct interaction between PRMT1 and p65, which resultes in NF-κB-mediated
transactivation (52). However, PRMT2 helps to maintain an association between NF-κB and its
inhibitor IκB-α in the nucleus by binding to p50 and p65 through the PRMT2 SH3 domain,
while binding to the NF-κB inhibitor IκB-α via other domains of PRMT2, resulting in the
inhibition of NF-κB-dependent transcription and promotion of apoptosis (32).
Moreover, IKKγ that phosphorylate the inhibitors of κB (IκBs) and release NF-κB from
inhibition (387), was also detected in the PRMT1 and -2 protein complexes according to this
current proteomic analysis.

It has been shown that IκBs attenuate NF-κB transcriptional

activation activity by changing its DNA-binding affinity and retaining its localization to the
cytoplasm [reviewed in (388)].

Upon stimulation with inducers such as pro-inflammatory

cytokines, the IKK complex phosphorylates IκBs, which triggers IκB polyubiquitination and
degradation, leading to NF-κB transactivation (389). IKKγ is a non-catalytic subunit of the IKK
complex that recruits the other two catalytic subunits, IKKα and IKKβ, and assembles the IKKs
into a high molecular weight signalosome complex (390). Additionally, IKKγ also facilitates the
association of the IKK complex with its substrate IκBs (391).
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An earlier study has demonstrated that the newly identified PRMT1-associated protein
S100A4 can activate NF-κB by inducing phosphorylation of IKKα and IKKβ (314). The
interaction between PRMT1 and S100A4 may provide an alternative mechanism for PRMT1facilitated NF-κB activation in addition to interacting with the NF-κB subunit p65 (52). Taken
together, although the mechanism by which PRMT1 and -2 coordinate NF-κB-mediated
transactivation has not been fully elucidates, it is clear that both PRMT1 and -2 are able to either
positively or negatively influence the NF-κB pathway via interacting with various signaling
proteins such as phosphatases and kinases.
PRMT 1, -2, and 26S proteasome-mediated protein degradation. These proteomic
screens for PRMT1 and/or -2 unveiled their associations with components of cullin-RING E3
ubiquitin-protein ligase complexes and the 26S proteasome. The cullin-RING E3 ubiquitinprotein ligase complexes (CRLs) comprise the largest known family of ubiquitin ligases, which
attaches multiple ubiquitin proteins to its substrates (392). Although ubiquitination could alter
protein function or localization, this post-translational modification is most well known as a
mark for degradation by the 26S proteasome (393). The 26S proteasome is composed of a 20S
core that carries out the catalytic activity of the proteasome, and a 19S regulatory subunit that
recognizes polyubiquitin chains and directs the substrates into the 20S cavity (356). The 20S
core consists of four stacked rings, with two proteolytic inner β-rings and two structural outer αrings (355). The newly identified PRMT1-associated protein PSMB1 is a component of the
inner β-rings (394), and PSMA4 that was pulled-down by both PRMT1 and -2 is a structural
element of outer α-rings of the 20S core (395). Moreover, PSMD11, which is involved in the
19S regulatory subunit of the 26S proteasome (396), and a 26S proteasome-associated protein
termed ECM29 were also found to associate with PRMT1 and -2. On the other hand, four CRL
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components were isolated in the PRMT protein complexes, including CUL4B, WDR68,
FBXO30, and GAN1. Additionally, TRIP12, an E3 ubiquitin ligase that does a similar job as
CRLs but not in the CRL family was also co-purified with both PRMT1 and -2.
One possible explanation for this observation is that the 26S proteasome is responsible
for the degradation of PRMTs or their associated proteins. However, it has been reported that
not only the proteolytic activity of the proteasome is required for p53-mediated transactivation
(293), the 19S regulatory subunit of the proteasome can also function as a transcriptional
regulator (397), and can be recruited to genes following the mono-ubiquitination of histone H2B
(398).

Hence, it will be interesting to test if PRMT-catalyzed arginine methylation is a

prerequisite or a consequence of 19S subunit recruitment. Altogether, these compelling results
make one speculate as to the possible roles of PRMT1 and -2 in 26S proteasome-mediated
protein degradation, particularly in transferring the ubiquitin mark to a target catalyzed by an E3
ubiquitin ligase, recognizing this mark facilitated by the 19S subunit of the 26S proteasome, and
degrading the target in the 20S catalytic subunit.
Although the 26S is responsible for degrading a broad spectrum of substrates, several of
its substrates are worth mentioning here due to their roles in regulating transcription and DNA
repair.

It has been observed that the expression of genes encoding components of the

ubiquitin/proteasome pathway can be induced by DNA damage. Additionally, transcription
mediated by RNA polymerase II can be paused at the site of DNA damage by ubiquitination of
the RNA polymerase II followed by its degradation (399). In respect to this dissertation,
important elements of NF-κB and p53 pathways such as IκBα, MDM2, and p53 are all subject to
E3 ubiquitin ligase-catalyzed ubiquitination followed by 26S proteasome-mediated proteolysis
(400-403). Once the NF-κB inhibitor IκBα gets phosphorylated upon extracellular stimulation,
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the SKP1-CUL1-F-box protein E3 ubiquitin ligase complex will ubiquitinate it, leading to
degradation of IκBα by the 26S proteasome and activation of the NF-κB pathway (400).
Interestingly, FBXO30, identified in co-IPs with PRMT1 and -2, may recognize the
phosphorylation signal on IκBα and thus recruit it to the E3 ubiquitin ligase complex [(400) and
Uniprot Database]. On the other hand, MDM2 mediates p53 and its own ubiquitination and
proteasomal degradation in cells (402, 403).
Furthermore, the list of PRMT1 and/or -2 hits contains three deubiquitinating enzymes
(DUBs). DUBs antagonize the ubiquitination of proteins by cleaving the polyubiquitin chain
from target proteins; and they are also responsible for activating, recycling, and regenerating
monoubiquitin (404). All three identified DUBs belong to the largest class of deubiquitinase
family known as the USP family. Expression of DUB genes can be induced by cytokines, and
DNA damage has been found to serve as a signal to activate DUBs. It has been reported the
transcription of a DUB gene is induced by activation of the NF-κB pathway, whereas the
activities of certain DUBs result in a feedback inhibition of NF-κB signaling [reviewed in (404)].
Importantly, the PRMT2-associated protein USP10 is responsible for deubiquitination and
nuclear translocation of cytoplasmic p53 after DNA damage, thereby reversing MDM2-induced
p53 nuclear export and degradation (351).
Taken together, PRMT1 and -2 may act in NF-κB and p53-dependent transcription by
controlling degradation of essential elements of these pathways through protein-protein
interactions, leading to activation or suppression of transcription. As another consideration, the
26S proteasome catalyzes the proteolysis of numerous proteins. The association of PRMT1 and
-2 to the 26S proteasome and E3 ubiquitin ligase could also suggest that PRMT1 and -2 are both
substrates of the 26S proteasome.
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PRMT 1 and -2 as residents of PML-NBs. Revealing the association of both PRMT1
and -2 with PML may help us to look into the PRMT-protein interactome and its function as a
whole in regulating cell growth from a different angle. PML and PML-NBs have been suggested
to play significant roles in controlling programmed cell death and are involved in several
apoptotic pathways [reviewed in (405)]. For instance, Fogal et al. have shown that PML isoform
IV directly interacts with p53 and acts as a p53 transcriptional coactivator (264). However, these
authors also noted that the physical interaction of PML IV and p53 is not sufficient to activate
p53-dependent transcription. They pointed out the PML-NB localization of p53 mediated by
PML IV is actually a key factor for promoting p53 activity. Later, researchers realized the PMLNBs might be the hubs of the pro-apoptotic transcriptional network by virtue of hosting a wide
variety of transcriptional regulators.

Both the acetylase CBP/p300 and the homeodomain-

interacting protein kinase-2 (HIPK2) are recruited to the PML-NBs where they modify p53 and
thus trigger p53-dependent transcription (406, 407). Additionally, a DUB deubiquitinating p53
named HAUSP (herpesvirus-associated ubiquitin-specific protease) has also been found in PMLNBs where it induces p53 stabilization and activation (408). The present study demonstrates
PRMT interactions with PML IV and p53, suggesting that PRMT1 and -2 as proteins residing in
the PML-NBs may influence p53-dependent transcription.
In fact, it has been shown that PRMT1 and its substrate MRE11 co-localize in the PMLNBs (113). MRE11 is a subunit of the MRE11-RAD50-NBS1 complex that is important for
DNA damage repair. PRMT1-mediated arginine methylation of MRE11 is required for its
association with PML-NBs and sites of DNA damage (115). The observed interaction between
PML and PRMT2 through the PRMT2 SH3 domain raises the possibility that PML, PRMT1, and
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PRMT2 may work in DNA damage repair cooperatively. The present result raises the possibility
that PML, PRMT1, and PRMT2 may work in DNA damage repair cooperatively.
PML also acts as a transcriptional repressor of the NF-κB pathway, inducing apoptosis
upon TNFα stimulation (409). To do so, PML interacts with the NF-κB subunit p65 and traps
p65 in PML-NBs. Moreover, PML sequesters pRb and E2F in the PML-NBs thereby downregulating transcription and promoting cell cycle arrest (410). Another study has shown that
PML regulates cell cycle arrest by bringing both phosphorylated pRb and the phosphatase PP1α
to the PML-NBs, leading to dephosphorylation of pRb (411). The non-phosphorylated pRb can
then bind to E2F and inhibit its transcriptional activity (289). Interestingly, PRMT2 represses
E2F transcriptional activity by forming a ternary complex of PRMT2:E2F:pRb (128).
The present study uncovers the interaction of PRMT2 and PML in a SH3 domaindependent manner. More specifically, the PRMT2 SH3 domain was able to bind PML I and -IV.
All PML isoforms contain a proline-rich motif at its N-terminus, which could serve as a docking
site for PRMT2 SH3 domain. It is unclear whether PML directly interacts with either pRb or
E2F, though it has been demonstrated that PRMT2 physically interacts with pRb through its
AdoMet binding domain (128).

Therefore, PRMT2 may facilitate the formation of a

PRMT2:E2F:pRb:PML quadruplex by interacting with PML via the N-terminal SH3 domain,
while binding to pRb through the AdoMet binding domain, hence promoting cell cycle arrest.
Astonishingly, many of the newly identified and/or previously reported PRMT-associated
proteins have also been shown to co-localize to PML-NBs. As aforementioned, p53 and p65
interact with both PRMT1 and -2 (32, 50, 52), pRb interacts with PRMT2 (128). Additionally,
another translation initiation factor found in PML-NBs was the non-conserved subunit of the
eIF3 complex termed eIF3E (412). Interestingly, the evolutionarily conserved subunit of the
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eIF3 complex, eIF3I, was isolated as a component for both PRMT1 and -2 protein complexes.
The PML-NB resident CBP/p300 has been shown as a CARM1 substrate (245, 413). It has been
shown that PRMT1, p300, and CARM1 can cooperatively activate p53-dependent transcription
(50). Similar to PRMT1 and -2, CARM1 is also able to bind p65 and activate NF-κB-mediated
transcription in concert with CBP/p300 (414). Furthermore, it has been shown that a direct
interaction between PML and eIF4E (a homologue of eIF4E2 that associates with both PRMT1
and -2) can disable eIF4E in transporting transcripts encoding proteins that are essential for cell
transformation (415). Since the overall human eIF4E2 crystal structure is similar to that of
eIF4E (416), their biological roles and interacting partners may be quite similar.
Altogether, PRMT1 and -2, and probably other PRMTs such as CARM1, may work in
conjunction with PML for recruitment of translation initiation factors and transcriptional
regulators such as p53, p65, CBP/p300, E2F, and pRb to PML-NBs in order to regulate cell
growth and transformation.
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Conclusions
In Chapter 2 of this dissertation I have presented evidence that PRMT1 and -2 interact in

vitro and in cells, and that PRMT1 activity was increased as a result. A kinetic analysis of
PRMT1 with catalytically inactive E153Q or E220Q mutants revealed that these subunits
increased Vmax and kcat for PRMT1 while differentially affecting AdoMet and histone H4 KM
values. These data suggest that the PRMT1 binding partner, in this case PRMT2, can influence
substrate specificity of the resulting complex. A sequence alignment of regions purported to be
involved in dimer formation among human PRMT family members indicates that dimercontacting residues are conserved (Figure 1.5). In fact, an interaction between PRMT1 and -6
has also been detected using BiFC (Figure A.16). Therefore, it is interesting to speculate that
different heteromeric PRMT combinations could form, resulting in a host of distinct substrate
preferences that enhance the diversity of PRMT functions on the cellular level.
Results generated by the GST-SH3(PRMT2) pull down assay presented in Chapter 3
unveil an array of potential PRMT2-protein interactions that is mediated by the PRMT2 SH3
domain. Strikingly, the results of the pull down assay indicate a consistent connection between
PRMT2 and multiple splicing-related proteins, and raise the likelihood that PRMT2 may
participate in different steps of splicing and other pre-mRNA processing events by recruiting
splicing-related proteins through the PRMT2 SH3 domain. The interaction between PRMT2 and
Sam68, requiring the SH3 domain of PRMT2, has been uncovered using co-IP and
immunofluorescence, underscoring the potential role of PRMT2 in coupling alternative splicing
and signal transduction.
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The proteomic study described in Chapter 4 provide a panel of PRMT1- and PRMT2interacting proteins from a board spectrum of biological processes, suggesting that the functions
of these two PRMTs may be involved together in gene expression, post-translational
modification, DNA damage and repair, inflammatory response, apoptosis, and other processes.
Furthermore, p53, EEN, and PML have been verified as three more novel PRMT2-interacting
proteins besides Sam68. The interaction between PML and PRMT2, similar to the inertaction
between Sam68 and PRMT2, required the SH3 domain of PRMT2.
In summary, the scaffolding proteins Sam68 and PML could be two plausible mediators
of the PRMT1/2 complex as mediated through SH3 domain binding. The results from this work
also indicate that PRMT2 or the heteromeric PRMT1/2 complex could play a role in regulating
alternative splicing by interacting with and/or modifying other splicing-related proteins.
PRMT2, possibly in collaboration with other PRMTs, may facilitate the integration of signal
transduction, alternative splicing and gene expression through the PRMT2-protein interaction
network.
Significance. The present study sheds light on the diverse biological functions of the less
studied PRMT2. My results indicate that the minor arginine methyltransferase PRMT2 indeed
works cooperatively with the major arginine methyltransferase PRMT1 by forming a
heteromeric PRMT1/2 complex with an increased enzymatic activity. The proteomic data from
this study reveals that PRMT1 and -2 share lots of interacting partners in common, revealing
potentially overlapping pathways in which these two PRMTs are involved. These results also
uncover an interaction between PRMT2 and EEN, a protein which has been reported to recruit
PRMT1 to the oncogenic MLL-EEN complex through a bridging interaction with Sam68 that
results in aberrant histone methylation and gene expression (148). Therefore, the relatively less
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active PRMT2 may tailor the activity of other PRMTs by forming heteromeric PRMT complexes
and directing these complexes to different PRMT-mediated pathways.
Results from other groups have suggested that PRMT2 participates in cellular
inflammation, though its precise role as a methyltransferase is unclear. The PRMT2 gene was
implicated in controlling lung inflammation and function in response to local intranasal
lipopolysaccharide (LPS) administration (417); and PRMT2 acted downstream of TNF-α
signaling by sequestering IκB-α in the nucleus, thus inhibiting NF-κB-dependent transcription
and rendering cells susceptible to apoptosis by cytokines and cytotoxic drugs (32). The PRMT2-/mice appeared devoid of any anatomical abnormalities or malignancies, but mouse embryonic
fibroblasts exhibited an abbreviated G1-S cell cycle transition, furthermore, upon vascular injury
PRMT2-/- mice exhibited striking cellular proliferation and blood vessel thickening compared to
wild type fibroblasts (128).
Consistent with the previous observations, my Ph.D. work provides additional evidence
that PRMT2 may play roles in pathogenesis of inflammation and cancer by coordinating
inflammatory response and apoptosis via PRMT2-protein interactions facilitated by its unique
SH3 domain. A handful of PRMT2-associated proteins including p53, Sam68, NEMO, Smac,
various splicing-related proteins and phosphatases have demonstrated functions in controlling
gene expression upon extracellular stimuli through directing transcription, signal transduction,
and alternative splicing.
A link between inflammatory diseases and cancers has been suggested (418). It has been
reported that chronic inflammation was associated with the pathogenesis of 15 to 20% of human
tumors (419). Given that PRMT2 has been implicated in the inflammatory response, apoptosis,
and tumorgenesis, I propose that PRMT2 may serve as a key factor in linking inflammation and
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cancers, and therefore may represent a potential therapeutic target for the treatment of these
diseases.
Strengths and limitations.
BiFC. BiFC allows us to visualize direct protein-protein interactions in a native cellular
environment (138, 140). It is able to detect sub-stoichiometric and transient protein interactions
(420). BiFC between fragments of fluorescent proteins senses bindings occurring at the subcellular level, which is the highest spatial resolution one can obtain using currently available
complementation methods (421).

The short linker (GGGGS) used for the present BiFC

constructs is only approximately 19 Å when extended, which is an optimized linker length to
ensure the mCitrine fragment-tagged proteins sit as close as possible to one another (136).
Although this short and relatively inflexible linker improves the specificity of the BiFC method,
it may reveal protein-protein interactions in an orientation dependent manner and result in false
negatives. For example, only one of the two BiFC pairings of PRMT1 and -2 yielded positive
fluorescent signal indicative of an interaction. Despite several pieces of evidence for PRMT2
homodimerization, the present BiFC results showed no interaction between PRMT2 fused to two
mCitrine fragments (9, 21). Therefore, the absence of a reconstituted fluorescent signal in the
present study does not indicate a lack of interaction between the two proteins under investigation.
Moreover, the formation of a BiFC complex appears to be an irreversible process, at least in vitro
(422), thereby BiFC does not demonstrate changes in dynamic protein-protein interactions in real
time. Last but not least, PRMT1 localization is affected by AdOx treatment or when it is
rendered inactive (147), and ectopically tagged PRMT1 demonstrates an altered substrate
specificity in vitro (423). Hence BiFC may not accurately reflect the subcellular localization of
the PRMT complex under current experimental conditions.
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Co-immunoprecipitation coupled to LC-MS/MS. Protein complex purification coupled
with mass spectrometry analysis allows us to efficiently identify components of the protein
complex of interest. However, there are systematic and random errors associated with such an
approach, which could lead to false positives and false negatives. In the protein complex
isolating step, the HA-tagged PRMT1 or -2 protein complexes in HeLa cell lysate were
immunoprecipitated using an antibody specific for the HA tag cross-linked to sepharose resin,
although other protein complexes may also be pulled down due to non-specific interactions with
the antibody or the sepharose resin. Proteins that are abundant in the HeLa cell lysate may also
survive the affinity isolation and the subsequent washes, and be detected as a hit in the proteomic
analysis. To reduce false positives, untransfected HeLa cell lysate was use as a negative control
to reveal non-specific binders for the antibody and/or the resin. Isolated protein complexes were
also washed with PBS buffer containing 0.05% Tween 20 several times in order to eliminate
non-specific interactions in the experimental samples.
Despite a low false-positive rate that can be obtained using the current experimental
design, the high false-negative rate of this process is difficult to avoid (424). Edwards et al. have
estimated the false negative rate at about 50% by using two of the ten RNA polymerase II
subunits as bait that resulted in the identification of half of their known direct binders (425).
Many aspects of an experiment can cause of false negatives. First, not all of the tryptic peptides
obtained from the purified immuno-complex can finally find their way to the mass spectrometer.
These tryptic peptides were first separated in a reversed-phase capillary liquid chromatography
(RPLC) column based such that hydrophobic peptides tend to be retained on the column. The
bias with this method is that very hydrophilic and hydrophobic peptides will not be resolved
through the RPLC column. The RPLC is built in-line with a mass spectrometer; and the tryptic
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peptides are ionized before entering the MS, where the mass/charge (m/z) ratios of these peptides
are measured in real time. The effective m/z scan range of the MS is usually between 200 and
2000 Da, peptides that are not efficiently ionized or have m/z ratios above or below the effective
range of MS cannot be detected (426). Second, the relative concentration of prey proteins in the
sample may be dramatically different. The MS may not be able to detect prey at low
concentrations when the MS is flooded with high concentrations of other peptides. Also, the
relative concentration of proteins in co-IP samples may not reflect their real proportions in the
cellular environment. The membrane system of the cells encapsulates proteins within different
sub-cellular compartments or organelles.

As a result, some proteins may have high local

concentrations in the cells but not in the cell lysate. The experimental condition may drive the
thermodynamic equilibrium toward dissociation, thereby causing false negatives.
Lots of the previously reported interaction partners of PRMT1 or -2 have not been
detected in the present proteomic study. Moreover, most hits from the GST-pull down identified
to interact with the PRMT2 SH3 domain listed in Table 3.1 are not found as hits in the co-IP
experiment using HA-tagged PRMTs. Due to the aforementioned systemic and random errors, a
protein present in the list of hits in the experimental groups but not in the negative control
samples may have been simply missed in the negative controls because of peptide undersampling
(426). Similarly, the absence of a protein in the experimental groups is not a sufficient proof for
its absence in the sample. For the same reasons, the proteins identified only in the PRMT1
duplicates may also interact with PRMT2, and vice versa. On the other hand, the presence of a
protein in the lists for both the negative control and experimental sample hits does not indicate
that the given protein is a false-positive hit, since the present proteomic analysis is not a
quantitative method (426).

154

In fact, many splicing-related proteins such as U1-70K, Sm-E (427), the serine/argininerich splicing factor 1 (SFRS1), RBM25, several hnRNPs including the known PRMT1 substrate
hnRNP A1, and even PRMT1 itself showed up as hits in the negative controls or have only been
detected in one of the experimental duplicates. Other research groups have encountered the
same problems, and have detected known PRMT1 targets and/or binders including hnRNPs, U5
snRNP components, Sam68, and fibrillarin in their negative controls (428, 429).
A dual purification strategy termed tandem affinity purification (TAP)-tagging is able to
reduce the false negative rate to approximately 15% (430); and quantitative MS methods such as
using isotope-coded samples generated by stable isotope-labelled amino acids in cell culture
(SILAC) or via a chemical labeling technique named isotope-coded affinity tagging (ICAT) will
help to reduce false-negatives (426). Recently, Selbach et al. have proposed a new protein
interaction screening method in which quantitative immunoprecipitation and MS analysis are
combined with gene knockdown in order to improve the quality of screening outcomes by
lowering the numbers of false-negative and false-positive hits at the same time (431).
Notably, the present proteomic analysis is not an ideal approach to determine the
methylation states of the identified hits. The MS spectra only provide information on the
methylation states of the detected tyrptic peptides, but they do not reflect the overall methylation
states of the hits. In order to capture as many methylated PRMT binders as possible, enrichment
of arginine-methylated proteins in the samples using arginine methylation-specific antibodies
should be performed as previously reported (432).
Additionally, whether a given hit directly interacted with PRMT1 or -2, or was solely
isolated as a component in the PRMT interactome, requires additional experimentation. Since
PRMT1 and -2 interact, any identified hit for PRMT1 and -2 may not physically interact with
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both PRMTs at the same time. In other words, the present study here provides evidence for
plausible PRMT-protein interactions, however, specific interactions between endogenous
PRMT1 and -2 and their associated proteins still need to be tested by other techniques such as
cross-linking experiments followed by size-exclusion chromatograph and co-IPs with
endogenous PRMTs.
GST-Pull down coupled to LC-MS/MS.

The GST-pull down study coupled with

proteomic analysis suffers similar drawbacks as the co-immunoprecipitation in-line with LCMS/MS does because these two studies use LC-MS/MS to detect the presence of tryptic peptides
of proteins. However, the protein complex isolated by the GST-pull down assay has been
resolved and visualized on a 10% SDS-PAGE gel, and the proteins of interest with similar
apparent molecular weights have been isolated in gel slices. Furthermore, direct binding between
bait and prey of the GST-pull down assay was replicated by Far Western blotting.
Future Studies. Data presented in this dissertation can serve as the basis for a number of
future studies. Once the PRMT-protein interactions detected by LC-MS/MS are verified by
other methods, the first question one may ask is which of these proteins are PRMT targets, and
which are solely binding to PRMTs without being methylated. The impact of the PRMT-protein
interactions on multiple biological pathways such as pre-mRNA processing, transcriptional
activation, DNA damage repair, and programmed cell death can then be investigated.
Additionally, the present result also suggests crosstalk among different PRMTs, as well as
among the arginine methylation mark and other post-translational modification marks such as
phosphorylation, acetylation, and ubiquitination. The detailed mechanism of this crosstalk is
worth further exploration.
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Particularly, solving the mechanisms and consequences of the interactions between
PRMT2 and four of its novel binders identified in this study, namely Sam68, p53, EEN, and
PML, will help one to decipher PRMT2’s functions in integrating signal transduction, alternative
splicing and gene expressions, as well as in pathogenesis of cancer such as AML and APL. For
instance, it will be interesting to test if Sam68 is a substrate of PRMT2; and if so, what the
consequences of the PRMT2-mediated Sam68 arginine methylation in Sam68 activity and subcellular localization are.

Additionally, how does the binding with PRMT2 influence the

associations between Sam68 and other SH3 domain-containing signaling proteins? Another
question to be ask is whether Sam68 associates with the PRMT1/2 complex via the PRMT2 SH3
domain and regulates the formation of the heteromeric PRMT complex in different methylation
states.

More important future experiments to be done include tackling changes in alternative

splicing of Sam68-targeting genes such as Bcl-x in PRMT2 knockdown cells or in PRMT2
knockout animal models, as well as examining the impact of Sam68 phosphorylation on its
arginine methylation, and vice versa.
Furthermore, one may ask what the function of PRMT2 is in the protein argininemethyltransferase-dependent oncogenesis model proposed by Cheung et al. in 2007 (148). Since
the SH3 domain of EEN interacts with Sam68 and PRMT1, and it is necessary and sufficient for
MLL-EEN mediated transformation, it will be interesting to explore how PRMT2 binding to
Sam68 and EEN fits into their model. Additionally, Boisvert et al. have suggested that PRMT1
actes in DNA double-strand break repair by co-localizing with MRE11 in PML-NBs and
catalyzing the arginine methylation of MRE11 that is required for its localization to DNA
damage foci (113). Given that PRMT2 interacts with PRMT1 and potentiates PRMT1 activity, it
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is interesting to see how PRMT2 affects PRMT1-mediated DNA damage repair as a
consequence of binding to PML through its SH3 domain.
Last but not least, one could inquire about the role PRMT2 may play in DNA damage
repair, apoptosis, and inflammatory response by unveiling variations in p53-dependent
transactivation or transcription mediated by NF-κB and other nuclear receptors upon different
extracellular stimuli in the absence of PRMT2 using PRMT2-/- cells or animals. PRMT2-targeted
genes in response to various stimuli can then be revealed by microarray and real-time PCR. The
work described herein provides a platform upon which these possibilities should be explored.
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Appendix
Experimental Details
Construction of mCitrineN- or mCitrineC-tagged PRMTs in pET28a.

The

mCitrineN and mCitrineC were PCR-amplified from a plasmid contained mCitrine gene (135).
NdeI and BamHI sites were constructed at the ends of mCitrineN, and XhoI site was constructed
at both ends of mCitrineC. Both amplicons were digested with the proper restriction enzymes
and inserted in pET28a vectors. The XhoI site downstream to the mCitrineC gene in the pET28a
vector was deleted by site directed mutagenesis. PRMT1, PRMT2, and ΔSH3PRMT2 were PCRamplified from vectors contained the PRMT1 and -2 genes (9) with primers containing BamHI
and XhoI sites at the 5’ ends. The amplified PRMT genes were digested and inserted into the
BamHI and XhoI sites of the previously described constructs pET28a-mCitrineN or pET28amCitrineC (135).
Construction of full length mCitrine-tagged PRMTs in pcDNA3.1(+)/Hygro. The
mCitrine gene was PCR-amplified from a plasmid containing the mCitrine gene (135) using
primers flanked with NdeI and BamHI sites. The amplicon was digested with NdeI and BamHI
and inserted into a pET28a vector. PRMT1, PRMT2, and ΔSH3PRMT2 were PCR-amplified
from vectors containing the PRMT1 and -2 genes (9) with primers containing BamHI and XhoI
sites at the 5’ ends. The amplified PRMT genes were digested and inserted into the BamHI and
XhoI sites of pET28a-mCitrine. The full-length mCitrine-tagged PRMT genes were then
amplified with primers flanked with HindIII and XhoI. The amplicons were digested with
HindIII and XhoI and ligated into pcDNA3.1(+)/Hygro.
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BiFC assays for visualization of interactions among PRMT1 splice variants. The
mCitrineN- or mCitrineC-tagged PRMT1 splice variants were constructed as described in section
2.2.

BiFC assays for visualization of interactions among PRMT1 splice variants and for

capturing PRMT1 and -6 interaction were performed in HeLa cells as described in section 2.2.
Western blotting. For western blotting, samples were separated on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% TBSmilk solution at 37°C for 2 h, and blotted with the proper antibodies in 3% TBS-milk solution
per the manufacturer’s suggested dilution at 4°C for 16 h. In order to blot for β-actin, anti-actin
antibody (Santa Cruz Biotechnology; 1-19) was used. For detection, goat anti-mouse horseradish
peroxidase-conjugated antibody (Santa Cruz Biotechnology) and ECL Western blotting detection
reagents (GE Healthcare) were used. We noticed that the anti-PRMT1 antibody we used cannot
readily detect mCitrineN-tagged PRMT1, and the anti-PRMT2 antibody we used cannot detect
ΔSH3PRMT2 because it was raised against a sequence within the SH3 domain. The anti-PRMT1
and anti-PRMT2 antibodies may recognize the tagged wild type and mutant PRMTs to a
different extend than they do for untagged PRMTs. Therefore, the Western blots presented here
only illustrate the successful expression, but not the level of expression, of mCitrineC-tagged
PRMT1 and its mutants, as well as mCitrineN-PRMT2, mCitrineN-PRMT2E220Q, and
mCitrineN-PRMT2Δ256-294.
In order to detect arginine methylation via Western blotting, 20 µg cell lysate protein
from each sample (HeLa cells transfected as described in section 2.2) was separated on a 15%
SDS-PAGE gel by electrophoresis and transferred to nitrocellulose membranes. The membranes
were blocked with 5% TBS-milk solution at 37°C for 2 h, and blotted separately with antiaDMA antibody (39231, Active Motif), anti-H4R3me2a antibody (39705, Active Motif), anti190

histone H4 antibody (sc-8658-R, Santa Cruz Biotechnology), anti-c-Myc antibody (9E10,
Sigma), and anti-HA antibody (HA-7, Sigma) in 3% TBST-milk solution per the manufacturer’s
suggested dilution at 4 °C for 16 h. Goat anti-mouse IgG HRP secondary antibody (sc-2005,
Santa Cruz Biotechnology), goat anti-rabbit IgG HRP secondary antibody (sc-2030, Santa Cruz
Biotechnology), and ECL Western blotting detection reagents (GE Healthcare) were used for
protein visualization.
Immunofluorescence and confocal microscopy.

HeLa cells were transiently co-

transfected with 12 µg of pcDNA3.1(+)/Neo-mCitrine-PRMT2 or pcDNA3.1(+)/Neo-mCitrineΔSH3PRMT2 and 12 µg of pcDNA3.1(+)/Neo-HA-PRMT1 or pcDNA3.1(+)/Neo-E153Q using
Lipofectamine 2000 (Invitrogen) per the manufacturer’s instructions. The immunofluorescence
experiment was performed as described in section 3.2 using an anti-Sam68 antibody (Santa
Cruz) and an anti-HA antibody, then with an Alexa Fluor 546-conjugated goat anti-rabbit
secondary antibody (Invitrogen) and an Alexa Fluor 647-conjugated goat anti-mouse secondary
antibody (Invitrogen). Subsequently, the cells were stained with 50 nM DAPI. Cell images were
captured using a FluoView FV10i confocal microscope (Olympus) with an oil lens at 60x
magnification, and were processed with ImageJ software (NIH image).
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Appendix Tables
Table A.1.
PCR primers. DNA primer sequences with corresponding restriction sites (underlined
sequences) are listed.

Construct
PRMT1

PRMT2

ΔSH3PRMT2

mCitrineN

mCitrineC

HA

c-Myc

Primers (5’ – 3’)
Forward:
CGGGATCCATGGCGGCAGCCGAGGCCGCGAACTGC
Reverse with stop codon:
CCGCTCGAGTCAGCGCATCCGGTAGTCGGTGGAAC
Reverse without stop codon:
CCGCTCGAGGCGCATCCGGTAGTCGGTGGAAC
Forward:
CGGGATCCATGGCAACATCAGGTGACTGTCCC
Reverse with stop codon:
CCGCTCGAGTCATCTCCAGATGGGGAAGACTTTTTCTCC
Reverse without stop codon:
CCGCTCGAGTCTCCAGATGGGGAAGACTTTTTCTCC
Forward:
CCGGGATCCCATGTGGGGAAGCACGTGGATGAG
Reverse with stop codon:
CCGCTCGAGTCATCTCCAGATGGGGAAGACTTTTTCTCC
Reverse without stop codon:
CCGCTCGAGTCTCCAGATGGGGAAGACTTTTTCTCC
Forward:
GGGAATTCCATATGATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGG
G
Forward:
CCCAAGCTTATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGG
Reverse:
CGCGGATCCGCTGCCGCCGCCGCCCTCGATGTTGTGGCGGATCTTGA
AGTTCACC
Forward:
CCGCTCGAGGGCGGCGGCGGCAGCGACGGCAGCGTGCAGCTCGCCG
ACCACTACC
Reverse:
CCGCTCGAGTCACTTGTACAGCTCGTCCATGCCGAGAGTGATCCC
Forward:
pCTAGCACCATGTACCCATACGATGTTCCAGATTACGCTACG
Reverse:
pCTAGCGTAGCGTAATCTGGAACATCGTATGGGTACATGGTG
Forward:
pCTAGCACCATGGAACAAAAGCTGATTAGCGAAGAGGACCTGACG
Reverse:
pCTAGCGTCAGGTCCTCTTCGCTAATCAGCTTTTGTTCCATGGTG

Restriction
Site
BamHI
XhoI
XhoI
BamHI
XhoI
XhoI
BamHI
XhoI
XhoI
NdeI
HindIII
BamHI

XhoI
XhoI
NheI
NheI
NheI
NheI
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Table A.2.
Site-directed mutagenesis primers. Primers for generating PRMT mutants are listed (only one
primer is shown for primer pairs used in QuikChange). Bolded nucleotides indicate mutated sites.
Construct

Primers (5’ – 3’)

PRMT1E153Q

GGTTATTGCCTCTTCTATCAGTCCATGCTCAACACTGTGC

PRMT2E220Q

GCTGTTTCAGTTCATGATCGAGTCCATCCTGTATGC

PRMT1Δ188-222

CCTGTATGTGACAGCCATTGAGGACGACCCAAAGCAGCTGGTCACCAACG

PRMT2Δ256-294

GCACCTTGTGCCCTGCAGTGCTGATAAACCAGAAGACTGTCTCTCTGAAC

Histone H4 R3K

GGAGATATACATATGTCTGGTAAGGGTAAAGGTGGTAAAGGTCTGG

pET-41a (+)

GTGGTGGCGACCATCCTCCATTAAAATCGGATGGTTCAACTAG
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Table A.3.
Summary of biological functions of identified PRMT binders. The PRMT-associated proteins
identified in the proteomic study have been listed (general annotation from UniProt database). The identified
PRMT1-associated proteins are highlighted in yellow. The identified PRMT2-associated proteins are highlighted in
green. Proteins interact with both PRMTs are highlighted in blue. The protein scores for each identified hit in the
sample duplicates are listed in the order of scores for the PRMT1 duplicate(s) followed by scores for the PRMT2
duplicate(s). The scores for the proteins that were not identified in a particular sample are indicated as (-). The
scores for the insignificant hits are shown in red.
Gene Name

Protein Name

Protein Scores

DNA replication
HMGA1*
MCM7
C10orf119
RFC5
MCM4
WRNIP1

High mobility group protein HMG-I/HMG-Y
DNA replication licensing factor MCM7
Mini-chromosome maintenance complex-binding protein
Replication factor C subunit 1
DNA replication licensing factor MCM4
ATPase WRNIP1

38;38;-;-;-;43;47
157;154;41;64
179;-;50;45
87;-;75;47
77;28;44;45

General transcription factor IIH subunit 5
Protein S100-A4
High mobility group protein HMG-I/HMG-Y
Protein arginine N-methyltransferase 2
Four and a half LIM domains protein 2
Replication factor C subunit 1
Leucine-rich repeat flightless-interacting protein 1
Actin-like protein 6A
NF-kappa-B essential modulator
TATA-binding protein-associated factor 2N
Chromodomain Y-like protein
Protein arginine N-methyltransferase 4
Developmentally-regulated GTP-binding protein 1
Promyelocytic leukemia protein
Cellular nucleic acid-binding protein
Thyroid receptor-interacting protein 6
Protein furry homolog-like
59 kDa 2'-5'-oligoadenylate synthase-like protein

87;62;-;38;39;-;38;38;-;-;-;79;236
-;-;46;62
179;-;75;45
79;115;74;29
98;102;88;58
71;49;-;94
109;73;-;39
104;61;-;80
71;43;42;73
82;-;74;42
40;-;39;56
38;-;71;47
72;40;57;48
-;-;46;43
231;62;103;26

Transcription
GTF2H5
S100A4
HMGA1*
PRMT2
FHL2
RFC5
LRRFIP1
ACTL6A
IKBKG
TAF15
CDYL
CARM1
DRG1
PML
CNBP
TRIP6
FRYL
OASL

p53-mediated Transcriptional Regulation
RPS27L
PSMB1
USP10
DIABLO
PSMA4
PSMD11

40S ribosomal protein S27-like
Proteasome subunit beta type-1
Ubiquitin carboxyl-terminal hydrolase 10
Diablo homolog, mitochondrial
Proteasome subunit alpha type-4
26S proteasome non-ATPase regulatory subunit 11

43;39;-;67;60;-;-;-;41;55
-;-;49;43
61;62;59;81
51;47;60;-

Other proteins involving in cell cycle, cell division, and mitosis
KNTC1
NUP43
NCAPD3
CD2AP

Kinetochore-associated protein 1
Nucleoporin Nup43
Condensin-2 complex subunit D3
CD2-associated protein

39;35;-;49;49;-;128;47;105;89
-;55;49;41

RNA processing
mRNA processing
U2AF2
LSM5
SFRS2
GEMIN4
PPP4R1
BAT1
PRPF40A
rRNA processing
DDX56
tRNA processing
KARS
RNA degradation
EXOSC4

Splicing factor U2AF 65 kDa subunit
U6 snRNA-associated Sm-like protein LSm5
Serine/arginine-rich splicing factor 2
Component of gems 4
Serine/threonine-protein phosphatase 4 regulatory subunit 1
Spliceosome RNA helicase DDX39B
Pre-mRNA-processing factor 40

42;46;-;53;31;-;137;67;-;111;-;58;77
60;38;75;48
61;29;52;29
42;32;60;-

Probable ATP-dependent RNA helicase DDX56

83;70;80;85

Lysyl-tRNA synthetase
Exosome complex component RRP41

55;38;53;40;68;-;-
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Table A.3 continue
Translation
Initiation
EIF3I
Eukaryotic translation initiation factor 3 subunit I
EIF4E2
Eukaryotic translation initiation factor 4E type 2
Elongation and termination
RPS20
40S ribosomal protein S20

45;67;69;68
50;41;-;43
71;36;-;-

Post-translational modification
Arginine methylation
PRMT2
CARM1
Phosphorlation
CDC42BPB
Dephosphorylation
PPP1CC
PPP2R2A
PPP4R1
Ubiquitination
WDR68
GAN
TRIP12
FBXO30
CUL4B
Deubiquitination
USP10
USP24
USP9X

Protein arginine N-methyltransferase 2
Protein arginine N-methyltransferase 4
Serine/threonine-protein kinase MRCK beta

-;-;79;236
71;43;42;73
52;47;47;-

Serine/threonine-protein phosphatase PP1-gamma catalytic subunit
Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B alpha isoform
Serine/threonine-protein phosphatase 4 regulatory subunit 1

89;100;115;155
135;53;103;59
60;38;75;29

DDB1- and CUL4-associated factor 7
Gigaxonin
Probable E3 ubiquitin-protein ligase TRIP12
F-box only protein 30
Cullin-4B

41;61;-;-;-;53;36
170;160;40;197
102;134;70;93;-;65;67

Ubiquitin carboxyl-terminal hydrolase 10
Ubiquitin carboxyl-terminal hydrolase 24
Probable ubiquitin carboxyl-terminal hydrolase FAF-X

-;-;41;55
254;119;126;266
47;-;109;48

Non-ubiquitin-dependent protein catabolic process
ECM29

Proteasome-associated protein ECM29 homolog

211;-;378;157

Protein folding
PFDN2
SGTA
PFDN1
MDN1
PRKCSH

Prefoldin subunit 2
Small glutamine-rich tetratricopeptide repeat-containing protein alpha
Prefoldin subunit 1
Midasin
Glucosidase 2 subunit beta

43;50;-;45;30;-;-;86;46;106
96;-;35;66
68;55;56;-

Protein transport
Nucleus-cytoplasm transport
NUP43
IPO7
XPO7
KPNA6
NUP205
ER-Golgi transport
RAB1B
SEC24C
SEC23B
TRAPPC1
SEC24A
Endocytosis
SH3GL1
RUFY1
Endosome transport
VPS28
Polarized transport
RAB13

Nucleoporin Nup43
Importin-7
Exportin-7
Importin subunit alpha-7
Nuclear pore complex protein Nup205

49;49;-;36;35;-;-;-;81;65
114;56;232;127
37;-;84;78

Ras-related protein Rab-1B
Protein transport protein Sec24C
Protein transport protein Sec23B
Trafficking protein particle complex subunit 1
Protein transport protein Sec24A

-;-;65;68
-;-;57;38
41;36;-;169
64;32;-;97
47;49;-;57

Endophilin-A2
RUN and FYVE domain-containing protein 1

-;-;36;93
67;-;133;54

Vacuolar protein sorting-associated protein 28 homolog

-;-;63;40

Ras-related protein Rab-13

39;39;35;-

Brain-specific angiogenesis inhibitor 1-associated protein 2-like protein 1
Putative tropomyosin alpha-3 chain-like protein
Spectrin alpha chain, brain
Cofilin-1

-;-;88;69
78;74;-;89
46;-;58;73
55;-;76;44

Actin binding
BAIAP2L1
TPM3L
SPTAN1
CFL1
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Table A.3 continue
Metabolic pathways
Glycolysis
TPI1
Triosephosphate isomerase
PGAM1
Phosphoglycerate mutase 1
Tricarboxylic acid cycle
SDHA
Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial
Creatine metabolic process
CKB
Creatine kinase B-type
Diphosphate metabolia process
PPA1
Inorganic pyrophosphatase
Lipid Transport
APOL2
Apolipoprotein L2
APOA1
Apolipoprotein A-I
Lipid catabolic process
AZGP1
Zinc-alpha-2-glycoprotein
ATPase
ATP6V1G1
V-type proton ATPase subunit G 1
ATP6V1D
V-type proton ATPase subunit D
Nucleotide catabolic process
GDA
Guanine deaminase
UPP1
Uridine phosphorylase 1
Nucleotide metabolic process
ITPA
Inosine triphosphate pyrophosphatase
Nucleotide biosynthesis
UCKL1
Uridine-cytidine kinase-like 1
Nucleotide-sugar biosynthesis
GMDS
GDP-mannose 4,6 dehydratase
GMPPA
Mannose-1-phosphate guanyltransferase alpha
Fructose biosynthesis
SORD
Sorbitol dehydrogenase
Molybdenum cofactor biosynthesis
MOCS2
Molybdopterin synthase sulfur carrier subunit

83;71;229;76
39;-;85;41
63;31;98;87
47;-;127;57
122;102;41;137
94;-;92;98
46;61;52;69
82;77;-;-;-;54;64
62;-;72;110
117;56;-;43;-;60;58
71;-;56;48
54;-;62;40
80;-;72;52
57;26;66;48
38;25;-;37
68;66;-;57

Other proteins
GTPase binding
TBC1D9B
TBC1 domain family member 9B
TUBAL3
Tubulin alpha chain-like 3
RNA binding
NUFIP2
Nuclear fragile X mental retardation-interacting protein 2
Protein binding
BRP16L
Protein FAM203B
WDR61
WD repeat-containing protein 61
S100P
Protein S100-P
Immune response
IGLC1
Ig lambda-1 chain C regions
DEFA1
Neutrophil defensin 1
LRBA
Lipopolysaccharide-responsive and beige-like anchor protein
Miscellaneous
KRT81
Keratin, type II cuticular Hb1
GSR
Glutathione reductase, mitochondrial
ISOC1
Isochorismatase domain-containing protein 1
DPYSL2
Dihydropyrimidinase-related protein 2
MYL6
Myosin light polypeptide 6
KCTD3
BTB/POZ domain-containing protein KCTD3
FLG
Filaggrin-2
KTU
Protein kintoun
* Proteins identified as arginine methylated

-;-;49;46
85;54;54;84
73;91;-;82
-;-;48;35
78;74;43;107
90;56;-;107
101;138;-;37;35;-;59;34;54;46;77;-;81;39;-;41;65;62;112;105;48;60
72;63;53;71
81;61;-;58
54;58;35;45
45;58;34;49
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Appendix Figures

Figure A.1.
Negative controls for BiFC. HeLa cells were co-transfected with the two constructs indicated in
the column and rows (representative images are shown). The laser input used for (i), (ii), and (iii) was 14.1%. The
PRMT1E153Q-mCitrineC construct yield a high background signal at 14.1% laser input (iii). Therefore, the laser
input used for generating images of cells co-transfected with PRMT1E153Q-mCitrineC construct was reduced by
half to 7.2%. The left image of each group shows the formation of a BiFC complex as green fluorescence. The
right image of each group shows an overlay of BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin
(red). The bar indicates 10 µ m.
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Figure A.2.
The concentration of total methyl groups produced with increasing enzyme. Shown is a linear
increase in methylarginine formation with increasing PRMT1 concentrations. PRMT1 at 6.25, 12.5, 25, 50, and 100
nM with constant 250 nM histone H4 and 120 µM AdoMet concentrations were incubated at 37 °C in methylation
buffer for 1 h. Reactions were terminated at 90 °C for 10-min. Values are determined using UPLC MS/MS as
described in section 2.2. Total methylation was summed using the equation (2aDMA+MMA).

Figure A.3.
Measurements of aDMA and sDMA via tandem mass spectrometry. Detection of 5.0 µM
sDMA (left) and 5.0 µM aDMA (right) standards using parent ion 203 m/z and fragment ions 172 m/z and 46 m/z,
respectively, are displayed in the chromatograms for the aDMA channel (top) and sDMA channel (bottom). Using
this method aDMA and sDMA can be simultaneously and unambiguously detected without the need for
derivatization or extended chromatographic run times. For relative intensities are listed in the upper right corner of
each chromatogram in arbitrary units.
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Figure A.4. Synergystic methylation of histone H4 by PRMT1 and -2. (A) Pre-incubations at 37 ˚C for 1 h in
methylation buffer with 100 nM PRMT1 alone (lane 1), 100 nM PRMT1 with 210 to 5000 nM PRMT2 (lanes 2-8),
and 5000 nM PRMT2 alone (lane 9) were performed prior to initiating 1-h methylation reactions. Similar reactions
were prepared with PRMT1 and (B) PRMT1 E153Q, (C) 100 to 2500 nM PRMT2 E220Q, and (D) BSA. (E)
Samples were prepared as in (A) except 100 nM PRMT1 E153Q was used in place of PRMT1. (F) Pre-incubations
were performed as in (A) with 400 nM PRMT2 alone (lane 1), 400 nM PRMT2 with 800 to 20000 nM PRMT1
E153Q (lanes 1-8), and 20000 nM PRMT1 E153Q alone (lane 9) prior to initiating 16-h methylation reactions.
Similar reactions were prepared with PRMT2 and (G) PRMT2 E220Q, and (H) BSA. Coomassie-stained gels are
shown on top (only histone H4 and higher concentrations of PRMTs are visible), and storage phosphor images are
shown on the bottom. The position of histone H4 is indicated with an asterisk, and the position of enzyme or BSA
is indicated with two asterisks.
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Figure A.5.
Activities of wild type and mutant enzymes. (A) Detection of aDMA using a previously
described UPLC tandem mass spectrometry assay (9). The chromatograms for the detection of aDMA show no
activity towards histone H4 in the no-enzyme control, as well as for reactions with PRMT2 E220Q and PRMT1
E153Q mutants. Chromatograms showing a peak for aDMA include reactions in which PRMT2 methylated histone
H4 and GST-GAR. The total ion count (TIC) records the signal intensity in arbitrary units. (B) The fragmentation
patterns of aDMA detected in PRMT2 reactions with histone H4 and GST-GAR. Fragmentation of an aDMA
standard is shown at the bottom.
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Figure A.6.
Methylation of histone H4 at R3. The production of total methylated arginines was measured by
tandem mass spectrometry for methylation reaction samples (enzyme and substrate combinations are indicated).
The mean and standard deviation are shown for two replicates of each reaction. Experiments are preformed as in
Figure 2.1 with 100 nM PRMT1 and a 1:50 ratio PRMT1:PRMT2 with 10 µM histone H4 and 100 µM AdoMet in
methylation buffer.

Figure A.7.
Substrate concentration-dependent increases in methylarginine species. The rates of
formation of MMA (black circles) and aDMA (open circles) are shown for PRMT1 with E153Q at a 25:750 nM
ratio and increasing histone H4 (A) or AdoMet (B) as the variable substrate. Similar rates of MMA and aDMA
formation are shown for PRMT1 with E220Q at a 25:750 nM ratio and increasing histone H4 (C) or AdoMet (D) as
the variable substrate. Data are plotted as means and standard deviations of two samples determined using UPLC
MS/MS described in section 2.
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Figure A.8.
PRMT1- and PRMT2-dependent changes in arginine methylation. Cell lysate from HeLa
cells transfected with the same amount of plasmid DNA as denoted were immunoblotted.

Figure A.9.
Co-immunoprecipitation of endogenous and ectopically-expressed PRMT2 in cells. (A) HAPRMT2 or HA-E220Q was expressed in HeLa cells, and cell lysate was immunoprecipitated with anti-HA antibody,
or with mouse IgG (negative control). Immunoprecipitates were immunoblotted with anti-PRMT2 (top) or anti-HA
(bottom) antibodies. (B) HA-PRMT2DArm was expressed in HeLa cells, and cell lysate was immunoprecipitated
with anti-HA antibody or with mouse IgG. Immunoprecipitates were immunoblotted with anti-PRMT2 (top), antiPRMT1 (middle), or anti-HA (bottom) antibodies. Non-specific bands are labeled with red asterisks.
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Figure A.10.
Expression of the BiFC constructs in cells with negative BiFC signals. HeLa cells cotransfected with BiFC constructs that showed no BiFC signal were lysed, and proteins from the resulting cell lysates
were separated on 10% SDS-PAGE gels. The expression of BiFC constructs was detected by Western blotting.
Western blots of the following samples are shown: mCitrineN-PRMT2E220Q/ PRMT1Δ188-222-mCitrineC (lane
1), mCitrineN-PRMT2E220Q/ PRMT1E153Q-mCitrineC (lane 2), mCitrineN-PRMT2/ PRMT1E153Q-mCitrineC
(lane 4), mCitrineN-PRMT2Δ256-294/ PRMT1E153Q-mCitrineC (lane 5), mCitrineN-PRMT2Δ256-294/
PRMT1Δ188-222-mCitrineC (lane 6), mCitrineN-PRMT1/ PRMT2-mCitrineC (lane 7), mCitrineN-PRMT1Δ188222/ PRMT1Δ188-222-mCitrineC (lane 8), mCitrineN-ΔSH3PRMT2E220Q/ PRMT1Δ188-222-mCitrineC (lane
10), and mCitrineN-ΔSH3PRMT2/ PRMT1Δ188-222-mCitrineC (lane 11). HeLa cells that were not transfected
serve as negative controls (lanes 3 and 9), and HeLa cells that expressed the mCitrineN-PRMT1/ PRMT1mCitrineC pair (showing a positive BiFC signal) were included as a positive control (lane 12). Red asterisks
indicate locations of BiFC constructs.
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Figure A.11.
Effects of catalytically inactive PRMT1 and -2 on BiFC complex formation. HeLa cells were
co-transfected with the two constructs indicated in the columns and rows (representative images are shown). The
left image of each panel shows the formation of a BiFC complex. The right image of each panel shows an overlay
of BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin (red). The scale bar indicates 10 µ m.
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Figure A.12.
Visualization of PRMT1, PRMT2, and ΔSH3PRMT2 in HeLa cells. HeLa cells were cotransfected with constructs indicated (representative images are shown). The left image of each group shows the
formation of a BiFC complex as green fluorescence. The right image of each group shows an overlay of BiFC
(433), DAPI (blue), and fluorescence-labeled phalloidin (red). The bar indicates 10 µ m.
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Figure A.13.
Visualization of PRMT1 isoforms and PRMT2 interactions via BiFC. (A) HeLa cells were
co-transfected with the two constructs indicated in columns and rows (representative images are shown). The left
image of each panel shows the formation of a BiFC complex. The right image of each panel shows an overlay of
BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin (red). The scale bar indicates 10 µm. (B) HeLa
cells were co-transfected with mCitrineN-P1v7 and P1v7-mCitrineC. The left image shows the formation of a BiFC
complex. The right image shows an overlay of BiFC (green), DAPI (blue), and Nop1 (red). The scale bar indicates
10 µm.

Figure A.2.
Co-immunoprecipitation of HA-PRMT6 and Myc-p53. Myc-p53 and HA-PRMT6 were coexpressed in HeLa cells and cell lysate was immunoprecipitated with anti-HA antibody, or with mouse IgG
(negative control). Immunoprecipitates were immunoblotted with anti-Myc (top) or anti-HA (bottom) antibodies.
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Figure A.15.
The change of Sam68 sub-cellular localization in hypomethylated HeLa cells co-expressing
wild type or inactive mutant form of PRMT1 and full length or truncated version of PRMT2. HeLa cells cotransfected with HA-PRMT1 (A and B, blue) or HA-E153Q (C and D, blue) and mCitrine-PRMT2 (A and C, green)
or mCitrine-ΔSH3 (B and D, green) were treated with or without 20 µ M AdOx as indicated. The cells were fixed
and co-immunostained with an anti-Sam68 antibody and an anti-HA antibody, followed by secondary antibodies
conjugated to Alexa Fluor 546 (red) and Alexa Fluor 647 (blue). Nuclei were visualized by the DAPI stain (cyan).
The phase contrast images (left) and the merged images were also shown as indicated. The scale bar indicates 10
µm.
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Figure A.16.
Visualization of PRMT1 and -6 interaction via BiFC. HeLa cells were co-transfected with the
two constructs indicated in columns and rows (representative images are shown). The left image of each panel
shows the formation of a BiFC complex. The right image of each panel shows an overlay of BiFC (green), DAPI
(blue), and fluorescence-labeled phalloidin (red). The scale bar indicates 10 µm.
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