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ABSTRACT OF THE DISSERTATION

Biochemical Characterization of Two Members of the Protein

Arginine Methyltransferase Family, PRMT7 and PRMT9

Androulla Hadjikyriacou
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2017

Professor Steven G. Clarke, Chair

Protein arginine methylation is an important posttranslational modification in eukaryotes,
shown to be involved in the regulation of transcription, the splicing machinery, signaling, and
DNA repair. Mammalian protein arginine methyltransferases (PRMT) include a family of nine
enzymes that transfer methyl groups onto the omega nitrogen atoms of the guanidino groups of
arginine residues, producing monomethylarginine only (MMA, type III), symmetric
dimethylarginine (SDMA) and MMA (Type II), or asymmetric dimethylarginine (ADMA) and
MMA (Type I). While the other PRMTs have been extensively studied, the roles and activities of
two members of this family, PRMT7 and PRMT9, had been less well investigated. Both PRMT7

and PRMTO are distinguished from other family members with having two methyltransferase-
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like domains and having acidic residues in an otherwise well-conserved “double-E” substrate-
binding motif. My work confirms PRMT?7 as the only type III enzyme in the group, with an
unusual low temperature optimum for activity and preference for basic residues in an RXR
sequence for methylation. I found that mutations of the acidic residues in the double-E motif
result in a loss of the specific RXR substrate recognition motif and the appearance of a RG
specificity motif typical of many of the other PRMTs. The physiological substrate(s) of PRMT7
remain to be determined, although I found that histone H2B is an effective in vitro substrate.
PRMTOY, on the other hand, had no reported activity, until I was able to show in a pulldown
experiment using HeLa cells that it was associated with two RNA splicing factors. [ was able to
determine by amino acid analysis that PRMT?9 is very specific for methylating the RNA splicing
factor SF3B2. This PRMT9-dependent modification reaction produces both MMA and SDMA
and thus makes PRMT9 the second example of a type II enzyme in mammals. I found that the
position of the methylated arginine residue in SF3B2 is important for PRMT9 recognition, and
that the acidic residues in the substrate-binding motif also play an important role in substrate
recognition. In addition, mutagenesis studies in the active site cavity of the PRMT7 and PRMT9
enzymes uncovered conserved residues in the substrate binding double-E loop that are important
for substrate recognition and residues in the conserved THW motif that are responsible for
conferring the methylation activity type. Lastly, I examined the orthologous PRMT7 and PRMT9
enzymes in the nematode Caenorhabditis elegans. 1 found that the C. elegans PRMT-7 has a
distinct substrate preference from the mammalian ortholog, while C. elegans PRMT-9 appears to

be biochemically indistinguishable from its human ortholog.
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CHAPTER 1

Plan of the Dissertation



The focus of this dissertation is the biochemical characterization of two members of the
protein arginine methyltransferases family, PRMT7 and PRMT9. The work done in this
dissertation examines their activity type, the identification of their physiological substrates, and
their substrate-motif specificity; additionally, this dissertation investigates the role of the enzyme
and the role of the modification on the cellular processes and machinery.

Chapter 2 is a brief overview of protein arginine methylation, including previous
knowledge in the field on PRMT7 and PRMT9, a discussion of protein arginine methylation in
various organisms, including the nematode Caenorhabditis elegans, and a discussion of the role
of protein arginine methylation in diseases such as cancer.

In Chapters 3 and 4, I focused on the characterization of mammalian PRMT7. Chapter 3
establishes the characteristics of mammalian PRMT7, providing further evidence for the
production of monomethylarginine (MMA) only, as well as describing the substrate methylation
motif. Using in vitro methylation assays and highly sensitive cation exchange chromatography
methods, I worked with a postdoctoral fellow in the laboratory, Dr. You Feng, to determine that
the enzyme highly prefers a basic-rich motif found in histone H2B. In collaboration with the
laboratory of Professor Julian Whitelegge, we were able to use proteomics methods to reveal
novel post-translational modification sites on intact histone H2B and within H2B and H4
peptides. This work demonstrated that PRMT7 has a unique preference for methylating arginine
residues in lysine- and arginine-rich regions, particularly those in which arginines are separated
by one residue, in an RXR motif.

Chapter 4 focused on mutagenesis studies to identify key residues that are implicated in
the enzyme’s substrate preference for arginine residues in basic-rich regions. Along with Dr.

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



substrate-binding double E loop that were shown to be important in modulating the substrate
preference from basic rich regions to RG-rich motifs. This work additionally further confirmed
the type III MMA activity of the enzyme, and showed that the enzyme has a remarkably low
temperature optimum and a sensitive salt tolerance. Both of these properties result in a low
activity of the enzyme under standard physiological conditions for mammalian cells. This work,
in conjunction with Chapter 3, lays a biochemical foundation for the further characterization and
identification of the physiological substrates of PRMT?7 in the cell.

In Chapters 5 and 6, I present studies to identify and characterize the novel enzyme
PRMTO. In Chapter 5, I collaborated with the laboratory of Dr. Mark Bedford at the MD
Anderson Cancer Center in Smithville, Texas to identify the activity type and physiological
substrate of the enzyme. Dr. Yanzhong Yang, then a postdoctoral fellow in the Bedford lab, and I
worked together to show that PRMT9 is expressed in a complex with two splicing factors,
SF3B2 and SF3B4, in two different cell types. In addition, we showed that PRMT9
symmetrically dimethylates a fragment of SF3B2 on an arginine residue flanked by two lysines.
We tackled this problem in two ways: Dr. Yang used western blots and pull down assays to show
the symmetric dimethylarginine (SDMA) modification on SF3B2, and I used in vitro
methylation assays along with amino acid analysis by cation exchange chromatography and thin
layer chromatography. These biochemical experiments confirmed the presence of the SDMA and
Dr. Yang was able to show that the knockdown of PRMT9 modulated alternative splicing events.
In addition, we demonstrated that the methylation of SF3B2 recruited the Spinal Motor Neuron
(SMN) protein to allow for the correct assembly of spliceosomal subunits through the use of

western blots.



In Chapter 6, I did site-directed mutagenesis studies on PRMT9 and its substrate SF3B2,
showing that it is unique among the enzymes in the PRMT family and that it has a very specific
and narrow substrate preference. I showed that the residues surrounding and the position of the
methylatable arginine are important for the substrate recognition and subsequent methylation,
and the single acidic residue in the substrate binding double E loop was crucial for activity. In
addition, Dr. Alexsandra Espejo, from the Bedford lab, grew PRMTS5 conditional knockdown
cells, in which I was able to further analyze and quantify the endogenous amounts of methylated
arginine species, using an optimized HPLC-based fluorometer assay. With these studies, we
were able to show that PRMT9 is not redundant with PRMTS5, the major and only other SDMA
forming enzyme in the PRMT family.

In Chapter 7, I participated in a project to examine the residues responsible for the
product specificity for the PRMT enzymes. My labmates, Kanishk Jain and Rebeccah Warmack,
in collaboration with Dr. Erik Debler and Dr. Peter Stavropoulos from Rockefeller University,
tested various point mutations in the 7. brucei PRMT7 ortholog. In previous work they had done,
they showed that a single mutation of a glutamate that is terminal in the substrate binding double
E loop allowed for the production of asymmetric dimethylarginine (ADMA), instead of just
MMA (1). In this chapter, Jain and Warmack showed that another mutant that contained two
point mutations, one in the double E loop and one in the conserved THW motif, could now
produce SDMA when reacted with a peptide containing MMA. My work showed that a similar
point mutation in the THW loop of human PRMT9, which was shown to produce both SDMA
and MMA, abolished the SDMA forming ability of the enzyme, making it a more robust enzyme
that can only form MMA. These findings led to a model that rationalizes the control of

methylation product specificity according to the size and architecture of the active site.



In Chapter 8, I characterized the PRMT orthologs PRMT-7 and PRMT-9 in the nematode
C. elegans. 1 was interested to find that C. elegans contained orthologs of PRMT-1, PRMT-5,
PRMT-7 and PRMT>-9, yet lacked the rest of the PRMT family members. C. elegans PRMT-9
was initially identified as PRMT-3, although it is most closely related to PRMT9, with only 24%
sequence identity and 40% similarity to its human counterpart. C. elegans PRMT-7, on the other
hand, seems to have a more divergent history; it has 32% sequence identity and 47% similarity to
the human enzyme. Previous work had been done to determine the structure of C. elegans
PRMT-7, but no enzyme activity was reported (2, 3). A small type IIIl MMA activity was
determined for PRMT-9 (2) on histone H2A, but this enzyme was not further characterized in the
literature. I requested and received the expression plasmids for both PRMT-7 and PRMT-9 from
Dr. Akiyoshi Fukamizu at the University of Tsukuba in Tsukuba, Japan (2), and was able to
express and purify these proteins. I hypothesized that these two enzymes would have a similar
role and activity as their human orthologs. Through in vitro methylation assays and amino acid
analysis, I showed that PRMT-7 was able to only produce MMA, and had a similar yet broader
substrate specificity than the human ortholog. I additionally showed that PRMT-9 also produced
SDMA and MMA, much like its human ortholog, on the orthologous splicing factor in C.
elegans. 1 also performed RNA1 studies to knockdown these proteins in C. elegans but did not
find any noticeable phenotypes. This work was important as it showed that while these proteins
are conserved from mammals to nematodes, they have slightly different roles and specificities,
especially in regards to PRMT-7.

In Chapter 9, I examined the role of isoaspartyl damage on histone H2B and methylation
by PRMTY7. There is evidence for isoaspartyl damage on an aspartyl residue of the histone tail of

histone H2B, a few residues away from the arginine residues that are preferentially methylated



by PRMT7 (4, 5). Working with an undergraduate student, Anuj (Sunny) Chhabra, we received
isoaspartyl-containing H2B peptides from the Dr. Mark Mamula lab at Yale University and the
Dr. Dana Aswad lab at UC Irvine. After using a base labile assay to determine the peptides did
contain an isoaspartyl residue, we then set up in vitro methylation reactions to look at the effect
of an isoaspartyl residue on the recognition and methylation of those arginine residues. In
addition, we aged histone H2B peptide that our lab had that also contained an aspartate residue,
checked for isoaspartyl damage via the base labile assay, and again tested with in vitro
methylation reactions to check for methylation activity. We determined that the presence of an
isoaspartyl residue affected the activity of the enzyme on the H2B peptide.

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

be further done or explored to increase our understanding of the roles of these enzymes.
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CHAPTER 2

Protein Arginine Methylation and Scope of the Thesis



Protein Arginine Methylation

Protein arginine methyltransferases (PRMTs) are a family of seven beta-strand enzymes
that recognize and methylate the terminal guanidino moieties of arginine residues. These
methyltransferases transfer a methyl group from the donor S-adenosyl-L-methionine (AdoMet)
onto their respective substrates. The enzymes methylate in various “types”; all PRMTs can
monomethylate arginine residues — PRMT7 is the only enzyme that is limited to
monomethylation (type III); the rest of the PRMTs can dimethylate, either on the same guanidino
group, producing asymmetric dimethylarginine (ADMA; type I; PRMT1, -2, -3, -4, -6, and -8),
or on opposite guanidino groups to generate symmetric dimethylarginine (SDMA; type 1I;
PRMTS and -9). The work presented in this dissertation shows evidence for PRMT9 as the
second symmetrically dimethylating enzyme (Chapters 5 and 6). My work also showed that
PRMT7 only produces MMA (Chapters 3 and 4), with acidic residues in the substrate-binding
motif important for conferring its substrate specificity.

The members of the PRMT family contain conserved motifs, including Motif I and Post
Motif I, Motif 11, Post Motif II (the substrate-binding “double E” loop), Motif III and the THW
loop. Motif I and Post Motif I contains conserved residues to bind AdoMet; Motif II is followed
by the substrate-binding double E loop. This double E loop contains conserved glutamate
residues flanking eight additional residues in a loop, and this substrate-binding motif coordinates
and binds the methylatable substrate. The THW loop contains conserved Thr-His-Trp residues in
the type I enzymes, and differs slightly in the type II and type III enzymes. The work shown in
Chapter 7 shows that residues in the THW loop are important for contributing to the methylation
type of the enzyme, as a mutation of a single cysteine in the loop of human PRMT9 allows the

enzyme to only produce MMA, where as a combination of mutations of the central THW loop



residue along with one of the terminal glutamates of the double E loop allowed the 7. brucei
PRMT7 to produce SDMA. Other work (1) showed that a single mutation of one of the
glutamate residues of the double E loop in 7. brucei PRMT?7 also changed the methylation type

to producing only ADMA.

Previous Studies on PRMT7 and PRMT9

PRMT7 and PRMTY are two members of the protein arginine methyltransferases family
whose roles have been more elusive and harder to uncover than most of the other enzymes.
Previous literature incorrectly classified PRMT7 as an enzyme producing SDMA (2) and
although this was apparently supported by other work linking SDMA histone methylation marks
to PRMT7 activity (3, 4), it now appears that such linkage may be due to an indirect effect (5).
The field has also been confused by PRMT9 nomenclature used to designate two separate gene
products, one encoded on human chromosome 4 that is homologous to other members of the
PRMT family (6), and a separate gene on chromosome 2 (FBXO11) (7), that does not encode a
homolog of the PRMT family but rather a ubiquitin ligase (8). Much of the confusion in this area
has resulted from using FLAG-tags to purify putative PRMTs from mammalian cells. These
tagged proteins are often isolated using the monoclonal M2 antibody that has been shown to
recognize PRMTS even in the absence of FLAG-tag (9—11). Thus, FLAG-tagged PRMT7 and
FBXO011 proteins will be contaminated with PRMTS5, producing the SDMA products detected in
these studies (2, 7). My work was not able to detect the presence of any SDMA activity with
bacterially purified PRMT?7 under conditions that would detect 0.2% of methylation activity (10—
13) (Chapters 3 and 4). In this thesis, I studied the protein that was encoded by the gene located

on chromosome 4q31, whose PRMT9 designation is now the standard of the HUGO Gene
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Nomenclature Committee (14, 15) (Chapters 5 and 6). This gene product bears a close
resemblance to PRMT7 and PRMTS, and is well conserved across vertebrates and invertebrates
(16). My work in Chapters 5 (15) and 6 (14) biochemically characterizes this protein in its ability
to produce SDMA and MMA and to define its only substrate discovered thus far, the SF3B2
splicing factor.

There is evidence that suggests crosstalk of PRMT7 with other PRMTs, in particular in
the modification of histones H2A and H4. For example, studies have found increased histone
H4R3 SDMA at loci of specific genes with the overexpression of PRMT7 (17). In addition, the
amount of SDMA at that same mark was decreased in mammalian cells in which PRMT7 was
knocked down (3, 18, 19). Even though in vitro we have no evidence of PRMT7 generating

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

Protein Arginine Methylation in Various Organisms

Protein arginine methylation is a conserved modification, with the major PRMTs
responsible for ADMA and SDMA (PRMT1 and PRMTS5) having orthologs from the kingdoms
of fungi to animalia. It has been generally accepted in the literature that bacteria and archaea do
not contain protein arginine methyltransferases (20). There are no published reports of identified
or characterized arginine methyltransferases in prokaryotes, but in Chapter 8, I report on BLAST
searches that identified potential orthologs in Rhizobium leguminosarum, Streptococcus
pneumoniae, Geobacter sulfurreducens, and Pseudanabaena sp. Biochemical studies need to be
done to characterize these potential orthologs, especially to determine if they are indeed protein
arginine methyltransferases. However, it is clear that orthologs of PRMT1, PRMT3 and PRMT5

exist in unicellular eukaryotes, like yeasts, molds, amoebae, and protozoa (21). In addition, a
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PRMTY7 ortholog has been identified in the parasitic protozoan 7. brucei, and it harbors a type III
MMA methyltransferase activity (22, 23).

Many of the other PRMTs in the mammalian family of enzymes (PRMT2, 3, 4, 6, 7, 8,
and 9) contain orthologs in vertebrate and invertebrate organisms, from mammals (humans),
birds (G. gallus), reptiles (4. carolinensis), amphibians (X. /laevis), zebrafish (D. rerio), fruit flies
(D. melanogaster), nematodes (C. elegans), chordates (C. intestinalis, B. floridae), and
cnidarians (N. vectensis) (24). Almost all of the organisms contain the major PRMT family
members PRMT1 and PRMTS5, and depending on the organism and the evolutionary rate, higher
organisms contain more of the additional PRMT enzymes that have evolved (24). PRMT
orthologs have also been identified in plants such as A4. thaliana and Z. mays. The major PRMT
orthologous enzymes (PRMT1 and PRMTS) have been characterized in fungi such as yeast (S.
cerevisiae, S. pombe). However, these fungi lack orthologs of all of the other mammalian
PRMTs including PRMT7 and PRMTO. Based on the work by Wang and Li (2012) (24), it
seems that PRMT1 and PRMTS5 have an early eukaryotic ancestor, and based on the sequence
identity and presence of PRMT]1 in almost all of these organisms, it seems to have evolved much
more slowly and plays a very important role. The role of other PRMTs seem to be more specific

and have evolved more specialized functions in higher organisms.

Caenorhabditis elegans and Protein Arginine Methylation

Chapter 8 describes PRMT orthologs in the nematode Caenorhabditis elegans. C.
elegans provides an advantageous model system, and what we learn biochemically from this
nematode we can potentially apply to the mammalian system. Previous work has identified

PRMT1, PRMTS, PRMT7 and PRMT9 orthologs in worms, along with small fragments that
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were named PRMT4 and PRMT6 (25). However, these fragments have not been shown to have
any activity or further homology to PRMT enzymes when subjected to a BLAST search. I
attempted to conduct studies to determine phenotypes or additional substrates using siRNA
methods in nematodes for PRMT-7 and PRMT-9, both of which were inconclusive; I searched
for detectable physical phenotypes, such as embryonic lethality and growth defects. In previous
studies (25), no phenotypes were seen when worms were treated with siRNA and irradiated with
gamma-radiation. The lack of noticeable phenotypes could indicate potential compensation by

the other PRMT enzymes.

Protein Arginine Methylation, Disease and Cancer

The deregulation of protein arginine methylation can be involved in cancer and other
diseases (26-28). Since many of the PRMTs methylate histone tails, “reader” proteins, such as
Tudor domain containing proteins, can recognize many of these methyl marks and can activate
or repress transcription (26, 27). In many cases, overexpression of PRMTs leads to cancer; for
example, PRMT]1 is overexpressed in breast, prostate, lung, colon and bladder cancer, as well as
leukemia (26, 28). PRMT?2 is overexpressed in breast cancers that have ERa positive status, and
PRMT3 is also shown to have higher levels of activity in breast cancer tumors (27) as well as
probable post-transcriptional regulation by tumor suppressor protein DAL-1/4.1B in vitro and in
vivo (29). PRMT4 (also known as CARM1) is overexpressed in breast, prostate, and colorectal
cancers, while PRMTS5 has been shown to be overexpressed or have an increase in activity in
gastric, colorectal and lung cancers as well as in lymphomas and leukemias (26-28). PRMT7 has
been shown to be involved in breast cancer metastasis as well as in the epithelial-to-

mesenchymal transition (EMT) (26, 30). So far, a disease role for PRMT9 in vivo has yet to be
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determined, but our work in Chapter 4 shows PRMT9 involvement in the regulation of
alternative splicing through the methylation of splicing factors and the recruitment of the SMN
protein.

The deregulation of protein arginine methylation is also involved in a wide variety of
diseases, such as metabolic diseases, neurodegenerative diseases, and aging (27). For example, it
has been shown that Alzheimer’s disease associated neuronal death is facilitated by PRMTS, and
inhibitors of these enzymes could potentially act as therapeutics (31). PRMTs have also shown to
be involved in the regulation of the senescence of cells and premature aging, as was shown with
PRMT7" mice, whose cells underwent cell-cycle arrest and premature cellular senescence (19).
In addition, my work in Chapter 9 indicates a potential role and crosstalk of PRMT7 in response
to isoaspartyl damage on histone H2B tail. Thus, the study of protein arginine methylation by the
family of protein arginine methyltransferases plays a very important role in health and disease,
and what we learn in vivo and in vitro can aid in future disease research and inhibitor

development.
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Background: Protein arginine methyltransferase 7 (PRMT7) is associated with various functions and diseases, but its

substrate specificity is poorly defined.

Results: Insect cell-expressed PRMT7 forms w-monomethylarginine residues at basic RXR sequences in peptides and histone

H2B.

Conclusion: PRMT7 is a type III PRMT with a unique substrate specificity.
Significance: Novel post-translational modification sites generated by PRMT7 may regulate biological function.

The mammalian protein arginine methyltransferase 7
(PRMT?7) has been implicated in roles of transcriptional regula-
tion, DNA damage repair, RNA splicing, cell differentiation, and
metastasis. However, the type of reaction that it catalyzes and its
substrate specificity remain controversial. In this study, we puri-
fied a recombinant mouse PRMT?7 expressed in insect cells that
demonstrates a robust methyltransferase activity. Using a vari-
ety of substrates, we demonstrate that the enzyme only catalyzes
the formation of w-monomethylarginine residues, and we con-
firm its activity as the prototype type III protein arginine meth-
yltransferase. This enzyme is active on all recombinant human
core histones, but histone H2B is a highly preferred substrate.
Analysis of the specific methylation sites within intact histone
H2B and within H2B and H4 peptides revealed novel post-trans-
lational modification sites and a unique specificity of PRMT7
for methylating arginine residues in lysine- and arginine-rich
regions. We demonstrate that a prominent substrate recogni-
tion motif consists of a pair of arginine residues separated by one
residue (RXR motif). These findings will significantly accelerate
substrate profile analysis, biological function study, and inhibi-
tor discovery for PRMT?7.

Post-translational modifications dramatically increase the
diversity of proteins in the cell and substantially contribute to
epigenetic regulation and the control of cellular processes (1).
One of the major groups of enzymes that catalyze these reac-
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tions in eukaryotic cells are protein arginine methyltransferases
(PRMTs)? that transfer methyl groups from the methyl donor,
S-adenosyl-L-methionine (AdoMet), to specific arginine resi-
dues on protein substrates (Fig. 1). In mammals, a group of nine
sequence-related PRMTs have been characterized (2, 3).
PRMT]1, -2, -3, -4, -6, and -8 catalyze the formation of w-N®-
monomethylarginine (MMA) and «-N9 N®-asymmetric
dimethylarginine (ADMA) and are classified as type I PRMTs.
PRMTS5 catalyzes the formation of MMA and w-N€, N'S-sym-
metric dimethylarginine (SDMA) and is defined as a type II
PRMT. More recently, PRMT7 has emerged as a type IIl PRMT
that produces only MMA in its substrates (4, 5). In humans
and mice, PRMT7 is a 692-amino acid protein with an ances-
tral duplication of the catalytic domains, both of which are
required for its activity (4). PRMT7, when expressed as a
GFP fusion protein, shows a predominantly cytoplasmic dis-
tribution (6).

The physiological roles of PRMT7 have been associated with
broad cellular processes in mammalian cells (3, 7). It has been
indicated that PRMT7 may play a role in Sm protein methyla-
tion and small nuclear ribonucleoprotein biogenesis (8).
PRMT7 knockdown up-regulates the expression of genes
involved in DNA repair, including ALKBH5, APEX2, POLD],
and POLD2 (9). It has also been suggested that PRMT7 plays a
role in pluripotency state maintenance in undifferentiated
embryonic stem cells and germ cells (10) and antagonizes
MLL4-mediated differentiation (11). Interestingly, PRMT7 has
been associated with cellular sensitivity to a number of drugs.

?The abbreviations used are: PRMT, protein arginine methyltransferase;
MMA, w-N°-monomethylarginine; ADMA, w-N®, N°-asymmetric dimethyl-
arginine; SDMA, w-N N’ C-symmetric dimethylarginine; AdoMet, S-adeno-
syl-.-methionine; [PH]JAdoMet, S-adenosyl-[methyl-*H].-methionine; HBR,
H2B repression region; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; ESI, electrospray ionization; ETD, electron
transfer dissociation.
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Its expression has been correlated with sensitivity to topo-
isomerase II inhibitors in Chinese hamster fibroblasts (12),
resistance to the topoisomerase I inhibitor camptothecin in
HeLa cells (13), and correlated by linkage-directed association
analysis to etoposide cytotoxicity in human lymphoblastoid cell
lines (14). Finally, a gene expression meta-analysis identified a
possible role of PRMT?7 in promoting breast cancer metastasis
(15). These results suggest PRMT?7 as a potential target for anti-
cancer therapeutics.

Since its discovery as a methyltransferase (4), the type of
methylation reaction catalyzed by PRMT7 has been under
debate. A sole type III activity forming MMA has been reported
(4, 5) as well as a type I/type Il activity forming both ADMA and
SDMA (16). A sole type Il activity was also found for the worm
and trypanosome homologs of PRMT7 (17, 18). In a number of
studies, PRMT7 was expressed in mammalian cells as a FLAG-
tagged species where the purification methods would be
expected to also pull down the type Il PRMT5 species (2, 3, 19).
The potential contamination of PRMT7 with PRMT5 (and pos-
sibly other PRMTs, including the major PRMT1 species) in
such studies would complicate the analysis of substrate speci-
ficity. These problems may have led to the misclassification of
PRMT7 as a type II PRMT and confusion of its methylation
sites with those of other PRMTs (9, 20). Given the roles of
PRMTs in epigenetic regulation via histone methylation and
the involvement of PRMT?7 in both cell development and can-
cer (10-15), itis important to establish the catalytic pattern and
substrate specificity of PRMT7.

Here, we report the expression and purification of mouse
PRMT?7 from insect cells with robust activity. We identify H2B
as the best substrate among recombinant human core histones
and detect the monomethylation of H2B Arg-29, Arg-31,
Arg-33 and H4 Arg-17, Arg-19 by PRMT7 with high resolution
amino acid analysis and top-down mass spectroscopy. We
found that PRMT?7 specifically targets arginine residues in RXR
motifs surrounded bv multiple lvsines. Our work confirming

SDMA
FIGURE 1. Reactions catalyzed by type |, II, and Ill PRMTs. AdoHcy, S-adenosylhomocysteine.

the type III formation of MMA and our discovery of the unique
substrate recognition motif of PRMT7 clarify two common
ambiguities in the study of this methyltransferase, setting a
foundation for exploring the kinetic mechanism, inhibitor dis-
covery, and biological functions of PRMT7.

EXPERIMENTAL PROCEDURES

Mutagenesis—Mouse PRMT7-pEGFP-C1 plasmid was pre-
pared as described (6). The wild-type plasmid was mutated to
create a catalytically inactive enzyme that cannot bind AdoMet,
with motif I residues LDIG changed to AAAA. Mutagenic
primers were designed to be 45 bases in length with a T, of
89 °C. Primers used were as follows: forward primer 5'-GGA
CAG AAG GCCTTG GTT GCG GCC GCT GCG ACT GGC
ACG GGA CTC-3' and reverse primer 5'-GAG TCC CGT
GCC AGT CGC AGC GGC CGC AAC CAA GGC CTT CTG
TCC-3'. A PCR was set up according to the QuikChange site-
directed mutagenesis kit (Agilent), using 50 ng of dsSDNA tem-
plate (GFP-PRMT?7 wild type), 125 ng of both primers, and
PfuUltra HF DNA polymerase. The PCR was run at 95 °C for 1
min, 18 cycles of 95 °C for 50 s, 60 °C for 50 s, and 68 °C for 10
min. There was an additional 7-min extension at 68 °C. Ampli-
fication products were then digested using 10 units of Dpnl for
1 hat 37 °C to remove the parental dSsDNA. Plasmids were then
transformed into XL10-Gold ultracompetent Escherichia coli
cells, plated on LB kanamycin plates, and grown overnight at
37 °C. Positive colonies were subjected to DNA sequencing on
both strands to confirm the mutations (GeneWiz, Inc.).

Protein Expression and Purification—Wild-type and mutant
mouse GFP-PRMT?7 plasmid DNA prepared as described above
were subcloned into a modified pFastBac baculovirus expres-
sion vector and expressed between GST (at the N terminus) and
His tag (at the C terminus). The PRMT7 pFastBac vector was
transformed into E. coli (DH10Bac), and the bacmid DNA was
generated. Spodoptera frugiperda (Sf9) insect cells were then
transfected with the bacmid DNA to produce virus particles. By
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GPLGYMKVFCGRANPTTGSLEWLEEDEHYDYHQETARSSYADMLHDKDRNIKYYQGIRAA
VSRVKDRGQKALVLDIGTGTGLLSMMAVTAGADFCYATEVFRPMAEAAVKIVERNGFSDK
IKVINKHSTEVTVGPDGDLPCRANILITELFDTELIGEGALPSYEHAHKHLVOEDCEAVP
HRATVYAQLVESRRMWSWNKLFPVRVRTSLGEQVIVPPSELERCPGAPSVCDIQLNQVSP
ADFTVLSDVLPMFSVDFSKQVSSSAACHSROFVPLASGQAQVVLSWWDIEMDPEGKIKCT
MAPFWAQTDPQELQWRDHWMOCVYFLPQEEPVVOGSPRCLVAHHDDYCVWY SLORTSPDE
NDSAYQVRPVCDCQAHLLWNRPRFGE INDQDRTDHYAQALRTVLLPGSVCLCVSDGSLLS
MLAHHLGAEQUFTVESSVASYRLMKRIFKVNHLEDKISVINKRPELLTAADLEGKKVSLL
LGEPFFTTSLLPWHNLYFWYVRTSVDQHLAPGAVVMPQAASLAAVIVEFRDLWRIRSPCG
DCEGFDVHIMDDMIKHSLDFRESREAEPHPLWEYPCRSLSKPQEILTFDFQQPIPQOQPMQ

LDLRVPLNGPRSVSYVVEFHPLTGDITMEFRLADTLS ELALVPRGSSAHHHHHHHHHH

KSHGAVLWMEYQLTPDSTISTGLINPAEDKGDCCWNPHCKQAVYFLSTT

FIGURE 2. Recombinant mouse PRMT7 expressed in Sf9 insect cells. A, SDS-PAGE followed by Coomassie Blue staining of the purified wild-type enzyme,
revealing a single major polypeptide of ~80 kDa (expected mass is 81.2 kDa). This protein includes an N-terminal extension of GPLGY and a C-terminal
extension of ELALVPRGSSAHHHHHHHHHH. The lane of marker proteins is shown on the left with the polypeptide sizes. B, SDS-PAGE analysis of the PRMT7
inactive mutant with motif | residues LDIG changed to AAAA. C, LC-MS/MS analysis of tryptic peptides of wild-type PRMT7. Sequences were searched against
both the S. frugiperda and the mouse subsets of the UniRef100 database as well as the tagged expected sequence of PRMT7. Sequence coverage of the
recombinant PRMT7 (85%) is shown by underlining; those residues not presentin the endogenous protein are highlighted in bold and italics; the LDIG motif that

was mutated in the PRMT7 mutant is shown in bold.

performing mini-infection assays, we selected the most effi-
cient conditions for protein expression, which were 0.75-1.0 X
10° cells/ml with a ratio of 1:100 between virus suspension and
media and 48 h of duration for infection. One liter of Sf9 cell
culture pellet (infected with wild-type or mutant PRMT7-ex-
pressing baculovirus) was used for protein purification. The Sf9
cell pellet was lysed in 40 ml of PBS lysis buffer containing 1 mm
EDTA, 0.05% Triton X-100, 1 mm DTT, 1 tablet of protease
inhibitor mixture (Roche Applied Science), and a final concen-
tration of 250 mm NaCl, using 20 strokes of a Dounce homog-
enizer followed by three 30-s periods of sonication. The total
cell lysate was incubated for 30 min at 4 °C with 1 mm MgCl,
and benzonase nuclease to remove DNA or RNA contamina-
tion followed by centrifugation at 38,724 X g for 30 min at 4 °C
to get a clear soluble lysate. The soluble cell lysate was then
incubated with Glutathione-Sepharose 4B beads (GE Health-
care) for 1 h in GST-binding buffer (lvsis buffer without prote-

ase inhibitor) followed by washing the beads three times with
washing buffer (GST binding buffer made up to a final concen-
tration of 350 mm NaCl). The GST beads were then incubated
with 5 mm ATP and 15 mm MgCI, for 1 h at 4 °C to prevent
nonspecific binding of heat-shock proteins and washed again
three times with washing buffer. GST beads were then washed
with P5 buffer (50 mm sodium phosphate, 500 mm NaCl, 10%
glycerol, 0.05% Triton X-100, 5 mm imidazole, pH 7.0) and
incubated with PreScission protease (GE Healthcare; 4 — 8 units
for 100 ul of GST beads) in P5 buffer for 6 h at 4 °C. GST-
cleaved PRMT7 protein was collected as the supernatant after
centrifugation and incubated with TALON cobalt metal affinity
resin (Clontech; prewashed with P5 buffer) for 1 h in P5 buffer
at 4 °C under rotation. The TALON resin was then washed
three times (5 min each) with P30 buffer (P5 buffer with a final
concentration of 30 mMm imidazole). PRMT7 protein was then
eluted from the resin with P500 buffer (P5 buffer with a final
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concentration of 500 mMm imidazole) with 5 min under rotation,
and the elution step was repeated two times to elute maximum
protein (21). Purified PRMT7 protein was analyzed for quality
and quantity by SDS-PAGE with Coomassie Blue staining. The
final sequence is GPLGY-(mouse PRMT7)-ELALVPRGSSAH-
HHHHHHHHH, as shown in Fig. 2. PRMT7 protein was then
dialyzed in storage buffer (Tris-Cl, pH 7.5, 150 mm NaCl, 10%
glycerol, 1 mm DTT) at 4 °C for 1 h and stored in small aliquots
at —80 °C.

PRMT1 was used as a His-tagged species purified from E. coli
(22, 23) and was a kind gift from Drs. Heather Rust and Paul
Thompson (Scripps Research Institute, Jupiter, FL). PRMT5
was used as a Myc-tagged species purified from HEK293 cells
(24) and was a kind gift from Drs. Jill Butler and Sharon Dent
(University of Texas MD Anderson Cancer Center, Houston,
TX).

Peptide and Protein Substrates—Peptides H2B(23-37),
H2B(23-37)R29K, H2B(23-37)R31K, H2B(23-37)R33K, H2B(23-
37)R29K,R31K, H2B(23-37)R29K,R33K, H2B(23-37)R31K,R33K,
H4(1-8), H4(14-22), H4(14-22)R17K, and H4(14-22)R19K were
purchased from GenScript as HPLC-purified materials at >90%
purity and verified by mass spectrometry by the vendor. Peptides
H4(1-21), H4(1-21)R3K and H4(1-21)R3MMA were previously
described (22, 23) and were a kind gift of Drs. Heather Rust and
Paul Thompson (Scripps Research Institute). The sequences of
all the peptides are listed in Table 1. GST-GAR was expressed in
E. coli BL21 Star (DE3) cells (Invitrogen, C601003) and purified
with glutathione-Sepharose 4B beads (Amersham Biosciences)
by affinity chromatography as described previously (5). Recom-
binant human histone H2A (GenBank™ accession number
AAN59960), H2B (GenBank ™ accession number AAN59961),
H3.3 (GenBank™ accession number P84243), and H4
(GenBank™ accession number AAM83108) were purchased
from New England Biolabs as 1 mg/ml solutions in 20 mm
sodium phosphate, 300 mm NaCl, and 1 mm EDTA. Histone
H3.3 also included 1 mm DTT. In some cases, the histone prep-
arations were dialyzed against 10,000 volumes of the reaction
buffer (50 mm potassium HEPES, 10 mm NaCl and 1 mm DTT,
pH7.5) or H,0, at 4 °C for 1 h. Alternatively, the original buffer
was exchanged by diluting histones 40-fold in the reaction
buffer and then reconcentrated using an Amicon centrifuga-
tion filter; this process was repeated twice.

In Vitro Methylation Assay and Acid Hydrolysis of Protein
and Peptide Substrates—PRMT-catalyzed reactions were
performed with 0.7 um S-adenosyl-L-[methyl->*H]methionine
([PH]AdoMet; PerkinElmer Life Sciences, 75—85 Ci/mmol,
from a stock of 0.55 mCi/ml in 10 mm H,SO,/EtOH (9:1, v/v))
and appropriate substrate in a final reaction volume of 60 ul
unless otherwise specified. The reactions were buffered in 50
mM potassium HEPES, pH 7.5,10 mm NaCl, and 1 mm DTT and
incubated at room temperature (21-23 °C) for 2024 h. When
proteins were used as substrates, the methylation reactions
were quenched with 12.5% (w/v) trichloroacetic acid, and 20 ug
of bovine serum albumin was added as a carrier protein. After
incubation at room temperature for 30 min, the precipitated
protein was collected by centrifugation at 4000 X g for 30 min.
The pellet was washed with cold acetone and air-dried. When
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FIGURE 3. Formation of [PHIMMA from incubation of PRMT7 with
[*H]AdoMet and GST-GAR as a methyl-accepting substrate. A, in vitro
methylation reactions were performed as described under “Experimental
Procedures” using 6 ug of GST-GAR and 1.2 ug of wild-type or mutant
PRMT?7 at a final concentration of 0.26 um. Incubations in the absence of
PRMT7 or GST-GAR were used as controls. The reactions were allowed
to proceed at room temperature for 20 h. After acid hydrolysis, the methy-
lated amino acid derivatives were analyzed by high resolution cation
exchange chromatography together with standards of ADMA, SDMA, and
MMA as described under “Experimental Procedures.” *H radioactivity (solid
lines) and the ninhydrin color of the methylated arginine standards (dashed
lines; elution positions indicated) were determined with liquid scintillation
counting and 570 nm absorbance, respectively. Because of a tritium isotope
effect (5), the [*Hlmethyl derivatives of ADMA, SDMA, and MMA elute on the
high resolution cation exchange chromatography column 1-2 min earlier
than the nonisotopically labeled standards. Red, wild-type PRMT7 with GST-
GAR,; green, wild-type PRMT7 alone; blue, mutant PRMT7 with GST-GAR; pur-
ple, GST-GAR alone. B, magnification of the radioactivity scale to show PRMT7
automethylation (green), the residual activity of mutant PRMT7 (blue), and the
absence of ADMA and SDMA in the reaction products (red).

peptides were used as substrates, the reaction mixture was
quenched with trichloroacetic acid (final concentration is
1.6%), and peptides were isolated using an OMIX C18 ZipTip
(Agilent Technologies) followed by vacuum centrifugation.
Acid hydrolysis of all dried reaction mixtures was then carried
out in vacuo at 110 °C for 20 h using 50 ul of 6 N HCL. Samples
were then dried by vacuum centrifugation and dissolved in 50
ul of water.

Amino Acid Analysis of Methylation Products by High Reso-
lution Cation Exchange Chromatography—Amino acid analy-
sis was performed to determine the products of enzymatic
methylation reactions as described previously (5). Briefly, the
hydrolyzed samples were mixed with 1 wmol each of o-MMA
(acetate salt, Sigma, M7033), SDMA (di(p-hydroxyazoben-
zene)-p'-sulfonate salt, Sigma, D0390), and ADMA (hydro-
chloride salt, Sigma, D4268) as internal standards. Samples
were loaded onto a cation exchange column of PA-35 sulfo-
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TABLE 1
Sequences of synthesized H2B and H4 peptides

Ac is acetyl.
Peptide Sequence Theoretical M, Observed M,
H2B(23-37) Ac-KKDGKKRKRSRKESY 1936.23 1935.60°
H2B(23-37)R29K Ac-KKDGKKKKRSRKESY 1908.22 1908.00”
H2B(23-37)R31K Ac-KKDGKKRKKSRKESY 1908.22 1907.80“
H2B(23-37)R33K Ac-KKDGKKRKRSKKESY 1908.22 1908.00¢
H2B(23-37)R29K,R31K Ac-KKDGKKKKKSRKESY 1880.21 1879.60°
H2B(23-37)R29K,R33K Ac-KKDGKKKKRSKKESY 1880.21 1879.60“
H2B(23-37)R31K,R33K Ac-KKDGKKRKKSKKESY 1880.21 1879.60¢
H4(1-21) Ac-SGRGKGGKGLGKGGAKRHRKYV 2132 2133°
H4(1-21)R3K Ac-SGKGKGGKGLGKGGAKRHRKV 2104 2105”
H4(1-21)R3MMA Ac-SGR(me)GKGGKGLGKGGAKRHRKV 2146 2147%
H4(1-8) Ac-SGRGKGGK 787.87 787.60"
H4(14-22) Ac-GAKRHRKVL 1106.33 1106.25“
H4(14-22)R17K Ac-GAKKHRKVL 1078.32 1078.20
H4(14-22)R19K Ac-GAKRHKKVL 1078.32 1078.20"
“ Data were provided by GenScript Inc.
% Data are from Refs. 22, 23.
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FIGURE 4. Comparison of the methylation products of PRMT1, -5, and -7 using synthetic peptides derived from the N terminus of human histone
H4. Peptides (12.5 um final concentration) were incubated with [*H]JAdoMet and PRMT1 (0.45 um final concentration), PRMTS5 (0.72 um final concentra-
tion), or PRMT7 (0.26 um final concentration) as described under “Experimental Procedures” and the reactions were allowed to proceed at room
temperature for 20 h. The reaction mixtures were then acid-hydrolyzed and analyzed for methylated arginine species as described under “Experimental
Procedures.” A-C show PRMT1-catalyzed methylation products of peptides H4(1-21), H4(1-21)R3K, and H4(1-21)R3MMA (Table 1), respectively. D-F
show PRMT5-catalyzed methylation products of these peptides. G-/ show PRMT7-catalyzed methylation products of these peptides. The elution
positions of the ADMA, SDMA, and MMA standards are specifically indicated in A, D, and G but are similar in all of the experiments.

nated polystyrene beads (6—12 wm; Benson Polymeric Inc.,
Sparks, NV) and eluted with sodium citrate buffer (0.35 M Na™,
pH 5.27) at 1 ml/min at 55 °C. Elution positions of the amino
acid standards were determined by a ninhydrin assay. 50-ul
aliquots of 1-ml column fractions were mixed with 100 ul of
ninhydrin solution (20 mg/ml ninhydrin and 3 mg/ml hydrin-
dantin in 75% (v/v) dimethyl sulfoxide and 25% (v/v) 4 M lithium
acetate, pH 4.2) and incubated at 100 °C for 15-20 min, and the
absorbance was measured at 570 nm using a SpectraMax M5
microplate reader with a path length of 0.5 cm. Radioactivity in
column fractions was quantitated using a Beckman LS6500
counter and expressed as an average of three 5-min counting

cycles after mixing 950 ul of each fraction with 10 ml of fluor
(Safety Solve, Research Products International, 111177).
Fluorography of Histones Methylated by PRMT7—The enzy-
matic methylation reactions were set up with [*H]AdoMet as
described above. After 15-20 h of incubation at room temper-
ature (21-23 °C), the reactions were quenched by SDS loading
buffer and separated on 16% Tris-glycine gel (Novex, Invitro-
gen, EC6495BOX) or 4-12% BisTris gel (NuPAGE Novex,
Invitrogen, NP0335BOX), stained with Coomassie Blue for
0.5 h, destained for 1 h, enhanced in autoradiography enhanc-
ing buffer (EN3HANCE™, PerkinElmer Life Sciences,
6NE9701) for 1 h. and vacuum-dried. The fluoroimage was
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scanned after 3 h to 7 days of exposure to autoradiography film
(Denville Scientific Inc., E3012). From the fluoroimage, the
densitometry of each band was measured with Image] software,
and the specific radioactivity was calculated by dividing the
intensity of the fluorograph band with that of the Coomassie-
stained band.

Top-down Mass Spectrometry of Proteins or Peptides Methy-
lated by PRMT7—Methylation reactions were performed at the
indicated concentration of AdoMet (Sigma, A2408, p-toluene-
sulfonate salt) in a buffer of 50 mm potassium HEPES, pH 7.5, 10
mM NaCl, and 1 mm DTT. Top-down mass spectrometry cou-
pled with ETD (LTQ-Orbitrap) was used to determine the
methylation sites targeted by PRMT7. Protein or peptide sub-
strate was incubated with PRMT7 and 182-200 um AdoMet in
the reaction buffer at room temperature for 24 h. Then the
methylation products were loaded onto OMIX C18 ZipTip
(Agilent Technologies, A5700310), washed with 0.1% formic
acid, and eluted with formic acid/acetonitrile/H,O (0.1:50:50).
The eluted sample was subjected directly to electrospray ioni-
zation (ESI), and ion isolation and ETD fragmentation were
performed to identify and break down the positively charged
methylated species. Unit resolution was achieved on all product
ions by operating the instrument at 30,000 or 60,000 resolution
(at 400 m/z). The mass spectra of multiply charged precursors
were deconvoluted to monoisotopic zero-charge mass using
Xtract 3.0 software. The ETD tandem mass spectra were ana-
lyzed with ProsightPC 2.0 software (Thermo Scientific) to
match the identified ¢ and z ions to the known amino acid
sequences and to localize post-translational modifications,
which remain a largely manual process.

RESULTS

Robust Mouse PRMT7 Expressed in Insect Cells Catalyzes the
Formation of Monomethylated Arginine Residues Only—Previ-
ously, human PRMT7 was prepared as a GST fusion protein
expressed in bacterial cells. This enzyme was shown to be a
type III enzyme that formed MMA residues on a variety of
proteins and peptides (4, 5). However, the enzymatic activity
was relatively low. To study an enzyme with minimal exoge-
nous residues that could be expressed in animal cells in poten-
tial complex with interacting proteins and with potential post-
translational modifications, we prepared recombinant mouse
PRMT?7 with small N- and C-terminal tags in Sf9 insect cells.
We observed a single major polypeptide of the expected size of
PRMT?7 with SDS-PAGE analysis (Fig. 24). LC-MS/MS analysis
demonstrated high sequence coverage (85%) of PRMT?7 (Fig.
2C) and the absence of tryptic peptides corresponding to other
PRMTs or other methyltransferases from mouse or S. fru-
giperda. Additionally, no tryptic peptides were detected con-
sistent with the presence of additional stoichiometric subunits
of PRMT?7. As a control, a catalytic mutant was prepared where
the AdoMet-binding motif I residues LDIG were changed to
AAAA (Fig. 2B).

Methylation assays were then carried out with the previously
characterized substrates GST-GAR, a protein containing the
first 148 amino acids of human fibrillarin (5, 21), and synthetic
peptides derived from the N terminus of human histone H4 (22,
23, 25-27). Using amino acid analysis employing high resolu-
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FIGURE 5. PRMT7-catalyzed methylation of core histones with and without
buffer change detected by fluorography. 4 11g of human recombinant his-
tones H2A, H2B, H3.3, and H4, either in the supplied buffer or exchanged into the
reaction buffer (see “Experimental Procedures”), or 4 ug of GST-GAR were mixed
with PRMT7 (0.26 um final concentration) and [*HJAdoMet and incubated at
room temperature as described under “Experimental Procedures” for 20 h in a
final volume of 40 pl. Samples were then mixed with SDS loading buffer, sepa-
rated on 4-12% BisTris gel, and stained with Coomassie Blue (A). The protein
substrate in each lane was labeled at the bottom of the graph. The expected
position of molecular mass standards (Bio-Rad, broad range) is shown on the left
in kDa. The fluoroimage was developed after 7 days (d) of film exposure (B) or 3 h
of film exposure (C). As described under “Experimental Procedures,” the density
of radioactive bands from the film shown in C (where the density was mostly in
the linear range) was divided by the density of the Coomassie-stained polypep-
tide to obtain the specific radioactivity (D). Data were normalized against the
specific radioactivity of H2B (with buffer change).
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FIGURE 6. Amino acid analysis of histones methylated by PRMT7. 6 .g of recombinant human H2A, H2B, H3.3, or H4 was dialyzed against the reaction buffer
and then incubated for 20 h with [?HJAdoMet and PRMT7 (0.26 um final concentration), hydrolyzed to amino acids, and analyzed by high resolution cation
exchange chromatography as described in Fig. 2 legend. A-D show the PRMT7-catalyzed methylation products of H2B, H3.3, H2A, and H4. E shows the control

of PRMT7 automethylation in the absence of histone substrates.

tion cation exchange chromatography, we were able to clearly
separate MMA, SDMA, and ADMA and capture femtomole
levels of methylation products from [PH]AdoMet. In Fig. 3, we
demonstrate the high catalytic activity of PRMT7 on GST-
GAR, resulting in a peak radioactivity of ~8 X 10* cpm in
MMA with no SDMA or ADMA formation detected. The
activity of this enzyme was about 18-fold greater than that of
the GST fusion protein expressed in bacterial cells (5) when
tested under similar conditions. The catalytic mutant PRMT7
retained only ~2% of this activity, confirming the absence of
other PRMT enzymes in the preparation (Fig. 3A). Interest-
ingly, PRMT?7 alone showed relatively weak automethylation
activity (a peak of ~2.6 X 10% cpm), which has not been previ-
ously observed (Fig. 3B).

To confirm the catalytic activity forming only MMA, we
compared the methylation products of a synthetic peptide
based on residues 1-21 of human histone H4 along with its
Arg-3 to Lys and Arg-3 to MMA derivatives (Table 1) catalyzed
by PRMT?7 with those catalyzed by the representative type I
PRMT1 and type II PRMT5 enzymes. As shown in Fig. 4,
PRMT1 formed ADMA and MMA on H4(1-21) as expected.
When Arg-3 was replaced with Lys on the peptide, there was
still residual activity left (~7%), indicating that Arg-17 and/or
Arg-19 can also be weakly methylated by PRMT1. When the
Arg-3-monomethylated peptide was used as a substrate,
PRMT1 formed mainly ADMA, most likely on Arg-3, which
confirms the major methylation site on the histone H4 N-ter-
minal tail for PRMT1 (28). PRMT5 formed SDMA and MMA
on H4(1-21) as expected (29). PRMTS5 also showed weak activ-
ity (~20%) on the R3K mutant peptide, suggesting that Arg-17
and/or Arg-19 are its target sites as well. When Arg-3 is pre-
monomethylated, PRMT5 formed mainly SDMA on H4(1-
21)R3MMA, indicating Arg-3 as its major methylation site on
H4 tail. Most interestingly, PRMT7 mediated formation of only
MMA on all of the three H4 peptides, whether Arg-3 was
mutated to Lvs or MMA. These results indicate first. when

there is already a methyl group on Arg-3, that PRMT7 does not
add a second methyl group to it like PRMT1 and PRMT5; and
second, on the H4 N-terminal tail, Arg-17 and/or Arg-19 are
likely the major targets for PRMT?7 rather than Arg-3.

PRMT?7 Preferentially Methylates H2B among Core His-
tones—To study the substrate specificity of the PRMT7 enzyme
expressed in insect cells, we compared the methylation level of
all four core human recombinant histones catalyzed by PRMT7
in the presence of [PH]AdoMet in an SDS-PAGE fluorography
assay. As shown in Fig. 5, H2B was found to be a much better
substrate than any of the other histones. After a 3-h exposure of
the ENSHANCE™ gel, only H2B appeared to be significantly
methylated; after a 7-day exposure, the H2B band saturated the
film response, and H2A, H3, and H4 bands became apparent.
Of note, we found that replacing the histone storage buffer (300
mM NaCl, 1 mm EDTA, and 20 mm sodium phosphate, pH 7.0)
with the reaction buffer (50 mm potassium HEPES, pH 7.5, 10
mMm NaCl, and 1 mm DTT) significantly promoted the methyl-
ation of histone H2B, especially histones H3 and H4.

The specificity of PRMT?7 for histone H2B was confirmed by
amino acid analysis of the reaction products. Here, we observed
a peak radioactivity of MMA of ~1.4 X 10° cpm for H2B and 5%
or less of this value for H2A, H3, and H4 (Fig. 6). No ADMA or
SDMA products were observed in any of these reactions.

PRMT?7 Targets Arg-29, Arg-31, and Arg-33 in Basic RXR
Motifs on Histone H2B—Next, we aimed to identify the meth-
ylation sites of PRMT7 on H2B. First, high resolution top-down
Fourier transform-MS analysis was conducted for intact H2B
protein (Fig. 7A) and the product of H2B methylation with
PRMT7 and AdoMet (Fig. 7B). Samples were subjected to
LTQ-Orbitrap coupled with ETD, enabling us to confirm the
monomethylation on H2B (Am = 14 Da for monoisotopic
mass) and selectively isolate and fragment the monomethylated
species. Fig. 7B shows PRMT7-mediated production of a
20-charge monomethylated precursor ion (Am/z = 0.7 com-
pared with the unmodified ion peak). which generated the
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FIGURE 7. Detection of PRMT7-formed monomethylarginine sites in histone H2B using top-down mass spectrometry. 15 g of H2B was incubated with
4.8 ug of PRMT7 (1 um) and 200 um AdoMet in the reaction buffer at room temperature for 24 h in a final volume of 60 ul. The methylation products were
desalted using an OMIX C18 ZipTip and directly introduced into an LTQ-Orbitrap mass spectrometer by nano-ESI as described previously (30). A, control mass
spectrum of unreacted H2B is shown with ion isolation of the 20-charge species (m/z = 690.03, monoisotopic mass = 13,780.56 Da; calculated monoisotopic
mass 13,780.54 Da). B, mass spectrum of methylated H2B from the incubation mixture described above is shown with ion isolation of the 20-charge species
(m/z = 690.73, monoisotopic mass = 13,794.56 Da; calculated monoisotopic mass 13,794.56 Da). C, ETD tandem mass spectrum of the 20-charge precursor of
methylated H2B. Unit resolution was achieved on all product ions by operating the instrument at 30,000 resolution (at 400 m/z). To maximize signal intensity
for better sequence coverage in the dissociation experiment, the ion isolation experimental window was kept wide enough that there was some contamina-
tion of the desired molecular ion with unmethylated H2B. The c and zions were assigned assuming the methyl group is on H2B R29, as in panel p-1. D, cand z
ion coverage for H2B when a methyl group is assigned on Arg-29 (D-1), Arg-R31 (D-2), or Arg-33 (D-3). The identified c and z ions are shown mapped onto the
primary sequence (cions of N-terminal origin are indicated by the slash pointing up and to the left; c ions, of C-terminal origin are indicated with a slash pointing
down and to the right). In D-1, the presence of C29 and Z97 ions indicates the methylation of Arg-29. In D-2, the presence of C31 and Z97 ions indicates the
methylation of either Arg-29 or Arg-31. In D-3, the presence of C34 and Z97 ions indicates the methylation of Arg-29, Arg-31, or Arg-33. Residues highlighted

in green represent monomethylarginine sites.

product ions shown in Fig. 7C using ETD. The best matches for
the fragment c and z ions were found for histone H2B monom-
ethylated on either Arg-29, Arg-31, or Arg-33 (Fig. 7D). Anal-
yses of other charge states of the methylated H2B also con-
firmed the same results. It is difficult at this point to distinguish
between these three sites of methylation, although the presence
of specific C29 and Z97 ions in Fig. 7D supports the presence of
MMA at least at Arg-29. Nevertheless, it is clear that all of these
sites are within the HBR region in the sequence KKRKRSRK.
To specifically map the PRMT7-catalyzed methylation sites
in the N-terminal basic region of histone H2B, we prepared six
peptides corresponding to residues 23—-37 and containing 0. 1.

or 2 Arg to Lys substitutions at Arg-29, Arg-31, and Arg-33
(Table 1). As shown in Fig. 84, the wild-type peptide with three
arginine residues was an excellent substrate for PRMT7 (~3 X
10° cpm in the MMA peak), confirming the results of the
top-down mass spectrometry. When Arg-29 or Arg-33 was
replaced, leaving RXR sequences, the peptides remained good
substrates with 69 and 26% of the methyl-accepting activity of
the wild-type peptide, respectively (Fig. 8, C and D). However,
when the central Arg-31 residue was replaced, the methyl-ac-
cepting activity decreased to only ~3% of the wild-type peptide
(Fig. 8E). More interestingly, when two of the three arginine
residues were replaced bv lvsine residues. leaving onlv a sinele
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FIGURE 8. Amino acid analysis of peptides derived from residues 23-37 of histone H2B methylated by PRMT7. Peptides (12.5 um final concentration;
Table 1) were methylated by PRMT7 as described in Fig. 3 legend. A-H show PRMT7-catalyzed methylation products of H2B(23-37), no substrate, H2B(23-
37)R29K, H2B(23-37)R33K, H2B(23-37)R31K, H2B(23-37)R29K,R33K, H2B(23-37)R31K,R33K, and H2B(23-37)R29K,R3 1K, respectively. Partial sequences con-
taining the target arginine sites and their lysine mutations are indicated above the panels. The arginine methylation sites present in each peptide are

highlighted in red.

arginine residue at positions 29, 31, or 33, the methyl-accepting
activity dropped to only ~1% of the wild-type peptide (Fig. 8,
F-H). These latter activities were only 3—4 times higher than
the background MMA level formed by automethylation of
PRMT?7 under the same conditions (Fig. 8B). These data indi-
cate that PRMT7 can monomethylate any of the three arginine
residues in this region but that it shows a dramatically higher
activity when at least two arginine residues are present and
spaced with only one residue between them, suggesting a pre-
ferred RXR substrate recognition motif for PRMT7.
The k., and K, values for selected H2B peptides containing
the RKRKR sequence and its variants are shown in Table 2.
Here, the value of the k., /K, is about 4 -29-fold lower when
either terminal arginine residue is replaced by a lysine residue.
When the central arginine residue is replaced by a lysine resi-
due to eliminate the RXR motif, the k_,, value is over 50-fold
lower, and the activity is too low to obtain a reliable K, value.
When these values are compared with those of other mamma-
lian PRMTs reported in the literature, the k_, /K, value for
PRMT?7 is some 10-1000-fold lower than those for PRMT1,
and -3-6, but similar to that of PRMTS8 and some 50-fold
greater than that of PRMT2. Although these values were deter-
mined using differing experimental conditions and substrates,
it appears that there is a wide range of activity for mammalian
PRMTs.

Finally, to pin down the localization of the methylation sites,
we performed high resolution tandem MS analyses of the meth-
ylated wild-type H2B(23-37) peptide and its R29K mutant. Fig.
9A shows an example of the 5-charge state of H2B(23-37) with
an m/z of 388.03, which was deconvoluted to the monoisotopic
mass of the peptide (1935.12 Da). After the reaction was
catalyzed by PRMT7, Fig. 9B shows the generation of singly,
doubly, and triply methylated H2B(23-37) (m/z = 390.83,
393.63, and 396.43 and monoisotopic mass = 1949.13, 1963.14,
and 1977.15 Da, respectively), with ~60% of singly methylated
products, indicating the high conversion but low processivity
of PRMT7 under our experimental conditions. As the amino
acid analysis showed that all the methylated arginines were
monomethylated (Fig. 8), the existence of triply methylated
peptide confirms that all three arginines in H2B(23-37) can
be methylated, although the chance of adding three methyl

groups was very low. The singly methylated precursor ion
generated the product ions in Fig. 9C, giving the best c and z
ion coverage of the H2B(23-37) sequence when the methyl
group was assigned to Arg-29, Arg-31, or Arg-33 (Fig. 9D).
The c and z ions in D-1 and D-2 strongly suggested meth-
ylation of Arg-29 and Arg-31; those in D-3 did not support
but could not exclude the methylation of Arg-33, probably
because Arg-33 was methylated to a very low level. Thus, the
singly methylated species was actually a mixture of peptides
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TABLE 2

Comparison of kinetic parameters of PRMT7 with other mammalian PRMTs

Values of &, and K,,, of PRMT7 were measured as described previously (26). Varied concentrations of the indicated H2B peptides (0—100 M) were mixed with 0.1 um
PRMT7 and 10 M S-adenosyl-[methyl-"*C]L-methionine (47 mCi/mmol, PerkinElmer Life Sciences) in 50 mm potassium HEPES, pH 7.5, 10 mm NaCl, 1 mm DTT, and 20
M sodium EDTA, and incubated at room temperature for 45 h. Duplicate reactions mixtures were spotted onto Whatman P81 filters that were washed extensively in 50
mum NaHCO,, pH 9, and counted by liquid scintillation as described previously (26). Data were analyzed by a nonlinear fit to the Michaelis-Menten equation using GraphPad
Prism software; = values reflect the standard error.

Enzyme (Ref.) Substrate Ko K, (methyl-accepting substrate) keat/ K,
ht o P

PRMT1 (26) H4 (1-20) 38.4 0.34 106.8
PRMT1 (31) H4 (1-21) 27.6 1.1 25.1
PRMT1 (32) H4 protein 5.0 4.2 1.2
PRMT?2 (32) H4 protein 0.0065 33 0.0020
PRMT3 (33) Ribosomal protein S2 6 1 6
PRMT4 (34) H3 protein 25 =0.2 =50
PRMT5/MEP50 (26) H4 (1-20) 2.6 0.63 4.1
PRMT®6 (35) H4 (1-21) 9.6 5.5 1:7.
PRMT7 (this study) H2B (23-37) 0.62 = 0.02 69205 0.090 = 0.007
PRMT? (this study) H2B (23-37)R29K 0.26 = 0.01 114075150 0.024 = 0.003
PRMT?7 (this study) H2B (23-37)R31K 0.011 %= 0.002 -
PRMT?7 (this study) H2B (23-37)R33K 0.094 = 0.010 305+ 7.7 0.0031 * 0.0008
PRMTS (36) H4 protein 0.14 1.5 0.096

“ Data values were too low for accurate determination.
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FIGURE 9. Detection of PRMT7-formed monomethylarginine sites in a peptide corresponding to residues 23-37 of hi H2B by mass spectrometry.

24 umH2B(23-37) was incubated with 4.8 jug of PRMT7 (1.87 um) and AdoMet (182 um) in reaction bufferin afinal volume of 33 ul at room temperature for 24 h.
The methylation products were desalted with OMIX C18 ZipTip and directly introduced into an LTQ-Orbitrap mass spectrometer by nano-ES|, as in Fig. 6. A,
control mass spectrum showing the +5 charged state of unmethylated H2B(23-37) (me0; m/z = 388.03, monoisotopic mass = 1935.11 Da; calculated
monoisotopic mass = 1935.12 Da). B, LTQ-Orbitrap spectrum showing the +5 charged state of PRMT7-methylated H2B(23-37). The species detected included
the unmethylated (me0), the monomethylated (me1; m/z = 390.83, monoisotopic mass = 1949.13 Da; calculated monoisotopic mass = 1949.14 Da), the
doubly methylated (me2; m/z = 393.63, monoisotopic mass = 1963.14 Da; calculated monoisotopic mass = 1963.15 Da), and the triply methylated (me3;
m/z = 396.43, monoisotopic mass = 1977.15 Da; calculated monoisotopic mass = 1977. 17 Da). The inset shows a magnification of the region for doubly and
triply methylated H2B(23-37). C, ETD tandem mass spectrum of the 5-charge precursor of monomethylated H2B(23-37). The peaks corresponding to me1 in
Bwere isolated and fragmented with ETD. Unit resolution was achieved on all product ions by operating the instrument at 60,000 resolution (at 400 m/z). Note
that me1 is a mixture of Arg-29-methylated, Arg-31-methylated, and Arg-33-methylated species. The c and z ions were assigned assuming the methyl group
ison Arg-31, as in panel D-2. D, c and zion coverage for H2B(23-37) peptide when a methyl group is assigned on Arg-29 (D-1), Arg-31 (D-2), or Arg-33 (D-3).In
D-1, the presence of C7 and Z9 ions indicates the monomethylation of Arg-29. In D-2, the presence of C9 and Z7 ions indicates the monomethylation of Arg-31.
In D-3, the Z5 and Z6 ions supporting monomethylation of Arg-33 were not found, probably because Arg-33 is methylated to a very low extent, as suggested
by B me3. Acetylation of the N-terminal lysine residue is indicated by red shading; monomethylation of arginine residues is indicated by green shading.

with monomethylation on different arginine residues, and ylated H2B(23-37)R29K peptide is more consistent with the

Arg-29 and Arg-31 should be the major methylation siteson ~ Arg-31 site of methylation (Fig. 10). Combined with the
H2B. Additionallv. the fragmentation pattern for the meth- presence of a small amount of dimethvlated peptide, these

30



A me0

oo, s T
90 W ss805
o 7 m I
g 80 3
© |
T 704 |
60
Q2 ] 382.83 me1 - -
< .
o 385.23
2w
- ]
2 30:
&’ g 383.03 385.63 c
205 (1)
E me2
1] oz 3503 | [ss5es PretoteinicikikifrsirRicteELsTY -
E| 382,01 s 386.03 38723 388.03 38925 390.25
e e (2)
381 382 383 384 385 386 387 388 389 390
m/z —llxlnlclxlklxlxlk—s—I1K1£151v
B 100 385.13
90
80
o 4+
2 ] 390993
C 704 ).
© 31 |
© ] |
C 60 [
=] 3] |
Q ] |
< 50 | z5 7112
g ] 316.23 | | 2+
2 404
t=] ]
L 4
@ 307
X
20 869.01
7 z7 C9 c10
10 154.56 +1\so.ss
E 1052.58 ~|
7 i II i l 308.77 4,00 ar
o B I U PV S E S
200 400 600 800 1000 1200 1400

m/z

FIGURE 10. Detection of PRMT7-formed monomethylarginine sites in a peptide corresponding to residues 23-37 of histone H2B with Arg-29 to Lys
mutation by mass spectrometry. 24 um H2B(23-37)R29K was incubated with 4.8 ug of PRMT7 (1.87 um) and AdoMet (182 um) in the reaction buffer in a final
volume of 33 ul at room temperature for 24 h. The methylation products were desalted with OMIX C18 ZipTip and directly introduced into an LTQ-Orbitrap
mass spectrometer by nano-ESI as described above. A, mass spectrum showing the +5 charged state of PRMT7-methylated H2B(23-37)R29K. The species
detected included the unmethylated (me0; m/z = 382.43, monoisotopic mass = 1907.11 Da; calculated monoisotopic mass = 1907.11 Da), the monomethyl-
ated (me1; m/z = 385.23, monoisotopic mass = 1921.12 Da; calculated monoisotopic mass = 1921.13 Da), doubly methylated (me2; m/z = 388.03, monoiso-
topic mass = 1935.11 Da; calculated monoisotopic mass = 1935.15 Da). The inset shows a magnification of the region for doubly methylated H2B(23-37)R29K.
B, ETD tandem mass spectrum of the 5-charge precursor of monomethylated H2B(23-37)R29K. The peaks corresponding to meT in A were isolated and
fragmented with ETD. The c and z ions were assigned assuming the methyl group is on Arg-31, as in C-1. C, c and z ion coverage for H2B(23-37)R29K when a
methyl group is assigned on Arg-31 (B-1) or Arg-33 (B-2).In C-1, the presence of C9 and Z7 ions indicates the monomethylation of Arg-31. C-2, the Z5 and Z6 ions
supporting monomethylation of R33 were not found, probably because Arg-33 is methylated to a very low extent, as suggested in A, me2. Acetylation of the
N-terminal lysine residue is indicated by red shading; monomethylation of arginine residues is indicated by green shading.

results also suggest that Arg-31 is a major site of methyla-
tion, and Arg-33 is a minor site.

Confirmation of the RXR Recognition Motif for PRMT7 Using
Histone H4 N-terminal Peptides—Although the recombinant
histone H4 protein did not appear to be a good substrate for
PRMT?7 (Fig. 6D), the H4(1-21) peptide was well methylated
(Fig. 4G). To identify the methylation sites on H4 N-terminal
tail, short H4 peptides were synthesized covering the 1-8 or
14 -22 residues, and the Arg-17/Arg-19 to Lys derivatives were
also made for the latter peptide. As shown in Fig. 11, H4(14-22)
could still be methylated by PRMT7 (~4 X 10° cpm in the

MMA peak), but the activity was much weaker compared with
H4(1-21) (Fig. 4G, ~8 X 10* cpm in the MMA peak), indicating
that distant residues on the H4 N terminus also play a role in
substrate recognition. Surprisingly, comparing Fig. 11, Band C,
with E, the methyl-accepting activity of H4(14-22)R17K or
RI9K for PRMT7 was not much greater than PRMT7 auto-
methylation (Fig. 11E). These results show again that a single
arginine residue, even within a basic residue context, is not a
good target for PRMT7. Consistent with this idea, the H4(1-8)
peptide, containing a single arginine residue at position 3 that is
a substrate for both PRMT1 and PRMT5 (28, 29), was not
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FIGURE 11. Amino acid analysis of peptides derived from residues 14 -22 of histone H4 methylated by PRMT7. Peptides (12.5 um; Table 1) were incubated
with PRMT7 (0.26 um) and [PHJAdoMet (0.7 um) as described under “Experimental Procedures,” and the reactions were allowed to proceed at room temperature
for 20 h. The reaction mixtures were then acid-hydrolyzed and analyzed for methylated arginine species as described. A-D show PRMT7-catalyzed methylation
products of H4(14-22), H4(14-22)R17K, H4(14-22)R19K, and H4(1-8), respectively. E shows the control of PRMT7 automethylation.

detected as a substrate for PRMT7 (compare Fig. 11, D with E).
Finally, tandem MS analysis of the PRMT7 methylated H4(1-
21) peptide also suggested the absence of methylation at Arg-3
and the presence of methylation at Arg-17 and Arg-19 (Fig. 12).
The 5-charge state of unmethylated H4(1-21) showed an m/z
0f 427.46, deconvoluting to a monoisotopic mass 0f 2132.26 Da.
After the PRMT7-catalyzed reaction, the singly methylated
peptide (m/z = 430.26, monoisotopic mass = 2146.27 Da) and
doubly methylated peptide (m/z = 433.06, monoisotopic
mass = 2160.28 Da) were also present, although the level for the
latter was very low. ETD fragmentation gave informative c and
z jons covering most of H4(1-21) sequence when a methyl
group was assigned on Arg-17 (Fig. 12D) (2). But C17, C18 and
73, 74 ions were missed if a methyl group was assigned on
Arg-19 (Fig. 12D (3)), indicating it was less strongly methylated.
Putting a methyl group on Arg-3 significantly lowered the
sequence coverage (Fig. 12D) (1), suggesting H4R3 was not
likely the methylation site. Together, the MS data gave evidence
for methylation of H4R17 and Arg-19 by PRMT7, with a pref-
erence for Arg-17.

DISCUSSION

We have shown that an insect cell-expressed mouse PRMT7
has a robust protein arginine methyltransferase activity, but
one that is limited to the formation of MMA residues within
specific RXR motifs. These results support the assignment of a
type Il activity to this enzyme that was previously observed for
a GST-tagged PRMT?7 expressed in bacteria (4, 5) and that is
consistent with the type III assignment for the worm (17) and
trypanosome (18) homologs. It is not clear at this point what
contributes to the enhanced activity of the insect cell-expressed
enzyme, although it is possible that insect cell post-transla-
tional modifications and differences in the N- and C-terminal
tags can affect the activity. Initial mass spectrometric analysis of
tryptic peptides of PRMT7 suggested possible sites of phosphor-
vlation and methvlation, but these results need to be verified.

However, this analysis demonstrated no contamination of the
insect cell-expressed enzyme with other methyltransferases.

Previous results suggesting that PRMT7 has the ability to
form ADMA and/or SDMA (9, 16, 20) may have been compro-
mised by contamination of enzyme preparations with other
PRMTs, particularly when FLAG-tagged PRMT7 is purified in
a protocol also known to purify nontagged PRMT5 (2, 3, 5, 19).
Endogenous PRMT5 in mammalian cells has an affinity for the
monoclonal M2 antibody used to purify FLAG-tagged proteins
(19). As such, nontagged PRMT5 can be co-purified with
FLAG-PRMT?7, and the methyltransferase activity detected
from such preparations would be from the mixture of both
enzymes, leading to misidentification of SDMA generated by
PRMT5 as a PRMT7 product. For example, the observation of
methylation in peptide sites corresponding to Arg-3 of histone
H2A and H4 (9) may be due to PRMT5 rather than PRMT7,
especially because these sites are known substrates of PRMT5
(2, 26). Additionally, the reported methylation of Arg-3 on
recombinant histone H4 and R2 on histone H3 (20) may also
be due to PRMT5 contamination. The distinct preference of
PRMTS5 for Arg-3 and PRMT7 for Arg-17/Arg-19 in H4(1-21)
is clearly shown in Fig. 4. Because the activity of PRMT5 is ~45
times greater than that of PRMT7 (Table 2), a small degree of
contamination with PRMT5 can mask the activity of PRMT7.
The very high relative activity of PRMT1 (Table 2) may also lead
to misleading results if PRMT7 preparations are contaminated
with this enzyme. Finally, we note that the H4(1-21) and H4(1-
21)R3K peptides can be effectively used to distinguish PRMT7
activity from that of PRMT5 and PRMT1 as demonstrated in
Fig. 4.

We have shown that PRMT7 automethylation occurs in
the insect cell-expressed enzyme; such an automethylation
activity can complicate substrate identification and necessi-
tates enzyme-only controls. Automethylation has been previ-
ouslv observed in several other methvltransferases (37) and has
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FIGURE 12. Detection of PRMT7-formed monomethylarginine sites in a peptide corresp gtor 1-21 of hi H4 by mass spectrometry.
24 pum H4(1-21) was incubated with 4.8 ug of PRMT7 (1.87 um) and AdoMet (182 uwm) in the reaction buffer in a final volume of 33 ul at room temperature for
24 h.The methylation products were desalted with OMIX C18 ZipTip and directly introduced into an LTQ-Orbitrap mass spectrometer by nano-ESl as described
above. A, control mass spectrum showing the +5 charged state of unmethylated H4(1-21) (me0; m/z = 427.46, monoisotopic mass = 2132.25 Da; calculated
monoisotopic mass = 2132.26 Da). B, mass spectrum showing the +5 charged state of PRMT7-methylated H4(1-21). The species detected included the
unmethylated (me0), the monomethylated (me1; m/z = 430.26, monoisotopic mass = 2146.27 Da; calculated monoisotopic mass = 2146.27 Da), the doubly
methylated (me2; m/z = 433.06, monoisotopic mass = 2160.26 Da; calculated monoisotopic mass = 2160.29 Da). The inset shows a magnification of the region
for doubly methylated H4(1-21). G, ETD tandem mass spectrum of the 5-charge precursor of monomethylated H4(1-21). The peaks corresponding to me1 in
Bwereisolated and fragmented with ETD. The cand zions were assigned assuming the methyl group ison Arg-17,asin D-2.D, cand zion coverage for H4(1-21)
when a methyl group is assigned on Arg-3 (D-1), Arg-17 (D-2), or Arg-19 (D-3). D-1, the absence of majority of ions indicates that H4R3 is not a good methylation
site for PRMT7. D-2, the presence of C17 and Z5 ions indicates monomethylation of Arg-17. D-3, the presence of C19 and Z5 ions indicates monomethylation
of Arg-17 or Arg-19. Acetylation of the N-terminal lysine residue is indicated by red shading; monomethylation of arginine residues is indicated by green

shading.

been associated with the regulation of activity in CARM1/
PRMT4 (38).

The substrate specificity of PRMTs has been reviewed by
Yang and Bedford (3). Most PRMTs, including PRMT1, -3, -6,
and -8, target glycine- and arginine-rich motifs, which are
involved in mediating nucleic acid and protein interactions (39,
40); CARM1/PRMT4 specifically methylates proline-, glycine-,
and methionine-rich motifs (41), although PRMT5 works on
both (41, 42). Adding to this substrate profile, we now demon-
strate that PRMT7 shows a unique substrate specificity that is
distinct from other known PRMT members. PRMT7 meth-
ylates two very basic regions on the H2B protein and peptides
and H4 peptides where two or more closely positioned arginine
residues are present in sequences rich in lysine residues. The
mutation analvses on peptides H2B(23-37) and H4(14-22)

also suggest that PRMT?7 strongly prefers two arginines with
one residue apart to a single arginine or two arginines with
three residues apart, even if they are located in the same basic
region. These results lead us to propose that PRMT7 specifi-
cally recognizes lysine- and arginine-rich (KAR) regions with
an RXR motif. The binding selectivity for arginine over lysine is
significant despite their similar chemical nature, as replacing
one of the arginines with lysine decreases the methylation
efficiency.

PRMT?7 methylates the four core histones to different ex-
tents with a clear preference for the N-terminal basic motif of
H2B. The very high methyl-accepting activity of H2B in vitro
suggests that it might be a physiological substrate for PRMT7.
Previous studies identified multiple post-translational modifi-
cations on human H2B. including acetvlation on Lvs-5. Lvs-15.
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FIGURE 13. Crystal structure of H2B N-terminal basic regions in a nucleosome core particle (Protein Data Bank code 1KX5, 1.9-A resolution). A, two
molecules of histone H2B.2 (Xenopus laevis; cyan) from a histone octamer wrapped by two strands of nucleosomal DNA (Homo sapiens; orange). The H2B
repression region (HBR; sequence, KKDGKKRRKTRK; residues highlighted as blue sticks) is at the root of the flexible N-terminal tail and exits the nucleosome
through aminor groove channel formed by two DNA strands (1). Band C exhibit magnifications of HBR1 and HBR2 areas from A. They are both tightly associated
with surrounding DNA. Noncovalent bonds with distance <5 A are shown. Green, Gly-101 and Gly-102 are from histone H4.

Lys-16, and Lys-20 (43, 44), phosphorylation on Ser-14 (45),
and methylation on Lys-46, Lys-57, and Lys-108 (43). However,
arginine methylation on HBR has not been reported to our
knowledge. These MMA modifications may have been missed
because traditional tryptic digestion in bottom-up mass spec-
trometric analysis may cleave KAR regions like the methylated
sequence -KKRKRSRK- in histone H2B into small fragments
that are undetectable for LC-MS/MS analysis. A similar situa-
tion may occur with the -KRHRK- sequence in histone H4. It is
also possible that the stoichiometry of methylation of these
RXR sites in histones H2B and H4 is very low. We have shown
that the histone-histone and histone-DNA interactions both
inhibit H2B methylation iz vitro. In the nucleosome structure,
the target arginine residues of histones H2B and H4 are gener-
ally bound to DNA and may be largely inaccessible to PRMT7
until a conformational change occurs. Additional studies will
be required to identify these potential new methylation sites in
vivo, as well as sites on non-histone proteins.

With the revelation of its catalytic pattern and substrate
specificity, it is intriguing to speculate on the biological conse-
quences of potential PRMT7-mediated histone methylation.
For histone H4, the KRHRK region has been shown to interact
with the acidic islet of the H2A globular domain and possibly
Arg-96 to Leu-99 of H2B from the neighboring nucleosome and
to facilitate nucleosome array compaction (46 -50). The same

RHR region (residues 17-19) has also been demonstrated to
interact with a C-terminal acidic patch of Dotl methyltrans-
ferase, facilitating Dot1-mediated histone H3K79 methylation
and telomeric silencing (51). For histone H2B, the N-terminal
HBR region KKDGKKRKRSRK associates with DNA, stabilizes
nucleosome structure, and silences gene expression (52, 53).
Methylation of these basic regions may compromise their inter-
action with protein or DNA binding partners, affecting down-
stream processes, including transcription (54). It is thus
possible that PRMT7 modulates chromatin stability and tran-
scription initiation. Because the PRMT7-targeting basic region
islocated at the end of the flexible N-terminal tail of H2B and is
in close contact with negatively charged DNA chains (Fig. 13),
its modification by PRM'T7 may not occur, although this region
is tightly bound to surrounding DNA. It is also possible that
H2B is methylated before it is incorporated into the nucleo-
some, perhaps as a marker for histone assembly as in the case of
H3K56 acetylation during replication (55). A final possibility is
that once H2B dissociates out of the nucleosome, PRMT7-me-
diated methylation targets it for ubiquitination and then degra-
dation, as in the case for PRMT5-catalyzed methylation on Arg-
111 and Arg-113 of E2F-1 (56).

In summary, our discovery of the sequence motif for PRMT7
recognition will facilitate the identification of physiological
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substrates and the effects of protein arginine methylation on
their functions in health and disease.
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Background: Mammalian PRMT7 has been implicated in multiple biological processes, but its in vivo substrates have not

been identified.

Results: Mutagenesis studies indicate key residues that affect the unique substrate preference of PRMT7.
Conclusion: Acidic residues within the double E loop confer specificity to PRMT7.
Significance: Understanding how PRMT?7 recognizes its substrates will enhance our knowledge of its physiological role.

Protein arginine methyltransferase 7 (PRMT7) methylates
arginine residues on various protein substrates and is involved
in DNA transcription, RNA splicing, DNA repair, cell differen-
tiation, and metastasis. The substrate sequences it recognizes in
vivo and the enzymatic mechanism behind it, however, remain
to be explored. Here we characterize methylation catalyzed by a
bacterially expressed GST-tagged human PRMT?7 fusion pro-
tein with a broad range of peptide and protein substrates. After
confirming its type III activity generating only w-N®-mono-
methylarginine and its distinct substrate specificity for RXR
motifs surrounded by basic residues, we performed site-di-
rected mutagenesis studies on this enzyme, revealing that two
acidic residues within the double E loop, Asp-147 and Glu-149,
modulate the substrate preference. Furthermore, altering a sin-
gle acidic residue, Glu-478, on the C-terminal domain to gluta-
mine nearly abolished the activity of the enzyme. Additionally,
we demonstrate that PRMT7 has unusual temperature depen-
dence and salt tolerance. These results provide a biochemical
foundation to understanding the broad biological functions of
PRMTY7 in health and disease.

Protein arginine methyltransferases (PRMTs)? are a family of
enzymes that direct posttranslational methylation on targeted
arginine residues in eukaryotes (1-4). Most mammalian
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MMA, w-N®-monomethylarginine; [PHIMMA, [methyl-*Hlw-N°-monomethyl-
arginine; ADMA, «-N¢NC-asymmetric dimethylarginine; SDMA, w-N°N'C-
symmetric dimethylarginine; AdoMet, S-adenosyl-.-methionine; [*H]JAdoMet,
S-adenosyl-[methyl->H]-.-methionine; ['“CJAdoMet, S-adenosyl-L-[methy/-
Clmethionine; GAR, glycine- and arginine-rich domain of human fibrillarin;
TAT, trans-activator of transcription protein; RPL3, ribosomal protein L3;
SmD3, small nuclear ribonucleoprotein D3; HBR, H2B repression domain;
LDIG(69-72)AAAA, L69A/D70A/I71A/G72A mutant; LFD(145-147)WMG,
L145W/F146M/D147G mutant; FD(146-147)LG, F146L/D147G mutant.

PRMTs have been characterized as either type I enzymes that
transfer up to two methyl groups from S-adenosyl-L-methio-
nine (AdoMet) to the same terminal nitrogen atom forming
-N®-monomethylarginine (MMA) and w-N®,N®-asymmetric
dimethylarginine (ADMA) (PRMT], -2, -3, -4, -6, and -8) or
type Il enzymes that transfer up to two methyl groups to differ-
ent terminal nitrogen atoms, forming MMA and ®-N¢ N'C-
symmetric dimethylarginine (SDMA) (PRMTS5) (1-4). How-
ever, PRMT7 has been found to produce MMA residues only,
which defines it as the first type III PRMT (5-9). Recent work
utilizing an insect cell-expressed mouse PRMT7 demonstrated
a unique substrate specificity for RXR motifs among multiple
basic residues (8). No other PRMT has been shown to have such
narrow sequence specificity. These results led to the question of
how the substrate selectivity of PRMT?7 is restricted.

The human PRMT7 gene encodes a protein containing ances-
trally duplicated methyltransferase domains (1, 5). Although the
advantage of duplicating the catalytic domain is unknown, it
has been shown that deletion of either domain abolishes its
activity (5). A number of studies have indicated that PRMT7
expression in mammalian cells is regulated and can affect many
biological processes, including pluripotency (10-12). Consis-
tent with this role, PRMT7 knockdown stimulates neuronal dif-
ferentiation (13). Genetic variation of PRMT7 may lead to
increased sensitivity of cell lines to etoposide, a chemothera-
peutic agent that targets topoisomerase II (14, 15). In addition,
down-regulation of PRMT7 sensitizes tumor cells to the topo-
isomerase I inhibitor camptothecin (16) and modulates cell
response to DNA-damaging agents (17, 18). The role of PRMT7
has also been implicated in male germ line imprinting (19), Sm
ribonucleoprotein methylation, and small nuclear ribonucleo-
protein biogenesis (20) as well as breast cancer metastasis (21,
22). Thus, PRMT7 appears to participate in broad cellular pro-
cesses under normal and disease conditions and is of therapeu-
tic interest.

Given the extensive biological involvement of PRMT?7, it is
particularly important to get a clear understanding of its fun-
damental catalytic mechanism and cellular substrate specific-
ity. Although the insect cell-expressed mouse PRMT7 showed
higher catalytic activity than the bacterially expressed GST-
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tagged human PRMT7 (7, 8), site-directed mutagenesis and
protein expression and purification are facilitated in the bacte-
rial system. In this work, we used the bacterial system to deter-
mine which residues of human PRMT?7 are important for sub-
strate recognition. We determined the substrate specificity
with multiple peptide and protein substrates and then per-
formed mutagenesis and kinetic analysis to probe the roles of
specific residues of PRMT7 in the methylation reaction. We
were able to demonstrate that two acidic residues within the
catalytic double E loop are essential for its substrate specificity.
Additionally, we revealed that mammalian PRMT7 is relatively
tolerant to low temperature but is very sensitive to high tem-
perature and salt. These findings will broaden our understan-
ding of the reaction catalyzed by PRMT7 and set directions for
future studies of its cellular functions.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Human PRMT7 was
subcloned into a pGEX-2T vector and expressed in Escherichia
coli BL21 Star (DE3) cells (Invitrogen, C601003) as a GST
fusion protein (7). The enzyme was purified using a glutathi-
one-Sepharose affinity chromatography method modified from
that described previously (7). Cells containing GST-PRMT7
plasmid were grown to an optical density at 600 nm of 0.6 - 0.8,
and protein expression was induced with 0.4 mm isopropyl-p-
thiogalactopyranoside at 16 °C overnight. The cells were lysed
with sonication in a phosphate-buffered saline solution (137
mMm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 2 mm KH,PO,, pH
7.4) containing 1 mm phenylmethylsulfonyl fluoride. The cell
lysate was centrifuged for 50 min at 23,000 X g at 4 °C, and the
supernatant containing GST-PRMT7 was loaded to glutathi-
one-Sepharose 4B beads (Amersham Biosciences) according to
the manufacturer’s instructions. After washing with the phos-
phate-buffered saline solution, the bound protein was eluted
with an elution buffer containing 30 mm glutathione, 50 mm
HEPES, 120 mm NaCl, and 5% glycerol (pH 8.0). Glutathione in
the eluted protein solution was reduced by 10-30-fold by add-
ing fresh elution buffer without glutathione and reconcentrat-
ing using an Amicon centrifugation filter. Protein was quanti-
fied by a Lowry assay after trichloroacetic acid precipitation and
stored at —80 °C as 50-ul aliquots. GST-GAR was expressed in
E. coli BL21 Star (DE3) cells and purified with glutathione-Sep-
harose 4B affinity chromatography as described previously (7).

Mutagenesis—Primers for site-directed mutagenesis of GST-
PRMT7 were synthesized by Integrated DNA Technologies
(San Diego, CA). To create a catalytically inactive enzyme that
cannot bind S-adenosylmethionine, quadruple mutations (L69A/
D70A/171A/G72A) were made using the forward primer 5'-GG-
ACAGAAGGCCTTGGTTGCGGCCGCTGCGACTGGCAC-
GGGACTC-3' and the reverse primer 5'-GAGTCCCGTGCCA-
GTCGCAGCGGCCGCAACCAAGGCCTTCTGTCC-3' (T,, =
89 °C). Other forward and reverse primers included 5'-GGTCA-
CAGAGTTGTTTGGCACAGAGCTGATCGG-3' and 5'-CCG-
ATCAGCTCTGTGCCAAACAACTCTGTGACC-3" (T,,
80°C) for D147G, 5'-CAGAGTTGTTTGACACAATGCTGAT-
CGGGGAGGGGGC-3"and 5'-GCCCCCTCCCCGATCAGCA-
TTGTGTCAAACAACTCTG-3' (T,, = 81°C) for E149M, 5'-C-
CATCCACGTGCAGGAGAGCCTCGGAGAGCAGG-3' and

5'-CCTGCTCTCCGAGGCTCTCCTGCACGTGGATGG-3’

(T,, =79 °C) for T203E, 5'-CCACGTGCAGACCGAGCTCG-
GAGAGCAGGTCATCG-3" and 5'-CGATGACCTGCTCTC-
CGAGCTCGGTCTGCACGTGG-3' (T,, = 81 °C) for S204E,
5'-CTCTCCTCCTGGGCCAGCCGTTCTTCAC-3" and 5'-
GTGAAGAACGGCTGGCCCAGGAGGAGAG-3' (T,
80 °C) for E478Q, 5'-AACATCCTGGTCACAGAGTGGATG-
GGCACAGAGCTGATCGGGGAG-3' and 5'-CTCCCCGA-
TCAGCTCTGTGCCCATCCACTCTGTGACCAGGATGT-
T-3' (T,, = 78°C) for triple mutation LFD(145-147)WMG,
and 5-CCTGGTCACAGAGTTGTTAGGCACAGAGCTG-
ATCGG-3' and 5'-CCGATCAGCTCTGTGCCTAACAACT-
CTGTGACCAGG-3' (T,, = 89°C) for the double mutation
F146L/D147G. PCRs were set up according to the QuikChange
Lightning site-directed mutagenesis kit (Agilent Technologies,
Inc.), using 50 ng of the human PRMT7 pGEX-2T plasmid tem-
plate, a 0.2 um concentration of both primers, and 1 ul of
QuikChange Lightning enzyme. The PCR was run at 95 °C for 2
min, followed by 18 cycles of reactions at 95 °C for 20's, 60 °C for
10 s, and 68 °C for 4 min. There was an additional 5-min exten-
sion at 68 °C before the reaction was stopped at 4 °C. Amplifi-
cation products were then digested using 2 ul of Dpnl restric-
tion enzyme for 5 min at 37 °C to remove the parental dsDNA.
The mutant plasmid (3 ul) was then transformed into XL10-
Gold ultracompetent E. coli cells, which were grown overnight
at 37 °C on LB plates with ampicillin. Plasmid DNA from posi-
tive colonies was then sequenced on both strands to confirm
the mutation (GeneWiz, Inc.). Mutant proteins, purified as
described above, appeared to be folded correctly because their
sensitivities to limited proteolysis were similar to the wild-type
enzyme.

Peptide Substrates—Peptides H2B(23-37), H2B(23-37)R29K,
H2B(23-37)R31K, H2B(23-37)R33K, H2B(23-37)R29K/R31K,
H2B(23-37)R29K/R33K, H2B(23-37)R31K/R33K, H4(1-8),
H4(14-22), H4(14-22)R17K, and H4(14-22)R19K were pur-
chased from GenScript as HPLC-purified preparations with
=90% purity. Peptides H4(1-21), H4(1-21)R3K, and H4(1-
21)R3BMMA were a kind gift from Drs. Heather Rust and Paul
Thompson (Scripps Research Institute, Jupiter, FL) and were
described previously (23, 24). P-SmD3 (a 28-residue fragment
of pre-mRNA splicing protein SmD3) was a kind gift from
Dr. Sidney Pestka (UMDN], Robert Wood Johnson Medical
School, Piscataway, NJ) and was described previously (25).
P-RPL3 (a 16-residue fragment of ribosomal protein L3) was
purchased from Biosynthesis Inc. All peptides were verified by
mass spectrometry with sequences listed in Table 1.

P81 Paper-based Methyl Transfer Assay—Enzymatic reac-
tions contained 10-20 pm S-adenosyl-L-[methyl-'*C]methio-
nine ([**C]AdoMet; PerkinElmer Life Sciences; from a 425 um
stock (47 mCi/mmol) in 10 mm H,SO,/EtOH (9:1, v/v)) or
0.7 uM S-adenosyl-L-[methyl->*H]methionine ([*H]AdoMet;
PerkinElmer Life Sciences; from a 7.0 uM stock (78.2 Ci/mmol)
in 10 mm H,SO,/EtOH (9:1, v/v)), the indicated amounts of
GST-PRMT7/mutant and peptide/protein substrate, and the
indicated reaction buffer (typically 50 mm HEPES (pH 7.5), 10
mM NaCl, and 1 mm DTT) in a final reaction volume of 30 ul.
After incubation, the reactions were quenched by loading 25 ul
of the mixture onto a 2.5-cm diameter P81 phosphocellulose
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ion exchange filter paper (Whatman), which was then washed
three times at room temperature for 45 min in 300 ml of 0.05 m
NaHCO, (pH 9). Positively charged peptides and proteins bind
tightly to the phosphocellulose, whereas unreacted radioactive
AdoMet washes off (26). After air drying at room temperature,
the filters were submerged in 10 ml of Safety-Solve scintillation
mixture (Research Products International, 111177) and sub-
jected to liquid scintillation counting for three cycles of 3 min
using a Beckman LS6500 instrument.

Amino Acid Analysis of Protein and Peptide Substrates
by High Resolution Cation Exchange Chromatography—Sub-
strates were methylated with the indicated amount of GST-
PRMT?7 wild-type or mutant protein and 0.7 um [*H]AdoMet
in a final reaction volume of 60 ul. The reactions were incu-
bated for 18 =20 h at 23 °C in 50 mM potassium HEPES (pH 7.5),
10mm NaCl, and 1 mm DTT. Control reactions were performed
in the absence of substrate or enzyme or in the presence of the
catalytically inactive enzyme mutant. When GST-GAR protein
and P-SmD3 peptide were used as substrates, 60 ul of 25% (w/v)
trichloroacetic acid with 20 ug of the carrier protein bovine
serum albumin was added and incubated at 23 °C for 30 min
prior to centrifugation at 4000 X g for an additional 30 min. The
pellet was air-dried after washing with —20 °C acetone. When
smaller peptides were used as substrates, 3—4 ul of 25% (w/v)
trichloroacetic acid was used to lower the pH of the reaction
mixture, and the peptides were isolated using OMIX C18 Zip-
Tip® pipette tips (Agilent Technologies) followed by vacuum
centrifugation to remove the elution buffer (trifluoroacetic
acid/acetonitrile/H,O (0.1:50:50)). Acid hydrolysis of all sam-
ples was performed in vacuo at 110 °C for 20 h with 50 pul of 6 N
HCI. After removal of the HCI by vacuum centrifugation, sam-
ples were dissolved in 50 ul of water and mixed with 1 umol
each of o-MMA (acetate salt; Sigma, M7033), SDMA (di-
(p-hydroxyazobenzene)-p'-sulfonate salt; Sigma, D0390), and
ADMA (hydrochloride salt; Sigma, D4268) as internal stan-
dards. High resolution cation exchange chromatography was
then performed as described previously (8). The positions of the
amino acid standards were determined using 570-nm absor-
bance after ninhydrin assay with 50 ul of column fractions (8).
Radioactivity in 950 ul of each fraction was determined with
liquid scintillation as described (8) but using the average of
three 3-min counting cycles.

Fluorography of Methylated GST-GAR after SDS-PAGE—
Methyl transfer reactions were set up with [PH]AdoMet,
GST-GAR, and GST-PRMT7 wild-type or mutant protein as
described above for the amino acid analysis. For the time
course, 10 ug of GST-GAR was preincubated at 23 °C for 5 h in
the reaction buffer before the addition of the enzyme and
[PH]AdoMet. For the temperature dependence assays, reac-
tions were set up using GST-GAR (10 ug, 4.8 uM final concen-
tration), 0.8 um GST-PRMT7, and 0.7 um [*H]AdoMet and
were incubated for 16 h. In both cases, the reactions were
quenched by the addition of SDS loading buffer and separated
on 12.6% Tris-glycine gels, stained with Coomassie Blue for 1 h,
destained overnight, treated in autoradiography-enhancing
buffer (EN*HANCE, PerkinElmer, 6NE9701) for 1 h and vacu-
um-dried. Dried gels were then exposed to autoradiography
film (Denville Scientific Inc., E3012) for 3—4 days at —80 °C
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‘53; 1.24
T
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FIGURE 1. Time course of the GST-PRMT7-catalyzed methylation reaction
using the P81 paper assay. Reactions were performed using 0.4 um GST-
PRMT7, 100 um H2B(23-37) peptide, and 20 um ['*CJAdoMet in a reaction
buffer containing 50 mm potassium HEPES (pH 7.5), 10 mmNaCl,and 1 mmDTT
in a total volume of 150 ul at 23 °C (red points and line). A control reaction was
performed in the absence of the H2B(23-37) peptide substrate (blue points
and line). At each time point, 20 ul of reaction mixture was spotted on a
Whatman P81 filter, and the radioactive products were quantitated with lig-
uid scintillation as described under “Experimental Procedures.” Measure-
ments were made in duplicate; when the range of values was larger than the
plot symbol it is indicated with an error bar.

(Denville Scientific Inc., E3012). After exposure to film, Image]
densitometric analysis was done on scanned images of the film
and quantified as relative activity.

RESULTS

GST-PRMT7 Specifically Recognizes RXR Motifs Surrounded
by Multiple Basic Residues in Peptide Sequences Based on His-
tone and Nonhistone Proteins—Full-length human PRMT7 was
expressed and purified as a GST fusion protein from E. coli to
avoid contamination from other PRMTSs (27). Using a P81 filter
paper assay as described under “Experimental Procedures,” we
optimized reaction conditions (temperature, pH, and salt)
where product formation was linear over a 24-h period (Fig. 1).
Importantly, at the 24 h point, only 6.3% of the initial AdoMet
and only 1.3% of the initial peptide were converted to products,
indicating that initial velocity conditions prevailed. To charac-
terize the recognition sites for GST-PRMT7, methylation
assays were first carried out with synthetic peptides containing
the histone H2B repression domain (HBR, residues 27-34
(KKRKRSRK) (28)) that previously was observed to be meth-
ylated by insect cell-expressed PRMT7 (8). Peptides consisting
of residues 23-37 were prepared with Arg-29, Arg-31, and
Arg-33 as in the wild-type sequence or with one or two Arg —
Lys substitutions at these sites (Table 1). The methylation prod-
ucts of these peptides were analyzed with high resolution amino
acid analysis (Fig. 2). The wild-type peptide H2B(23-37) bear-
ing the three arginines in the RYRXR sequence was well meth-
ylated by GST-PRMT7, producing only MMA (Fig. 2A4). Pep-
tides R29K and R33K, in which either the first or third arginine
was mutated but where the RXR motif was retained remained
good substrates with peak MMA radioactivity compared with
the unmodified peptide of ~33 and ~6%, respectively (Fig. 2, B
and D). However, peptide R31K with an RXXXR motif was rel-

40



TABLE 1

Peptide sequences
All arginine residues are highlighted in boldface type. Ac, acetyl.
Theoretical Observed
Peptide Sequence L .
H2B(23-37) Ac-KKDGKKRKRSRKESY 1936.23 1935.60"
H2B(23-37)R29K Ac-KKDGKKKKRSRKESY 1908.22 1908.00“
H2B(23-37)R31K Ac-KKDGKKRKKSRKESY 1908.22 1907.80“
H2B(23-37)R33K Ac-KKDGKKRKRSKKESY 1908.22 1908.00“
H2B(23-37)R29K/R31K Ac-KKDGKKKKKSRKESY 1880.21 1879.60“
H2B(23-37)R29K/R33K Ac-KKDGKKKKRSKKESY 1880.21 1879.60“
H2B(23-37)R31K/R33K Ac-KKDGKKRKKSKKESY 1880.21 1879.60¢
H4(1-21) Ac-SGRGKGGKGLGKGGAKRHRKV 2133.47 2133%
H4(1-21)R3K Ac-SGKGKGGKGLGKGGAKRHRKV 2105.46 2105”
H4(1-21)R3MMA Ac-SGR (me) GKGGKGLGKGGAKRHRKV 2147.50 2147%
H4(1-8) Ac-SGRGKGGK 787.87 787.60
H4(14-22) Ac-GAKRHRKVL 1106.33 1106.25“
H4(14-22)R17K Ac-GAKKHRKVL 1078.32 1078.20¢
H4(14-22)R19K Ac-GAKRHKKVL 1078.32 1078.20¢
H3(1-7) Ac-ARTKQTA 816.91 816.50
P-SmD3 AGRGRGKAAILKAQVAARGRGRGMGRGN-amide 2792.25 2791¢
P-RPL3 WGTKKLPRKTHRGLRK 1962.36 1961¢
P-TAT YGRKKRRORRR 1559.83 1559.60¢
GAR (residues 1-148 of human fibrillarin) ~MKPGFSPRGGGFGGRGGFGDRGGRGGRGGFGGGRGRGGGFRGRGRGGGGGGGGGGCGE 14,815
RGGGGFHSGGNRGRGRGGKRGNQSGKNVMVEPHRHEGVF ICRGKEDALVTKNLVPG
ESVYGEKRVSISEGDDKIEYRAWNPFRSKLAAAT
“ Data provided by GenScript Inc.
” Data from Refs. 23 and 24.
¢ Data from MALDI-TOF analysis.
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FIGURE 2. Monomethylation of peptides derived from the DNA repression region of histone H2B by GST-PRMT7. Peptides (12.5 um; Table 1) were
incubated with GST-PRMT7 (0.48 um) and [*H]AdoMet (0.7 um) at 23 °C for 20 h as described under “Experimental Procedures.” The reaction mixtures were then

desalted with OMIX C18 ZipTip pipette tips, acid-hydrolyzed, and analyzed for methylated arginine species by amino acid analysis using high resolution cation

exchange chromatography. The red solid line indicates the radioactivity of >H-methylated species; the black dashed line indicates the ninhydrin absorbance (570
nm) of ADMA, SDMA, and MMA standards. The *H-methyl derivatives of ADMA, SDMA, and MMA elute on this high resolution cation exchange column 1-2 min

earlier than the non-labeled standards due to a tritium isotope effect (7, 8). A-G, PRMT7-catalyzed methylation products of H2B(23-37), H2B(23-37)R29K,

H2B(23-37)R31K, H2B(23-37)R33K, H2B(23-37)R29K/R3 1K, H2B(23-37)R29K/R33K, and H2B(23-37)R31K/R33K, respectively. Partial sequences containing the

target arginine sites (highlighted in red) are listed above the panels.
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FIGURE 3. Selective monomethylation in the RXR sequence of peptides derived from the N terminus of human histone H4. Peptides (12.5 uwv; Table 1)
were incubated with [*H]JAdoMet (0.7 um) and GST-PRMT7 (0.48 um) at 23 °C for 20 h, as described under “Experimental Procedures.” The reaction mixtures
were desalted and tested by amino acid analysis, as described in the legend to Fig. 2. A-C, the GST-PRMT7-catalyzed methylation products of peptides
H4(1-21), H4(1-21)R3K, and H4(1-21)R3MMA, respectively. The elution positions of the ADMA, SDMA, and MMA standards are indicated. D-F, GST-PRMT7-
catalyzed methylation of peptides H4(14-22), H4(14-22)R17K, and H4(14 -22)R19K. Control reactions with peptide H4(1- 8), peptide H3(1-7), and no substrate

(PRMT7 automethylation) are shown in G-/, respectively.

atively poorly methylated by GST-PRMT?7, giving a peak radio-
activity of only about 0.4% (Fig. 2C). Furthermore, when only a
single arginine was present, as in peptides R29K/R31K, R29K/
R33K, and R31K/R33K, less than 0.3% of the control radioac-
tivity was seen (Fig. 2, E-G).

We also analyzed peptide substrates derived from the N-ter-
minal 1-21, 1-8, or 14-22 residues of human histone H4
(Table 1). Peptide H4(1-21) was shown to be a good substrate
for GST-PRMT7, with a single MMA peak (Fig. 3A4). The
replacement of Arg-3, the target site of PRMT1 and PRMT5
(23, 24, 26, 29 —32), by either lysine or MMA in the peptide did
not greatly decrease MMA formation or result in SDMA or
ADMA formation (Fig. 3, Band C). Analysis of shorter peptides
containing residues 14-22 of H4 and its R17K and/or R19K
derivatives revealed that the loss of either the Arg-17 or Arg-19
residue markedly decreased MMA formation (Fig. 3, D—F).
Finally, peptides containing residues 1-8 of H4 and residues
1-7 of H3 that lack the RXR motif were analyzed; little increase
in MMA formation was seen over the small amount in the no-
substrate control that reflects enzyme automethylation (Fig. 3,
G-I). We did, however, find a role for the N-terminal residues

in facilitating PRMT7-substrate interactions, because MMA
formation in the H4(14-22) peptide was some 250-fold less
than in the H4(1-21) peptide (Fig. 3, A and D).

We also searched for substrates for GST-PRMT7 with simi-
lar basic RXR motifs that were not derived from histones. Three
peptides, P-TAT bearing a RKKRRQRRR sequence, P-SmD3
bearing RGRGK and RGRGR sequences, and P-RPL3 bearing a
HRGLRK sequence, were analyzed (Table 1 and Fig. 4). Each of
these peptides was recognized by GST-PRMT7 and only
formed MMA. With P-TAT, the incorporation of *H-methyl
groups approached the incorporation seen with the histone
H2B(23-37) peptide (Fig. 2A), validating the preference of
PRMT?7 for the RXR motif in a high density of basic residues.
P-SmD3 incorporated about 20% of the radioactivity seen with
P-TAT, suggesting the importance of basic residues adjacent to
the methylation sites. Finally, the P-RPL3 peptide only incorpo-
rated about 5% of the radioactivity of P-TAT. Here the insertion of
a single residue between the pair of arginine residues appears to
decrease PRMT7 recognition. Although we have not identified the
precise sites of methylation in these peptides, all of them contain
either RXR motifs or RXXR motifs in basic contexts.
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FIGURE 4. Methylation of peptides derived from nonhistone substrates by GST-PRMT?7. Peptides (12.5 um; Table 1) were methylated by GST-PRMT7 (0.48
M) with [PH]JAdoMet (0.7 um) at 23 °C for 18 h and detected by amino acid analysis as described in the legend to Fig. 2, except that trichloroacetic acid
precipitation was used with the P-SmD3 substrate. A-C, PRMT7-catalyzed methylation products of peptides derived from SmD3, RPL3, and TAT proteins,

respectively.

Taken together, the results shown in Figs. 2—4 suggest that
bacterially expressed GST-human PRMT7 specifically recog-
nizes pairs of arginine residues separated by one residue in a
highly basic context to form only the monomethylated deriva-
tives. This specificity is similar to that previously seen with the
insect cell-expressed mouse PRMT7 enzyme (8).

Identification of Residues in PRMT7 Involved in Recognition
of Basic RXR Substrates—Because the specific targeting of a
basic RXR site by PRMT?7 is unique among PRMT family mem-
bers, we next tried to identify the residues in the enzyme impor-
tant for substrate recognition. In all PRMT enzymes, the region
following methyltransferase motif II has been associated with
substrate binding (1, 2, 33) (Fig. 5). Here, PRMTs contain two
highly conserved glutamate residues in a “double E” loop that
directly bind the target arginine residue. We were intrigued to
note that human PRMT?7 has an aspartate residue (Asp-147) as
the third residue following the initial glutamate in a position
where all other PRMTs (except for PRMT9) contain a glycine
residue. In addition, PRMT7 is the only human PRMT with an
acidic residue (Glu-149) as the fifth residue following the initial
glutamate of the double E loop. From the crystal structures of
mouse and Caenorhabditis elegans PRMT7 (34, 35), Asp-147
and Glu-149 would be expected to face the substrate binding
cavity. Interestingly, trypanosome PRMT7, which contains
Gly and Met instead of Asp and Glu at these two positions
(Fig. 5), methylates histone H4 at the non-RXR Arg-3 site,
indicating that it may have a different substrate specificity
from the human or mouse PRMT?7 (9). However, it is clear
that all of these species are type IIl PRMTs that only produce
MMA as a product. We thus hypothesized that Asp-147 and
Glu-149 might be important for targeting basic RXR
sequences. Therefore, D147G and E149M mutations were
made, changing the former into the conserved residue of the
other PRMTs and the latter into the corresponding residue
in TbPRMT7. We also constructed enzymes where residues
145-147 (LFD) in the double E loop of GST-PRMT7 were
mutated to the conserved WMG sequence present in the
type I PRMT1, -2, -3, -6, and -8 enzymes or mutated to
the LLG sequence in the type Il PRMT5 enzyme (Fig. 5). The
C-terminal domain of human PRMT?7 is not well conserved,
with only one glutamate (Glu-478) present in the residues
corresponding to the double E loop (Fig. 5, red box). To test
the importance of this glutamate residue, a E478Q mutation
was introduced. Finally, LC-MS/MS analysis on insect cell-

Post Motif Il

Motif Il (Double E Loop)
HsPRMT1 kvbDiIIIs[ElwmMcycrrF v[E]
HSPRMT2 KVDVLVS|EflWMGTCLLF|E
HSPRMT3 KVDVIIS|EflWMGYFLLFI|E
HsPRMT4 QVDIIIS|EJPMGYMLTFNI|E
HSPRMT5 KADIIVS|EJLLGSFADNIE
HSsPRMT6 Q VDA IV S|EflWMG Y GLLHI|E
HsPRMT7 "R AN I L vV T|E|L F[D]T[ElL 1 c|E|*®
‘”KVSLLLGEPFFTTSLLP‘"
HSPMRT8 KVDIIIS|EfWMGTCLTF Y|E
HSPRMT9 RV SLVVT|E|JTVDAGLTFG|E
MmPRMT7 RANILITI|IE|LFDTELTIGIE
CePRMT7 RADIIVA|E|lVFDTETLTIGI|E
TbPRMT7 PPDVLLS|EJIFGTMML G|E]

FIGURE 5. Sequence alignment of the substrate binding motif Il and post-
motif Il (double E loop) of PRMTs. The two catalytic glutamate residues on
the double E loop are highlighted with blue boxes. Two additional acidic resi-
dues (Asp-147 and Glu-149) in the N-terminal domain post-motif Il in
HsPRMT?7 are highlighted with green boxes. The only acidic residue (Glu-478)
on the C-terminal domain post-motif Il in HSPRMT7 is highlighted with a red
box. Hs, Homo sapiens; Mm, Mus musculus; Ce, C. elegans; Tb, Trypanosoma
brucei; HsPRMT9, the gene product on human chromosome 4q31.

expressed mouse PRMT7 (8) indicated possible phosphory-
lation sites on residues Thr-203 and Ser-204, which are con-
served in human PRMT7. To determine whether these
modifications might regulate the activity of the enzyme,
T203E and S203E mutations were made to mimic the phos-
phorylated Thr-203 and Ser-204 residues.

Amino acid analysis was carried out on all of the GST-
PRMT7 mutants with the H2B(23-37) peptide as a substrate.
As indicated in Fig. 6, all the mutations lowered the methyl
group incorporation in H2B(23-37) to different levels com-
pared with the wild-type enzyme (Fig. 6H), although none of
them altered the type III methyltransferase activity because
only MMA product was observed. The radioactivity in MMA
generated by GST-D147G and GST-E149M with the peptide
(Fig. 6, A and B) was ~6 and ~17% of that by the wild-type
enzyme, respectively. However, the enzyme automethylation in
these mutants in the absence of peptide was 4- and 3-fold
higher when compared with that of the wild type (Fig. 6H, blue
line). Thus, these two mutants were more active with auto-

43



GST-E149M + H2B(23-37)

GST-D147G + H2B(23-37)

(=--- ‘wu 025V) uupAyuiN

N @ ®© © < o
v T S S 9 g
5
g ecZ”
a S ea
< Ty
[
It
)
o =) o o o o =)
(=3 (=3 (=3 (=3 (=3 (=3
=] [=3 (=3 (=3 =] (=}
ﬂ m © © < N
m (— ‘wdd) Ayanoeoipey
(---- ‘wu 0.5V) upAyuIN
N o ® © ¥
TS5 @ S 9 9w

<

T
(=
o
=]
<

3000
2000
1000

(— ‘wdd) Ayanoeoipey

Fraction

Fraction

GST-S204E + H2B(23-37)

GST-T203E + H2B(23-37)

N
-

(---- ‘wu 0/5V) uupAyuiN

Q@ @ @ %
: 9 9.9

0.
U

D 5000

1.2

40000
30000+
20000
10000

(— ‘wdo) Ayanoeoipey

(---- ‘wu 0£5V) uupAyuIN

< « © <
b 2 P 2

15000
10000
5000

(— ‘wdd) Ayanoeoipey

Fraction

Fraction

(=--- ‘wu 028V) uupAyuiN

N @ ® © ¥ N ©
- T 9 9 9 9
t
»
_ ¢
5 A 4R
n .\\\\‘
o \\\
N ’/
= o II'I
+ -~ -
O] ~ [ ©
s »
2 A
~ P g
5 \\\
¥ -
< < Lo
= ~ =
a >~
w /‘.
-l -
= »~
7] <’
) ——— o
~—— 1o
-~
Se
)
o o o o o
o © © < ~N
e
(—— ‘wdd) Ayanoeoipey
w
(---- ‘wu 025V) uupAyuiN
N o ® © ¥ o
T T 9 ¢ 9 ¢
JF
5 R
o
S
o
o~
T wn
+ L
©
g
©
N~
<
w
(%3
(/2] |l ©
o ©
L0
wn
) =) =) =) =)
o o (=] o
< ™ N -~
(— ‘wdd) Ayaoeoipey
w

Fraction
GST-PRMT7 + H2B(23-37)

Fraction

GST-LFD(145-147)LLG + H2B(23-37)

(---- ‘wu 025V) uupAyuIN

N o ®© 9 % o

T T © 9 9 9o
Ld
¢
4 g
> 4
R\\ 4
~~o ©
‘I'I
==
LS
Se
Jlwv
-3 ) -3 -5
[=3 (=3 [=3
o o o
o o (=]
© < ~N
(— ‘wdd) Ayanoeoipey
(---- ‘wu 025V) uupAyuiN
o © < N ]
< S S S 9
}
» o
-~ ~
\\\l\
I\\
-~
Ilfll
~ 8
»
A
“‘
\\.\‘
(=]
A/ 3
\\\V
<
Se—e L0
IIII) n
»
o o o =) o
o © © < ~N

(— ‘wdo) Ayanoeoipey

Fraction

Fraction

44



A 015, «WT B -« WT C oz ewr
+D147G +D147G b 21:;3
-~
-+ E149M o015 E149M
0.151
0.10
v‘.-; i 0.010: ‘:
£ = o 0.0
g S S
0.05
0.005-
0.05
P —
= 10 1% 20 o 0 0 0 0:00 3
5 5 0 100 200 300 0 50 100 150 200
[H2B(23-37)], uM [P-SmD3], uM [P-TAT], uM

FIGURE 7. Michaelis-Menten analyses for GST-PRMT7 mutants with H2B(23-37) (A), P-SmD3 (B), and P-TAT (C) as substrates. Kinetic initial rate mea-
surements were taken, and data were fit to the Michaelis-Menten equation as described in the legend to Table 2. Each assay was performed in duplicate, and
the error bars indicate the range. The solid lines represent the curves from the fitted k,, and K,,, values shown in Table 2. Data are shown for the wild-type

enzyme (red), the D147G mutant (blue), and the E149M mutant (green).

methylation but less active with the H2B(23-37) peptide con-
taining the HBR domain, giving a clue that Asp-147 and Glu-
149 might be essential in regulating the substrate specificity.
Although the T203E and T204E mutants showed similar levels
of product accumulation to the wild-type enzyme (Fig. 6, C and
D), the E478Q mutant surprisingly displayed only <1% of
radioactivity incorporation to H2B(23-37) (Fig. 6E), demon-
strating the importance of the acidic residue Glu-478 in the
region corresponding to the double E loop in the C-terminal
domain. Little or no activity was observed for the LFD(145—
147)WMG and the FD(146-147)LG mutants designed to
mimic the double E loops of the type I and type II enzymes,
respectively (Figs. 5 and 6 (Fand G)).

Substrate Specificity Changes Determined by Kinetic Analysis
of GST-PRMT7 Mutants with Peptide Substrates—We then
performed detailed kinetic characterization on the wild-type
GST-PRMT7 and mutants GST-D147G, GST-E149M, and
GST-S204E using different peptide substrates. Under our con-
ditions, product formation catalyzed by GST-PRMT7 is linear
for 24 h at 23 °C (Fig. 1). In these experiments, we incubated the
reactions for 5 h, a time at which substrate consumption would
be expected to be less than 2%. The concentration of peptide
substrate was varied, whereas the ['*C]AdoMet was fixed at 15
M for the kinetic analyses. As shown in Fig. 7, the Michaelis-
Menten curves showed similar patterns for H2B(23-37) and
P-TAT, which both contain very basic RXR target sites. The
D147G and E149M mutants showed very little activity toward
these two peptides compared with the wild type. However, the
catalytic pattern of the wild-type and mutant enzymes for the
P-SmD3 substrate containing the less basic RGRG repeats was
distinct. Although the P-SmD3 peptide was a markedly poorer
substrate than H2B(23-37) and P-TAT, the relative activities of

TABLE 2
Kinetic data for selected GST-PRMT7 mutants with different substrates

P81 paper assays were performed with varying concentrations of each substrate
(typically 0—200 pm) incubated with 15 um [**C]AdoMet and 0.5 or 0.75 um GST-
PRMT?7 or its mutant in the reaction buffer (50 mm potassium HEPES (pH 7.5), 10
mm NaCl, and 1 mm DTT) in a total volume of 30 ul at 23 °C. After 5 h, 25 ul of the
reaction mixture was spotted onto the P81 filter paper, which was washed and dried
as described under “Experimental Procedures.” The radioactivity on the P81 paper
was detected by liquid scintillation as described. The initial velocity as a function of
substrate concentration was fit to the Michaelis-Menten equation with the Prism 6
program, which gave the k_,, and K, and their S.E. values as shown below.

m

Enzyme Substrate Ko K, k. /K,
X103 h ! M X10 *pum tnt
GST-PRMT7  H2B (23-37) 186 %6 75:k b 2512
P-SmD3 24*2 155+27 1.6%=03
P-TAT 201 7 212 98 + 11
GST-D147G H2B (23-37) 59 *0.5 55:£ 15 1.1 03
P-SmD3 9.4 * 0.4 92:% 12, 1.0 = 0.1
P-TAT 7.9 £0.7 42 £ 10 1.9:= 0.5
GST-E149M  H2B(23-37) 21=*1 32536 0.65£0.08
P-SmD3 4.6 = 0.6 96 + 29 0.48 = 0.16
P-TAT 29 =2 84 +12 3.5%=0.5
GST-S204E H2B (23-37) 85%5 63+ 8 132
P-SmD3 7.5*0.6 26k 7 29+08
P-TAT 81 £:1 7706 110+8

the D147G and E149M mutations were much greater with the
P-SmD3 substrate. These results suggest that Asp-147 and Glu-
149 are particularly important in recognizing the basic residues
surrounding the target site. Interestingly, the activity of the
E149M enzyme was greater than that of the D147G enzyme
with the more basic H2B(23-37) and P-TAT substrates but
lower with the less basic P-SmD3 substrate. The k., and K,
values for all of the mutants tested are shown in Table 2, where
the k., /K, value best reflects the overall substrate specificity.
Compared with wild-type GST-PRMT?7, the k_,/K,,, values are

cat

23- and 38-fold lower for GST-D147G and GST-E149M in

FIGURE 6. Methylated product analyses of PRMT7 mutants with the H2B(23-37) peptide as a substrate. Peptide (12.5 um) was methylated by a 0.48 um

concentration of the indicated GST-PRMT7 mutant (A-G) with [*H]AdoMet

(0.7 um) in a 60-ul reaction for 18 h. The products were acid-hydrolyzed and

subjected to cation exchange coupled with amino acid analysis as described in the legend to Fig. 2. The red line shows radioactivity with the full reaction
mixture; the blue line shows the radioactivity in enzyme automethylation (no H2B(23-37) was present). For ease of comparison, the data for wild-type
GST-PRMT7 (H) are combined from the data shown in Fig. 2A and Fig. 3/. In H, the reaction was incubated for 20 h but under conditions otherwise identical to

those shown in A-G, where the incubation was 18 h.
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FIGURE 8. Methylation of the GST-GAR protein by GST-PRMT7 and its mutants. A, GST-PRMT7-catalyzed formation of MMA on GST-GAR. A7, in vitro methylation
reactions were performed as described in the legend to Fig. 2 using 6 jug of GST-GAR (2.9 um) and 3 g of wild-type GST-PRMT7 or mutant LDIG(69 -72)AAAA (0.48 um).
The reactions were allowed to proceed at 23 °C for 20 h before quenching by trichloroacetic acid precipitation. Incubations in the absence of GST-PRMT7 or GST-GAR
were used as controls. After acid hydrolysis, the methylated amino acid derivatives were analyzed by high resolution cation exchange chromatography together with
standards of ADMA, SDMA, and MMA as described under “Experimental Procedures.” *H radioactivity (solid lines) and ninhydrin absorbance of the methylated arginine
standards (dashed lines; elution positions indicated) were detected with liquid scintillation counting and 570-nm absorbance, respectively. Red, wild-type GST-PRMT7
with GST-GAR; green, wild-type GST-PRMT7 alone; blue, LDIG(69-72)AAAA mutant enzyme with GST-GAR; purple, GST-GAR alone. A2, magnification of the radioac-
tivity scale to show PRMT7 automethylation (green), the residual activity of LDIG(69-72)AAAA (blue), and the absence of ADMA and SDMA in the reaction products
(red). A3, premethylated GST-GAR generates only MMA in a PRMT7-catalyzed reaction. GST-GAR (6 ug) was preincubated with unlabeled AdoMet (125 uM final) and
GST-PRMT7 (3 ng) in 40 ul of reaction buffer at 23 °C for 24 h to enrich for MMA. Next, the unlabeled AdoMet concentration was lowered to 0.05 um by adding fresh
reaction buffer, and the sample was concentrated using an Amicon Ultra centrifugal filter (Millipore). Then [*H]AdoMet (0.7 um) and extra GST-PRMT7 (2.4 uug) were
added into the reaction mixture, which was incubated at 23 °C for another 20 h before acid hydrolysis and cation exchange chromatography. The radioactivity of
3H-labeled protein residue was plotted in comparison with the standards. B, time course of GST-GAR methylation by double E loop GST-PRMT7 mutants. 87, fluorog-
raphy of *H-methylated GST-GAR after reaction with wild type or mutant GST-PRMT7 as described under “Experimental Procedures.” Dried gels were exposed to
autoradiography film for 4 days at —80 °C. Reactions were run in duplicate on separate gels, one of which is shown here. B2, quantification of GST-GAR methylation
catalyzed by wild type GST-PRMT7 (red), D147G (blue), and E149M (green). Data were acquired from the densitometric analysis of the autoradiography film and are
shown as activity relative to that at the 10-h time point for the wild-type enzyme. Error bars, range of duplicate experiments.

methylating H2B(23-37) and 52- and 28-fold lower for these indicate that Asp-147 and Glu-149 are responsible for the selec-

two mutants in methylating P-TAT, whereas they are only 2-  tivity of PRMT7 for RXR residues in basic sequence contexts.
and 3-fold lower for them in methylating P-SmD3. These data  Looking at the H2B(23-37) substrate only, GST-D147G
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showed a 32-fold smaller k_,, and a similar K, compared with
the wild type, indicating that Asp-147 in the double E loop is
mainly involved in catalysis; GST-E149M showed a 9-fold
smaller k_,, and a 4-fold larger K, compared with the wild type,
indicating that Glu-149 in the double E loop is involved in both
catalysis and substrate binding. As for GST-S204E, the k_, /K,
values for all three substrates are generally similar to the wild
type because the k_,, and K, for individual peptide are both
decreased. It is possible that the potential phosphorylation on
Ser-204 might increase the substrate binding affinity.

Specificity of GST-PRMT7 Mutants for the Protein Substrate
GST-GAR—To confirm the alteration of substrate specificity
for the GST-D147G and GST-E149M PRMT7 mutant
enzymes, we also analyzed the substrate GST-GAR, consisting
of residues 1-148 of human fibrillarin (7, 36) and containing
similar RGRG repeats as in the P-SmD3 peptide (Table 1). We
first performed amino acid analysis on the reaction products.
Fig. 84 shows that wild-type GST-PRMT7 generated only
PHIMMA on GST-GAR (Fig. 841). A small amount of
[PHIMMA automethylation was found for the enzyme-alone
control (about 1.4% of that with GST-GAR) (Fig. 842, green
line); less than 0.1% of [PHIMMA was detected with the
AdoMet binding-deficient mutant enzyme GST-LDIG(69-
72)AAAA and GST-GAR (Fig. 842, blue line). In addition, to
verify if PRMT7 adds a second methyl group to monometh-
ylated arginine residues, GST-GAR was premethylated with
unlabeled AdoMet to enrich for MMA, and then [*H]AdoMet
was added for detection of methylated product. Again, only the
[PH]MMA peak was observed with no detectable [’H]SDMA or
[PHJADMA formation (Fig. 843). These results confirm that
GST-PRMT7 is unable to transfer a second methyl group to the
arginine site where one methyl group is already present.

Next, SDS-PAGE and fluorography were performed to mon-
itor the time courses of GST-GAR methylation catalyzed by
wild-type GST-PRMT7 and mutants GST-D147G and GST-
E149M (Fig. 8B). The density of methylated GST-GAR bands
on the fluoroimage (Fig. 8B81) was quantified, and product for-
mation indicated by the relative radioactivity was linear for up
to 10 h with the wild-type and mutant enzymes (Fig. 8B2).
Importantly, the activities of the mutant enzymes were similar
to that of the wild-type enzyme; GST-D147G showed, in fact, a
higher catalytic activity. These results stand in marked contrast
to those obtained above with the H2B(23-37) and P-TAT pep-
tides, where very little activity was seen in the mutants
compared with the wild type (Fig. 7, A and C). Therefore, the
substrate specificity change is confirmed here: mutation of
Asp-147 and Glu-149 on the double E loop does not greatly
affect the specificity of PRMT7 for RGRG-containing GST-
GAR but dramatically decreases its selectivity for substrates
rich in basic residues.

Unusual Dependence of PRMT?7 Activity on Temperature and
Salt Concentration—During the reaction condition optimiza-
tion, we found that PRMT7 had an unusual temperature
dependence. When we tested the temperature effect on bacte-
rially expressed human GST-PRMT7 with H2B(23-37) as a
substrate in the P81 paper assay (Fig. 94), the peak activity was
found between 15 and 25°C. The enzyme remained ~50%
active when the temperature was lowered to 5 °C, whereas its
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FIGURE 9. Effect of temperature on PRMT7 activity. A, temperature depen-
dence of bacterially expressed human GST-PRMT7 with the H2B(23-37) peptide
as a substrate. The reactions contained 0.4 um GST-PRMT7, 40 um H2B(23-37),
and 10 um [*CJAdoMet in a 30-p reaction buffer of 50 mm potassium HEPES (pH
7.5), 10 mm NaCl, and 1 mm DTT. The reactions were incubated at the indicated
temperature for 16 h. After incubation, the reaction mixtures were spotted on
Whatman P81 filter paper and washed, and the radioactivity in the protein prod-
ucts was determined by liquid scintillation counting, as described under “Exper-
imental Procedures.” The reaction background (radioactivity in the absence of
enzyme) was subtracted, and the relative activity is shown in comparison with
the activity at 20 °C. B, temperature dependence of insect cell-expressed mouse
PRMT7 with the H2B(23-37) peptide as a substrate. The reactions contained 0.1
uMm PRMT7, 10 um H2B(23-37), and 10 um [**CJAdoMet in 50 mm potassium
HEPES (pH 7.5), 10 mm NaCl,and 1 mm DTT and were analyzed as in A, except that
the relative activity is shown in comparison with the value at 15 °C. C, tempera-
ture dependence of bacterially expressed human GST-PRMT7 with GST-GAR as a
substrate. 4.8 uM GST-GAR, 0.8 um GST-PRMT7, and 0.7 um [*H]JAdoMet were
incubated in the reaction buffer for 16 h. The methylated products were sepa-
rated with 12.6% SDS-PAGE, treated with EN*HANCE buffer, vacuum-dried, and
exposed to autoradiography film for 3 days at —80 °C. Densitometric analysis was
done on scanned images of the film, and quantification of the data is shown as
activity relative to that at 18 °C. In each case, the assays were done in duplicate,
and the error bars show the range of the data.
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FIGURE 10. Effect of NaCl, EDTA, and metal ions on PRMT7 activity. A, salt
effect. The reaction buffer contained 50 mm potassium HEPES (pH 7.5), 1 mm
DTT, and different concentrations of NaCl. When H2B(23-37) peptide was
used as a substrate (red), 20 um peptide, 0.4 um GST-PRMT7, and 10 um
["*C]JAdoMet were incubated for 16 h at 23 °C. When GST-GAR was used as a
substrate (blue), 2 ug of GST-GAR, 0.8 ug of GST-PRMT7, and 0.7 um
[PH]AdoMet were incubated for 18 h at 23 °C. The reaction mixtures were then
spotted on Whatman P81 filter paper and washed, and the radioactivity in the
methylated products was determined by liquid scintillation as described
under “Experimental Procedures.” Radioactivity in controls lacking enzyme
(peptide assay) or enzyme and substrate (protein assay) were subtracted. B,
EDTA effect. The reaction buffer contained 50 mm potassium HEPES (pH 7.5),
10 mm NaCl, 1 mm DTT, and different concentrations of EDTA. When H2B(23-
37) was used as a substrate (red), 40 um H2B(23-37), 0.4 um GST-PRMT7, and
10 um ["“C]AdoMet were incubated at 23 °C for 16.5 h. When GST-GAR was
used as a substrate (blue), 4.5 ug of GST-GAR, 0.8 g of GST-PRMT7, and 0.7
uM [*H]IAdoMet were incubated at 23 °C for 18 h. Product formation was ana-
lyzed as in A above; radioactivity in controls lacking enzyme (peptide assay) or
enzyme and substrate (protein assay) were subtracted. C, metal ion effect.
When H2B(23-37) was used as a substrate (red bars), the reactions containing
40 um H2B(23-37), 0.4 um GST-PRMT7, and 10 um ['*CJAdoMet were incu-
bated in the presence of 2 mm MgCl,, MgSO,, CaCl,, or ZnCl, at 23 °Cfor 16 h.
The positive control was performed in absence of metal ion; the negative
control was performed in absence of enzyme and metal ion and was sub-
tracted as background. When GST-GAR was used as a substrate (blue bars), the

activity dropped dramatically above 30 °C. These results were
surprising for a mammalian enzyme presumably working at
body temperatures of about 37 °C. To confirm this phenome-
non, we also analyzed the temperature effect on the insect-
expressed mouse PRMT7 (8) with H2B(23-37) as a substrate in
the P81 paper assay (Fig. 9B) and the bacterially expressed
human GST-PRMT7 with GST-GAR as a substrate in the
fluorography assay (Fig. 9C). In both of these cases, a similar
temperature dependence was found. These results indicate that
PRMT?7 is an unusual mammalian enzyme with significant
activity at sub-physiological temperatures.

We also detected an unusual sensitivity of GST-PRMT7 to
salt and the metal chelator EDTA. Using the peptide H2B(23—
37), we found half-inhibition at about 30 mm NaCl (Fig. 104).
With the GST-GAR substrate, less salt sensitivity was seen,
with a half-inhibition at about 180 mm NaCl. EDTA also
showed an inhibitory effect on GST-PRMT?7, with either the
H2B(23-37) or GST-GAR substrate (Fig. 10B). At an EDTA
concentration of 1 mm, enzyme activity was reduced by over
50% for both substrates. In experiments supplementing reac-
tion mixtures with 2 mm MgCl,, MgSO,, CaCl,, or ZnCl,, we
observed no increase in activity (Fig. 10C). The mechanism of
inhibition of PRMT7 by EDTA remains to be established,
although we note that zinc has been detected in the crystal
structure of mouse PRMT7 (34).

DISCUSSION

We have confirmed the type III activity of bacterially
expressed GST-tagged human PRMT?7 on basic RXR sequence
motifs under our optimized reaction conditions. Product for-
mation was significantly improved as we adjusted several con-
ditions from our previous study (7), particularly the reaction
temperature. The type IIl activity of GST-PRMT7 forming only
MMA product has been confirmed with both GST-GAR pro-
tein derived from fibrillarin and various peptides derived from
histone H4, histone H2B, splicing protein SmD3, ribosomal
protein RPL3, and HIV-1 TAT protein as well as for PRMT7
automethylation. These results are consistent with previous
reports on human and mouse PRMT7 (7, 8) as well as studies on
the trypanosome PRMT7 (6, 9). Although PRMT7 may work
synergistically with type I or type II PRMTs or other modula-
tors in vivo, PRMT?7 by itself only generates MMA residues.

We find that effective substrates for GST-tagged human
PRMT7 consist of sequences with at least two closely spaced
arginine residues with adjacent basic residues. Out of all of the
peptides tested (Table 1), H2B(23-27) bearing a KKRKRSRK
sequence and P-TAT bearing an RKKRRQRRR sequence are
the best PRMT7 substrates, probably because they contain a
high density of positive charges and multiple arginine residues,
which may be preferably recognized by the extra two acidic
residues (Asp-147 and Glu-149) in the double E loop (Fig. 7).
H4(1-21) bearing a KRHRK sequence, P-SmD3 bearing

reactions containing 4.5 ug of GST-GAR, 0.8 ug of GST-PRMT7 and 0.7 um
[*H]AdoMet were incubated in the presence of the indicated metal ions at
23 °Cfor 18 h. The negative control contained only [*HJAdoMet and the buffer
components and was subtracted as background. All measurements were per-
formed in duplicate; error bars indicate the range.
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RGRGK and RGRGR sequences, and P-RPL3 bearing an
HRGLRK sequence are moderate substrates for PRMT7, sug-
gesting the essential role of basic residue density. The H2B and
H4 mutant peptides, where RXR sequences are modified to
RXK or KXR sequences, are poor substrates. This demonstrates
the importance of at least two arginine residues as the recogni-
tion site, which is also supported by the poor methylation of
H4(1-8) and H3(1-7) sequences with a single arginine residue.
These results are consistent with and extend those found earlier
for the insect-expressed mouse enzyme (8).

Through site-directed mutagenesis, we show that the two
additional acidic residues (Asp-147 and Glu-149) in the double
E loop may be crucial elements in the substrate specificity of
PRMT?7 (Fig. 7). Enzymes where these residues are substituted
with glycine and methionine, respectively, demonstrate dra-
matically decreased activity toward the H2B(23-37) and
P-TAT substrates with high basic residue density but only
moderately affected activity toward the P-SmD3 and GST-GAR
substrates with relatively low basic residue density. It thus
appears that the D147G and E149M mutations compromise the
selectivity of PRMT?7 for very basic RXR sites and that these two
unique acidic residues in the PRMT7 double E loop are proba-
bly determinants for the preferable recognition of basic resi-
dues adjacent to or near the methylatable arginine residues.

We have also prepared PRMT7 with mutations in the double
E loop designed to mimic conserved residues in type I and type
IIPRMTs (LFD to WMG and FD to LG, respectively). However,
we found that neither of the mutated proteins displayed methyl
transfer activity. Although the acidic residues do play an impor-
tant role in conferring substrate specificity, mutating multiple
residues in the double E loop destroys the ability of PRMT7 to
methylate substrates. All of these mutations are within the cat-
alytic N-terminal domain. PRMT7 also has an ancestrally
duplicated C-terminal domain where many of the residues
important for binding AdoMet or substrates have been altered.
For example, only one of the glutamate residues in the corre-
sponding region of the double E loop is present in the C-termi-
nal domain (Glu-478). However, this domain is still required for
enzyme activity (5), and in this study, we have shown that the
E478Q mutation reduces the activity of PRMT7 to <1% of the
wild-type activity. Although this second domain in PRMT7 is
poorly conserved in sequence (5), it is certainly not redundant
for substrate binding or catalysis.

In this study, we found special unique features of PRMT7
catalysis. First, the enzyme is more active at temperatures
below the physiological mammalian value of 37 °C and in fact
can perform catalysis even at 5 °C. Second, NaCl, EDTA, and
some common metal ions were found to have a relatively strong
inhibitory effect on PRMT7. These phenomena have not been
observed for other members of the mammalian PRMT family.
The unusual sensitivity to temperature may indicate that
PRMT?7 may be activated by cold stress to tissues.

Unfortunately, no in vivo substrates for PRMT7 have yet
been unambiguously identified. Our results here, however,
indicate that PRMT7-targeting sequences are often nucleotide
binding sequences that compact and stabilize the structure of
DNA/RNA, such as the HBR domain on histone H2B (28, 37),
the RKKRRQRRR region (residues 49 —57) on HIV-1 TAT pro-

tein (38), and the KRHRK region on histone H4 (39). The HBR
domain at the end of the H2B N-terminal tail closely interacts
with neighboring nucleosomal DNA and represses gene tran-
scription (28, 37). In yeast, it was found that HBR is necessary
and sufficient for repressing ~8.6% of genes, many of which are
located near telomeres or involved in the metabolism of vita-
mins and carbohydrates (28). No in vivo evidence has been
found for posttranslational modifications on the HBR domain,
although in vitro data are very clear that insect-expressed
mouse PRMT7 monomethylates Arg-29, Arg-31, and Arg-33in
this region (8). HIV-1 TAT residues 49 —57 bear a nuclear local-
ization signal and RNA-binding motif. This region has been
reported to be asymmetrically dimethylated on Arg-52 and
Arg-53 by PRMTS6, leading to weaker interaction with the viral
RNA and down-regulation of the transactivation capacity of
TAT (40, 41). Our study suggests that arginine monomethyla-
tion may also occur in this region. Posttranslational modifica-
tions catalyzed by PRMT?7 at these arginine and lysine-rich
regions, although poorly characterized, may play an essential
role in modulating their interactions with DNA/RNA. More
efforts are needed to validate these possible methylation sites
and the biological consequences of their modification in vivo.
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The human genome encodes a family of nine protein arginine methyltransferases (PRMT1-9),
whose members can catalyse three distinct types of methylation on arginine residues. Here
we identify two spliceosome-associated proteins—SAP145 and SAP49—as PRMT9-binding
partners, linking PRMT9 to U2 snRNP maturation. We show that SAP145 is methylated
by PRMT9 at arginine 508, which takes the form of monomethylated arginine (MMA)
and symmetrically dimethylated arginine (SDMA). PRMT9 thus joins PRMT5 as the only
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translational modification, with ~0.5% of all arginine

residues present in the methylated state in mouse
embryonic fibroblasts'. Arginine methylation is enriched on
RNA-binding proteins>>. Indeed, over 50% of the arginine
methylation found in mammalian cells is concentrated on
heterogeneous nuclear ribonucleoproteins*. In addition, a
number of well-characterized methgflation sites are found on
histone tails’ and splicing factors®. Three distinct types of
methylated arginine residues occur in mammalian cells. The most
prevalent is omega-NC,NC-dimethylarginine”. In this case, two
methyl groups are placed on one of the terminal nitrogen atoms
of the guanidino group; this derivative is commonly referred to as
asymmetric dimethylarginine (ADMA). Two other methyl-
arginine  derivatives occur, namely the symmetrically
dimethylated arginine (SDMA) derivative, where one methyl
group is placed on each of the terminal guanidino nitrogens, and
the omega-monomethylated derivative (w-MMA). These three
types of arginine methylation are catalysed by the nine members of
the family of protein arginine methyltransferases (PRMTs)®. The
PRMTs are classified according to their methylation products’.
Types I, II and III are able to generate MMA. Type I enzymes
include PRMT1, PRMT2, PRMT3, PRMT4/CARMI, PRMT6 and
PRMTS, and they all perform a second methylation step to
generate the ADMA mark. PRMTS5 is the lone Type II enzyme
described to date, generating the SDMA mark. PRMT? is a Type III
enzyme and only generates a MMA mark!'®. PRMT9 has not yet
been characterized, and it is the subject of this study.

PRMT9 has two distinguishing features: (1) similar to PRMT?7,
it contains an ancestral amino-acid sequence duplication that
harbours a second putative S-adenosylmethionine (AdoMet)-
binding motif, and (2) unique among the PRMTs, it has three
N-terminal tetratricopeptide repeats (TPRs). PRMT9 was identi-
fied as a potential human PRMT at the same time as we described
PRMTS (ref. 11). In that study, we noted the presence of a gene
on chromosome 4q31 encoding a protein most similar to PRMT7
that was relatively well expressed in different tissues and
designated it as PRMT9 (ref. 11). In the past, the PRMT9
designation has also been used for the product of the human
FBXO1I1 gene on chromosome 2p16 (ref. 12), although FBXO11
is unlikely to be a bona fide PRMT'. In some literature and
protein databases, the gene on human chromosome 4q31 has
previously also been referred to as PRMT10, although PRMTY9 is
the approved symbol and recommended gene name by the
HUGO Gene Nomenclature Committee. The characterization of
the PRMT9 protein (Q6P2P2 in the UniProt database) has been
elusive, mainly because well-known PRMT substrates such as
histones and glycine-arginine-rich (GAR) motif-containing
proteins are not recognized (or poorly recognized) by the
enzyme. Fortuitously, we found that PRMT9 can
monomethylate and symmetrically dimethylate a protein that it
interacts with, the spliceosome-associated protein, SAP145
(SF3B2). Thus, PRMT9 joins PRMT5 as the only mammalian
Type II enzymes. SAP145 is a component of the U2 snRNP (small
nuclear ribonucleoprotein) that is recruited to the branch region
located near the 3’ splice site, and plays a critical role in the early
stages of splicing. We were able to functionally link PRMT9 levels
to the regulation of alternative splicing. Thus, we identified
PRMTY as a modulator of the SAP145/SAP49 protein complex
that likely plays an important role in snRNP maturation in the
cytoplasm.

Protein arginine methylation is an abundant post-

Results

PRMT? identification and primary sequence features. The gene
encoding PRMTY was identified a number of years ago!l. A scan
of the PRMT9 amino-acid sequence for protein domains

identified three TPRs at its N terminus (Supplementary Fig. 1).
TPRs are helical features that often mediate protein-protein
interactions'4. In addition, similar to PRMT?7, PRMT9 harbours
two putative AdoMet-binding domains with a clear duplication
and partial conservation of most of the six signature PRMT
motifs present (Fig. la). A phylogenetic tree analysis of the
encoded amino-acid sequences of all nine members of the PRMT
family reveals that it is most closely related to PRMT?7 (Fig. 1b).
The PRMT?9 protein, with its defining TPR motifs and ancestrally
duplicated sequence, is highly conserved among vertebrates,
and is occasionally present in invertebrate animals, but has no
orthologues in fungal species or prokaryotes (Supplementary
Fig. 1).

PRMT?9 associates with the SAP145 and SAP49 splicing factors.
To help establish what biological processes PRMT9 may be
associated with, we identified proteins that co-purified with
PRMTY expressed in HeLa cells. We performed tandem affinity
purification of a TAP-tagged PRMT9 fusion, followed by tryptic
digestion and mass spectrometry of the major interacting bands
to identify the primary PRMT9 protein complex. The two major
interacting proteins were identified as SAP145 and SAP49
(Fig. 2a). These splicing factors, also known, respectively, as
SF3B2 and SF3B4, are tightly associated with each other!.
We next developed a monoclonal antibody that specifically
recognized the human PRMT?9 protein (Supplementary Fig. 2a—f).
Subcellular localization studies, using this antibody, revealed
that PRMT9 is mainly a cytoplasmic protein (Supplementary
Fig. 2d,e). Using this «PRMT9 antibody and antibodies against
endogenous SAP145, we found that PRMT9 and SAP145 were
reciprocally co-immunoprecipitated from HeLa cells (Fig. 2b).
Similarly, green fluorescent protein (GFP)-tagged SAP49
co-immunoprecipitated with endogenous PRMT9 (immuno-
precipitating antibodies to endogenous SAP49 are unavailable;
Fig. 2c). To determine whether the interaction between PRMT9
and SAP145 is specific for this arginine methyltransferase, we
transfected the complete set of GFP-tagged PRMTs into HeLa
cells and immunoprecipitated them. Only GFP-PRMT9 was able
to co-immunoprecipitate SAP145 (Fig. 2d). We have previously
shown that PRMT3 interacts strongly with its substrate, RPS2
(refs 16,17), and this interaction serves as a control here.

Interaction of PRMT9 with SAP145. Next, we mapped the
region of SAP145 that interacts with PRMT9. To do this, we
broke the SAP145 protein into four roughly equal fragments
(F1-4) and expressed them as glutathione S-transferase (GST)
fusion proteins (Fig. 3a), which we then used to perform a GST
pull-down assay with HeLa cell lysates. Western blot analysis
revealed that cellular PRMTY interacts with fragment F3 of
SAP145, which encodes for amino acids 401-550 (Fig. 3b). This
fragment has no distinctive structural features that could help
explain the specificity of PRMT9 for this region. We also tested
whether the recombinant GST-SAP49 can pull down endogenous
PRMTY using the similar experimental strategy. Interestingly,
GST-SAP49 does not interact with PRMTY, suggesting that
PRMTY resides in the SAP145/SAP49 complex through an
interaction with SAP145 (Supplementary Fig. 3a). We then
attempted to perform reciprocal mapping of this interaction to
establish which region of PRMT9 associates with SAP145. To do
this, we generated a series of flag-tagged PRMT9 deletion con-
structs (Supplementary Fig. 3b). We were particularly interested
in the possibility that the TPR motifs would interact with
SAP145. However, these motifs proved not to be sufficient for
SAP145 binding. Indeed, none of the PRMT9 deletion constructs
could interact with SAP145 (or SAP49; Supplementary Fig. 3c),
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even though the full-length tagged enzyme retained its binding
abilities. This suggests that complete structural integrity of
PRMT9 is required to maintain the PRMT9/SAP145/SAP49
protein complex. Supporting this idea, we found that the cata-
Iytically inactive form of PRMT?9 lost its ability to interact with
SAP145 (Fig. 3c,d). In addition, while SAP145 and SAP49 were
associated with wild-type GFP-PRMT9 expressed in HEK293
cells, neither splicing factor was found to be associated with a
catalytically inactive GFP-PRMT9 similarly expressed (data not
shown). These results suggest that the integrity of the AdoMet-
binding domain of PRMTY is critical for its interaction with
SAP145, and that PRMT9 may release SAP145 after substrate
methylation, once it takes on its S-adenosylhomocysteine
(AdoHcy)-bound form. Thus, to test whether PRMT9 bound to
its product inhibitor AdoHcy would also not interact with
SAP145, we treated HeLa cells with adenosine-2’,3'- dlaldehyde,
which results in elevated cellular AdoHcy levels's. We then
performed a co-immunoprecipitation (co-IP) experiment to
evaluate the impact of the AdoMet/AdoHcy switch on the

PRMTY/SAP145 interaction. Interestingly, adenosine-2',3'-
dialdehyde treatment did not affect the PRMT9/SAP145
interaction, indicating that the AdoHcy-bound form of PRMT9
still likely interacts with its substrate (Supplementary Fig. 3d).

PRMTY is a Type II PRMT that methylates SAP145. Using
in vitro methylation assays with insect cell expressed HA
(haemagglutinin)-PRMT9 and the four fragments of SAP145 as
potential substrates, we found that only the F3 fragment that
physically interacted with PRMT9 (Fig. 3b) was also a good
methyl-acceptor for the enzyme (Fig. 4a). The F2 fragment could
not be expressed well, and thus cannot be excluded as a possible
substrate. No methylation of the F3 fragment was seen in a
similarly expressed PRMT9 enzyme that was mutated in the
AdoMet-binding site (Fig. 4a). We find that PRMT?9 has little or
no activity on the typical substrates of other PRMTs including
core histones or GAR motif-containing proteins (data not
shown). To determine the methylated arginine products of
PRMT9, the in vitro 3H-methylated F3 fragment of SAP145 was
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Figure 1| Amino-acid sequence alignment of human PRMTs. (a) The amino-acid sequences from the catalytic domain of PRMTs are compared
using ClustalW. The signature sequence motifs are boxed with black squares, including the motifs common to seven beta strand enzymes (Motif |,

Motif Post |, Motif Il and Motif IlI) as well as the Double E Motif and THW Loop motifs that are specific to PRMTs. The number on the right indicates

the positions of amino acid of individual PRMT, starting at the initiator methionine. Human PRMT sequences used included PRMT1: NP_001527.3;
PRMT2: NP_996845.1;, PRMT3: NP_005779.1; PRMT4: NP_954592.1;, PRMT5: NP_006100.2; PRMT6: NP_060607.2; PRMT7: NP_061896.1;, PRMT8:
NP_062828.3; and PRMT9: NP_612373.2. (b) A straight branched phylogenetic tree of all human PRMTs (shown in phenogram) was generated using

ClustalW to demonstrate the evolutionary relationships among these enzymes. Protein sequence accession numbers used in the analysis are listed above.

54



& L
&
250 =
150 = <« SAP145
100 = PRMT9
75= <« HSP70
PRMT9 degradation
S0= < sAPag
<« Actin
37— i
<« RS3 d
wn
<
a
3
C 3
o
[79]
a
K
IP: aGFP a
Blot: PRMT9 w
(O]
3
&
=l a
]
g
IP: aGFP k]
Blot: «GFP o
Input
oPRMT9

IP Abs IP Abs
¢ 2
o =
= & = I
[ [
Input Input
ESfeEeggERe
= =2 =2 2 2 2 =2 =2 =2
T CECTEIDTCTIE
e oo a g aaa
N o TR o WA o R o O o IR o IO o SO o SO o
L T T T T T T T T
S 6 6 6 6 6 6 6 606

Input

Figure 2 | PRMTY interacts with SAP145 and SAP49. (a) TAP-tag purification of the PRMT9 protein complex from Hela cells. HelLa cells were transiently
transfected with either empty TAP-tag vector (TAP-Ctrl) or TAP-tag PRMT9 (TAP-PRMT9). A standard TAP procedure was applied. The eluted protein
complex was separated by SDS-PAGE and silver-stained. The indicated gel slices were processed for protein identification using mass spectrometry.
Actin, heat-shock protein 70 (HSP70) and 40S Ribosomal Protein S3 (RS3) are likely nonspecific interacting proteins. (b) PRMT9 and SAP145
co-immunoprecipitate. Reciprocal co-IP was performed in Hela cells. Total cell lysates were immunoprecipitated with rabbit control IgG, aSAP145 antibody
(left) and mouse control IgG, ®PRMT9 antibody (right). The eluted protein samples were detected by western blotting with PRMT9 and aSAP145
antibodies. The input samples were detected with xPRMT9 and a:SAP145 antibodies, respectively. (€) PRMT9 and SAP49 co-immunoprecipitate. Hela cells
were transiently transfected with either GFP control vector or GFP-SAP49 plasmids. Total cell lysates were immunoprecipitated with aGFP antibody.
The eluted protein samples were detected by western blotting with «PRMT9 and aGFP antibodies. The input samples were detected with «PRMT9.
(d) Among all the PRMTs, only PRMT9 interacts with SAP145. Hela cells were transiently transfected with control GFP vector and GFP-PRMTs

(1 through 9). The total cell lysates were immunoprecipitated with aGFP antibody. The eluted protein samples were detected by western blotting with
aSAP145, aRPS2 and aGFP antibodies. The input samples were detected with aSAP145 and «RPS2 antibodies.

subjected to amino-acid analysis. Mammalian expressed GFP-
tagged PRMT9 was found to catalyse the formation of both MMA
and SDMA only in the presence of the SAP145 fragment
(Fig. 4b). No methylation was observed in control experiments
with the PRMT?9 fusion protein mutated in the AdoMet-binding
site, demonstrating that the observed activity is intrinsic to tagged
PRMT9 and not to another enzyme that might be co-purifying
with it (Fig. 4a,b). To confirm the formation of SDMA, the
radioactive peak from the cation-exchange amino-acid analysis
column (corresponding to fractions 57-60) was subjected to thin-
layer chromatography under conditions that separated MMA,
SDMA and ADMA by their hydrophobic properties. We found
that all of the radioactivity comigrated with SDMA (Fig. 4c),
demonstrating that PRMT? is a bona fide type II PRMT and joins

PRMTS5 as only the second enzyme of this type in mammals. A
time course of in vitro methylation over a period of 20 h showed a
steady accumulation of both MMA and the final product, SDMA
(Supplementary Fig. 4a,b).

To localize the site or sites of methylation by PRMT9 on
SAP145, each of the 10 arginine residues in the F3 fragment was
replaced with a lysine residue. The F3 fragments containing lysine
residues at nine of these sites were equally good methyl-acceptors.
However, when R508 was mutated to lysine, methylation was
greatly diminished, indicating the specificity of PRMT9 for this
residue (Fig. 4d).

Importantly, PRMT9 is an active enzyme when purified from
insect cell (Fig. 4a) and from mammalian cells (Supplementary
Fig. 5a), but shows little or no activity when isolated as a GST
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Figure 3 | Mapping the interaction regions of PRMT9 and SAP145. (a) A series of GST fusion truncations of SAP145 were generated. The location of the
SAP (SAF-A/B, Acinus and PIAS) domain is indicated. (b) PRMT9 interacts with the amino acids 401-550 of SAP145. GST pull-down experiment was
performed by incubating Hela cell total lysates with purified GST or GST-tag SAP145 fragments described in a. The pull-down samples were eluted and
detected by western blotting using the «PRMT9 antibody. The loading of the proteins was visualized by Coomassie staining of the membrane. The open
circles indicate the individual GST-tag SAP145 fragments. (¢) Generation of enzymatic mutant PRMTO. The asterisked amino acids (LDIG) located within
the conserved Motif | of PRMT9 were mutated to AAAA, causing the loss of methyltransferase activity of enzyme. The numbers below indicate the location
of the amino acids on the protein. (d) Wild-type, but not the enzymatic mutant, PRMT9 interacts with SAP145. Co-immunoprecipitation was performed
in Hela cells transiently transfected with GFP control vector, GFP-PRMT9 (wt) and GFP-PRMT9 (mt), as described in ¢. Total cell lysates were
immunoprecipitated with the aGFP antibody. The eluted protein samples were detected by western blotting with aSAP145 and aGFP antibodies.

The input samples were detected with «SAP145 and aGFP antibodies as well.

fusion protein from bacteria (Supplementary Fig. 5b). We next
tested the ability of a set of eight GST-PRMTs to methylate
SAP145-F3. We found that PRMT6 could also readily methylate
the F3 fragment, but that no methylation was found with the
other enzymes under these conditions (Supplementary Fig. 5b).
Furthermore, we tested the ability of Myc-PRMT5 (GST-PRMT5
is inactive and was thus not tested in Supplementary Fig. 5b) to
methylate SAP145-F3, and we found that it was unable to do so
(Supplementary Fig. 5C). Importantly, further analysis using the
mutated SAP145-F3 fragments as substrates revealed that PRMT6
mainly methylates the R515 site (Supplementary Fig. 5d); there-
fore, PRMT9 and PRMT6 modify distinct sites on SAP145. Thus,
it appears that the SDMA mark at the R508 site of SAP145 is only
deposited by PRMTY, and no other Type I or Type II PRMT
modifies this site.

Reduced PRMT?9 levels impact SAP145 methylation. To con-
firm the existence of the SAP145 R508me2s mark in cells, we
generated a methyl-specific antibody against this site. Initially, we
performed an in vitro characterization of this antibody and we
showed that recombinant SAP145-F3 can only be recognized by
the aSAP145 R508me2s antibody when it is subjected to prior
methylation by PRMT9 (Fig. 5a). For immunoreactivity, the
methyl-specific antibody also requires the presence of the R508
site. Thus, this antibody is indeed methyl-specific and site-specific
(Fig. 5b). To establish whether this site is arginine-methylated in
cells, we transfected HeLa cells with wild-type or mutant GFP-
SAP145 (R508K), and performed western blot analysis with the
aSAP145 R508me2s methyl-specific antibody (Fig. 5c). The
antibody clearly detected the wild-type form of the ectopically
expressed fusion protein, but not the mutant form. The endo-
genous untagged SAP145 protein is also detected as a band that

migrates slightly faster than the tagged form. When we repeated
this experiment, but co-transfected cells with both SAP145 and
PRMTY, we observed a dramatic increase in the levels of the
SAP145 methylation as detected with the methyl-specific anti-
body (Fig. 5d). Endogenous SAP145 methylation cannot be fur-
ther enhanced by PRMT9 overexpression (data not shown),
suggesting that endogenous SAP145 is fully methylated at the
R508 site. This is not a unique phenomenon for a PRMT sub-
strate, as we have previously shown that poly(A)-binding protein
1 (PABP1) is fully methylated by CARMI, and overexpression of
CARMLI cannot further increase the PABP1 methylation level®.
If this is the case, then the knockdown of PRMT9 should correlate
well with the decrease in SAP145 methylation levels, and this is
indeed what we observe; endoribonuclease-prepared siRNA
(esiRNA)-mediated knockdown of PRMT9 concomitantly
reduces the SAP145 methylation level as detected by aSAP145
R508me2s methyl-specific antibody (Fig. 5e).

The SMN interacts with methylated SAP145. PRMT9 seems to
be a rather specific enzyme, and even though many methylated
proteins can be detected in HeLa cell extract with pan-MMA and
pan-SDMA antibodies, only SAP145 methylation is reduced
when PRMT?9 levels are lowered (Supplementary Fig. 6a). The
SAP145 site (R508), which is the target of PRMT9 methylation, is
highly conserved in vertebrates and invertebrates (Supplementary
Fig. 6b), suggesting that it is a critical node of functional control,
possibly through the regulation of protein—protein interactions.
We first investigated whether methylation of this site regulated
the interaction between SAP145 and SAP49. Overexpression of
both PRMT9 and SAP145, which causes a dramatic increase in
the R508me2s mark (Fig. 5d), does not alter the ability of SAP49
to interact with this protein complex (Supplementary Fig. 6c).

56



o

a  HA-PRMT9 (wt) HA-PRMT9 (mt) == Ninhydrin == WT only
gy S = WT+SAP145 (F3) «= Mut only
= = § D - =) § 0 == Mut+SAP145 (F3) == SAP145 (F3) only
gITT SITT 30,0001
| © O W | © O W
ECAI0 NI
Denost Do o
Oniwwuew Ow wu

Fluorograph

Average counts per minute (cpm)

—————— o e o e (PRMTO

20,0001

10,0001

(wu 025) @doueqIOSqQY

Fraction (min)

c d HA-PRMT9 + GST-SAP145 (F3)
x >
Origin Solvent front 2 5
! | b4 e
! ! Cxvxxxxxg
MMA | | WrWN®©WONL
! | $59388LB8<
ADMA | | EsdslRieLes
SDMA : : 250
Mix | = -
100 777 g [ 760
i >
| g =50
g % 3 e
g i i a7
> 60
s 1
[}
g 2, -250
3 [ £ 42150
2 20 s ! *-100
& A ® | .-75
B P e o o S W | @ [P e et )
0 & ——— B e 11-50
4 8 12 16 20 24 28 32 E ——— Dy,
i S mmEsammESEE==—=  {_37
Slice number SHe =‘;_ﬂ=’=

Figure 4 | PRMT9 catalyses symmetrical dimethylation of SAP145 at Arginine 508. (a) PRMT9 methylates SAP145 fragment F3 (a.a. 401-550).

The in vitro methylation was performed by incubating either wild-type or enzymatic mutant recombinant HA-PRMT9 (purified from Sf21 cells) with GST or
GST-tag SAP145 fragments (F1-F4, as described in Fig. 3a,b). The loading of PRMT9 was detected by western blotting using the aHA antibody. (b) PRMT9
symmetrically dimethylates SAP145 as detected by amino-acid analysis. Amino-acid analysis of in vitro methylation products from wild-type and enzymatic
mutant GFP-PRMT9 as enzymes and GST-SAP145 (401-550) fragment as substrate. Black dashed line indicates elution of nonradiolabelled standards. The
radioactive peaks elute 1-2 min before the nonradiolabelled standards due to a tritium isotope effect3®. (€) PRMT9 symmetrically dimethylates SAP145 as
detected by thin-layer chromatography (TLC). SDMA fractions from cation-exchange chromatography of the in vitro 3H-methylation reaction were
separated using TLC. Fractions were spotted on a cellulose plate along with the addition of 5nmol MMA, 15 nmol ADMA and 5nmol SDMA internal
standards. Individual standards were also spotted in adjacent lanes to determine the migration distance of each methylated arginine derivative. The origin is
indicated by fraction 2. The solvent front was run near the end of the plate to fraction 32. The plate was air-dried and each lane was subsequently sliced in
5-mm fractions and counted for three 30-min counting cycles. The radioactive peaks elute 1-2 min before the nonradiolabelled standards due to a tritium
isotope effect3%. This experiment was repeated three times, and similar migration patterns were observed. (d) PRMT9 methylates SAP145 at R508 in vitro.
The in vitro methylation assay was performed by incubating recombinant HA-PRMT9 with a series of Arg to Lys (R to K) mutants of SAP145 fragment F3
(see Fig. 3a,b for description) for 1h at 30 °C. After exposure at — 80 °C for 3 days, the membrane was stained with Coomassie blue to check the protein

loading. Arrows indicate the positions of the substrates and stars indicate the positions of the recombinant HA-PRMTO.

Furthermore, disruption of the R508 methylation site does not
affect the assembly of the SAP145/SAP49/PRMT9 complex
(Supplementary Fig. 6d), suggesting that other protein-protein
interactions may be regulated by this mark. Indeed, arginine
methylation motifs create docking sites for the recognition by
Tudor domain-containing proteins?’. There are three Tudor
domain-containing proteins that are well characterized as effector
proteins for methyl-arginine marks, SPF30, Survival of Motor
Neuron (SMN) and TDRD?3 (ref. 5). SMN has been extensively
studied and is involved in the assembly of ribonucleoprotein
complexes, an important step for snRNP maturation, which
regulates mRNA splicing’!. When we performed a co-IP
experiment, we observed the endogenous interaction of SMN
with SAP145 (Fig. 6a). To address whether the Tudor domain of

the SMN protein mediates this interaction, we performed a GST
pull-down assay using the Tudor domains from three different
proteins (SPF30, SMN and TDRD3). We incubated the GST-
tagged recombinant proteins with HeLa cell lysates that were
transiently transfected with either wild-type GFP-SAP145 or
GFP-SAP145 (R508K) mutant. After pull-down and western blot
analysis with «GFP antibody, we observed an interaction between
the Tudor domain of SMN and ectopically expressed SAP145, but
not with the methylation-deficient SAP145 (R508K; Fig. 6b). To
further confirm this interaction in the cells, we performed co-IP
of endogenous SMN with exogenously expressed GFP-SAP145 or
GFP-SAP145 (R508K) mutant. Similar to what we observed in
the pull-down experiment, endogenous SMN interacts with GFP-
SAP145, but not with the methylation-deficient mutant (Fig. 6¢c).
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Figure 5 | PRMT9 symmetrically methylates SAP145 at Arg 508 in vivo. (a) SAP145 R508 methylation-specific antibody detects in vitro methylated
SAP145. The in vitro methylation assay was performed using recombinant HA-PRMT9 as enzyme, either GST-tag SAP145 fragment F3 or SAP145 fragment
F3 without GST-tag (cleaved by PreScission Protease) as substrates. The samples were run on a SDS-PAGE gel followed by exposure to X-ray film for 3
days. After exposure, the membrane was stripped and detected using SAP145 R508 methylation-specific antibody (¢SAP145 R508me2s) by western
blotting. The membrane was then stained with Coomassie blue to check the protein loading. Open circles indicate the positions of the substrates and stars
indicate the position of the recombinant HA-PRMT9. (b) Arg to Lys mutation at the R508 site of SAP145 abolishes the recognition of aSAP145 R508me2s
antibody. The same membrane, described in Fig. 4 (d), was stripped and detected using the aSAP145 R508me2s antibody by western blotting. The arrow
indicates the position of specific signal detected by the antibody. (¢) Arg 508 of SAP145 is symmetrically dimethylated in the cells. Hela cells were
transiently transfected with either GFP-SAP145 or GFP-SAP145 (R508K). 30 pg of total cell lysates were subjected to western blotting detection with
aSAP145 R508me2s, aGFP, «PRMT9 and aActin antibodies. The arrow indicates the endogenous SAP145 methylation signals. (d) Overexpression of
PRMT? increases SAP145 R508 symmetrical dimethylation. Hela cells were transfected with either GFP-SAP145 alone, or GFP-SAP145 and Flag-PRMT9.
The total cell lysates were immunoprecipitated with aGFP antibody followed by western blotting with #SAP145 R508me2s and aGFP antibodies. The input
samples were detected with aFlag and aActin antibodies. (e) Knockdown of PRMT9 decreases SAP145 R508-symmetric dimethylation. Hela cells were
transiently transfected with either control esiGFP (esiRNA targeting GFP) or esiPRMT9 (esiRNA targeting PRMT9). Total cell lysates (30 pg) were
subjected to western blotting and detected with aSAP145 R508me2s, aSAP145, aPRMT9 and aActin antibodies.

To address whether SMN-SAP145 interaction is regulated by
PRMTY, we transfected HeLa cells either with GFP-SAP145 alone
or with GFP-SAP145 and Flag-PRMT?, followed by a co-IP assay
to assess the influence of PRMT9 overexpression on the

Concomitantly, the interaction between SMN and GFP-SAP145
was greatly enhanced (Fig. 6d, left panel). These results
demonstrate that SAP145 R508 methylation by PRMT9
creates a recognition motif for the Tudor domain of SMN, thus

SMN-SAP145 interaction. Overexpression of PRMT9 dramatically
increases the levels of the GFP-SAP145 methylation as detected
with the methyl-specific antibody (Fig. 6d, right panel).

facilitating the assembly of the SMN-SAP145 complex. We next
investigated whether the SMN-SAP145 interaction is important
for U2 snRNP maturation. To do this, we transfected HeLa cells
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Figure 6 | Methylation of arginine 508 is required for SAP145-SMN interaction. (a) SMN interacts with SAP145 in vivo. Endogenous co-IP was
performed by immunoprecipitating Hela cell nuclear extracts using «SMN antibody, followed by western blotting detection using the aSAP145 antibody.
(b) The Tudor domain of SMN interacts with wild-type but not R508K mutant form of SAP145. Hela cells were transfected with either GFP-SAP145 or
GFP-SAP145 (R508K). GST pull-down experiment was performed by incubating transfected cell lysates with recombinant GST-Tudor domains of SPF30,
SMN and TDRD3. Eluted samples were detected by western blotting with aGFP antibody. Ponceau S staining displays the loading of total cell lysates
and recombinant proteins. (€) SMN interacts with the wild-type but not the R508K mutant form of SAP145. Hela cells were transfected with either
GFP-SAP145 or GFP-SAP145 (R508K). The nuclear extracts were immunoprecipitated with «SMN antibody. The eluted samples and input samples were
detected with the indicated antibodies. (d) Overexpression of PRMT9 enhances the interaction of SMN with GFP-SAP145. Hela cells were transfected with
the indicated plasmids. The nuclear extracts were immunoprecipitated with the «SMN antibody. The eluted samples and input samples were detected
with the indicated antibodies. () An intact SAP145 R508 methylation site is required for U2 snRNP maturation. Hela cells were transfected with
either GFP-SAP145 or GFP-SAP145 (R508K). Cell lysates were immunoprecipitated with the aGFP antibody. The eluted samples and input samples

were detected with aSmB (Y12) and with oGFP antibodies.

with either GFP-SAP145 or GFP-SAP145 (R508K), and then
performed an aGFP immunoprecipitation. An intact methylation
site was required for SmB/B’ association with GFP-SAP145,
strongly suggesting that the PRMT9 methylation site is critical for
SMN-mediated Sm core assembly of the U2 snRNP (Fig. 6e).

PRMT? is required for efficient alternative splicing. The robust
and specific interaction between PRMT9 and SAP145/SAP49
(Fig. 2), the ability of PRMT9 to methylate SAP145 (Fig. 4) and
the regulation of methylation-dependent SMN-SAP145 interac-
tion by PRMT?Y (Fig. 6) strongly suggest that PRMT9 is involved
in the regulation of mRNA splicing. To investigate this possibility,
we extracted total RNA from control knockdown and esiRNA-
mediated PRMT9 knockdown HeLa cells and subjected them to
RNA-sequencing (RNA-seq) analysis, particularly focusing on
changes in alternatively spliced events. To reduce the experi-
mental variation, two sets of biological replicates were prepared.

Western blot analysis demonstrated the efficient knockdown of
endogenous PRMT9 in both replicate samples (Fig. 7a). For
RNA-seq, we performed 75-nt paired-end sequencing and
achieved ~ 220 million and 120 million unique mapped reads for
control knockdown and PRMT9 knockdown, respectively. We
used a mixture-of-isoform (MISO) model 2 to compute and
quantify alternative splicing events. We were able to identify five
types of alternative splicing events, which were significantly
altered. These events included 34 skipped exons, 13 retained
introns, 9 alternative 3’ splice sites, 9 alternative 5’ splice sites and
3 mutually exclusive exons (Supplementary Table 1). One
example of the MISO output landscape is displayed in Fig. 7b,
showing RNA-seq read coverage across EDEM1 exon 8 to exon
10 from esiGFP control and esiPRMT9 knockdown HeLa cells.
To validate the alternative splicing called by MISO, reverse
transcription-polymerase chain reaction (RT-PCR) was per-
formed using the primers located within the flanking exons of the
EDEM1 gene. Knockdown of PRMT9 using esiRNA reduces the
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Figure 7 | PRMT9 regulates alternative splicing. (a) Two sets of biological replicated samples for RNA-seq. Hela cells were transiently transfected
with esiGFP control or esiPRMT9. The total RNA was extracted 72 h after transfection. Western blotting confirms the knockdown of the PRMT9 protein
using «PRMT9 and aActin antibodies. (b) RNA-seq read coverage across EDEM1 exon 8 to exon 10 from esiGFP control and esiPRMT9 knockdown Hela
cells. MISO (%) values and 95% confidence intervals were shown at right. (¢) Validation of exon exclusion of EDEM1 exon 9 in response to PRMT9
knockdown. RT-PCR experiments were performed using RNA extracted from esiGFP control and esiPRMT9-transfected Hela cells with primers located
on exon 8 and exon 10 (left panel). The PCR products were quantified using the densitometric analysis. Inclusion versus exclusion ratio was calculated.
Error bars represent s.d. calculated from three independent experiments (right panel).

inclusion/exclusion ratio to ~ 2.5-fold (Fig. 7c). At another gene
loci (NGLY1), knockdown of PRMTY expression increases the
inclusion/exclusion ratio to ~ 2.5-fold (Supplementary Fig. 7a,b).
It should be noted that esiRNA-mediated knockdown of PRMT9
only causes an ~50% decrease in the SAP145 R508 methylation
level (Fig. 5e). A small amount of enzyme is still capable of car-
rying out substantial methylation. This may explain why we can
only capture a small group of altered splicing events. Total
removal of PRMT9 may have more profound effects on alter-
native splicing. Thus, PRMTY is having an impact on alternative
splicing in a number of different ways, possibly through its ability
to methylate SAP145 and promote the interaction between
SAP145 and SMN.

Discussion

We have demonstrated that PRMT9 is a Type II enzyme using
both amino-acid analysis approaches and methyl-specific anti-
bodies that recognize the SDMA mark on SAP145. It is unclear
how many additional substrates PRMT9 might have; however, it
is likely not as promiscuous as PRMT5, which methylates a broad
swath of GAR motif-containing proteins. PRMT5 is the founding
member of the Type II class of PRMTs, and clearly the dominant
enzyme in this class. When cell lysates are subjected to western

blot analysis using pan-SDMA antibodies, the majority of the
bands detected in wild-type cells are lost in PRMT5 knockdown
cell lines!. Quantification of the different types of arginine
methylation across a large number of tissue and cell types
have estimated the ratios to be roughly 1,500:3:2:1 for
Arg:ADMA:MMA:SDMA 722, Measurements of cellular SDMA
levels using PRMT5 knockout (KO) cells are yet to be performed;
however, this would establish what proportion of the SDMA is
deposited by PRMT5 and PRMTY, respectively. Although
PRMT5 and PRMT9 are both Type II enzymes, they do not
display redundancy. In in vitro methylation assays these two
PRMTs do not recognize each other’s substrates (Supplementary
Fig. 5¢ and data not shown). In addition, subsets of SDMA-
specific antibodies selectively recognize PRMT5 or PRMT9
substrates as validated using the respective knockdown cell
extracts (data not shown). The extended seven-amino-acid
(CFKRKYL) PRMT9 methylation motif in SAP145
(Supplementary Fig. 6b) is not found in any other protein.
However, when we reduce the search to a five-amino-acid motif
(FKRKY) we did identify eight human proteins that could
possibly be substrates for this newly characterized enzyme, and
they will be tested in the near future.

After we designated the gene on human chromosome 4q31 as
PRMTOY (ref. 11), this designation was also used for the FBXO11
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gene on human chromosome 2p16 (ref. 12). FBXO11 does not
contain the signature amino-acid sequence motifs of the PRMT
family and the description of its activity as a PRMT likely was the
result of contamination of the FLAG-tagged protein with PRMT5
(ref. 12). No methyltransferase activity has been observed with
the nematode homologue of FBXO11 (ref. 13). It has been clearly
shown that the monoclonal M2 antibody used to pull down
FLAG-tagged proteins will also bring down endogenous PRMTS5,
thus contaminating any preparation of a FLAG-tagged
protein®?3. Owing to the usage of PRMTY for both of these
gene products, PRMT10 has also been used to designate the 4q31
product. However, PRMT9 is now the approved symbol and
recommended gene name by the HUGO Gene Nomenclature
Committee for the PRMT characterized in this work.

Classic studies in the arginine methylation field first implicated
this post-translational modification in the regulation of RNA
metabolism®?. More recently, large-scale proteomic analysis of
arginine-methylated proteins revealed the identity of many of
these RNA-binding proteins?*?>. Both Type I and Type II
PRMTs are involved in the regulation of splicing. The Type I
enzyme, CARMI, enhances exon skipping in an enzyme-
dependent manner®2%, It regulates splicing by methylating a
number of splicing factors (CA150, SAP49, SmB and U1C), likely
at transcriptionally active sites to which it is recruited as a
transcriptional coactivator®. PRMT6 is another transcriptional
co-regulator that does not exclusively modulate gene expression,
but also has an impact on alternative splicing patterns®’. Indeed,
transcriptome analysis of PRMT6 knockdown cells revealed a
number of gene-specific exon pattern changes, including altered
exon retention and exon skipping?®. The Type II enzyme,
PRMTS5, functions as a transcriptional repressor in the nucleus
by symmetrically methylating histone H4R3 and H3R8 (ref. 29).
In the cytoplasm, PRMT5 is primarily found in the 20S
methylosome complex, along with MEP50, }ZJICIn and various
Sm proteins (SmB/B’, D1-3, E, F and G)>°-32, In this complex,
the Sm proteins are symmetrically dimethylated by PRMT5. In
turn, the methylated Sm proteins interact with the Tudor domain
of SMN33, which helps to load the Sm proteins on spliceosomal
snRNAs (U1, U2, U4, U5, Ull and U12)?*% Thus, PRMT5
plays a critical role in spliceosomal U snRNP maturation. PRMT5
has a rather central role in pre-mRNA splicing, and it is assumed
that pleiotropic splicing defects will be observed on PRMTS5 loss;
this is indeed the case. The conditional removal of PRMTS5 in
mouse neural progenitor cells results in defects in both
constitutive splicing and alternative splicing®>. Furthermore, in
Arabidopsis, PRMT5 is essential for proper pre-mRNA
splicing®®37.

The splicing factors SAP145 and SAP49 are tightly associated
with each other!”. SAP145 and SAP49 are dedicated components
of the nuclear U2 snRNP. The region of SAP145 that interacts
with SAP49 has been mapped, and it lies adjacent to the
R508me2s site>®. Methylation of R508 does not have an impact
on the SAP145/SAP49 interaction (Supplementary Fig. 6). The
PRMT9/SAP145/SAP49 complex likely forms in the cytoplasm,
where PRMT9 deposits the SAP145898me2s mark for subsequent
recognition by SMN. In mammals, newly synthesized snRNAs are
first exported to the cytoplasm, where they undergo maturation
(partial snRNP complex assembly) before being imported back
into the nucleus to form catalytically active snRNPs?l. As
described above, PRMT5 plays a critical role in the biogenesis
of the Sm-class of spliceosomal snRNPs. PRMT9 seems to add
another level of maturation, which is specific for U2 snRNA.
A fairly unique feature of PRMTY is its ability to strongly interact
with its substrate, SAP145 (Fig. 2d); most PRMTs, with the
exception of PRMT3, do not do this. The PRMT9/SAP145
interaction occurs in the cytoplasm. However, copious quantities

of SAP145 are observed in the nucleus3®. Thus, it is likely that
some signals, perhaps a post-translational modification, regulate
the dissociation of PRMT9 and SAP145 to facilitate nuclear
translocation of the maturing U2 snRNP. Indeed, we observe
reduced SmB/B’ association with mutant SAP145 (GFP-
SAP145R508K) " which is indicative of an U2 snRNP maturation
defect. This flaw in U2 snRNP maturation could modify the
fidelity of branch point recognition and alter a subset of
alternative splicing events.

Methods

Plasmids and antibodies. Human PRMT9 cDNA (NM_138364.2) was subcloned
into a pGEX-6p-1 vector (GE Healthcare Life Sciences), a pEGFP-C1 vector
(Clontech) and a 3XFlag vector (Invitrogen). NTAP-PRMT9 used for tandem
affinity purification was generated by cloning human PRMT9 ¢cDNA into pCeMM
NTAP(GS) vector (EUROSCARF). Human SAP49 cDNA, SAP145 cDNA and its
truncated cDNAs were cloned into pEGFP-C1 vector. Both wild-type and mutant
HA-PRMT9 were cloned into pBacPAK vector (Clontech) for insect cell expres-
sion. Rabbit anti-GFP polyclonal antibody was purchased from Invitrogen (Cat no.
A6455, used for IP, 2 pl per IP). Mouse anti-HA monoclonal antibody was
purchased from Covance (Cat no. MMS-101P-200, used for western blot, 1:2,000
dilution). Mouse anti-Flag M2 monoclonal antibody was purchased from Sigma
(Cat no. A2220, used for IP, 20 pl per IP). Rabbit anti-SAP145 polyclonal antibody
was purchased from Novus Biologicals (Cat no. NB100-79848 used for western blot
analysis, 1:3,000 dilution and IP, 5 ul per IP). Rabbit anti-SAP49 polyclonal anti-
body was purchased from Abcam (Cat no. ab66659, used for western blot analysis,
1:1,000 dilution). Mouse anti-PRMT9 monoclonal antibody was raised, using the
recombinant GST-PRMT9 as antigen, by the Antibody Facility Core at M.D.
Anderson Cancer Center (used for western blot analysis, 1:1,000 dilution and IP,
10 ul per IP). The SAP145R508me2s antibody was identified in a screen for
SDMA-specific antibodies (used for western blot, 1:1,000 dilution). Cell Signaling
Technology generated this panel of antibodies using the XXXXRMZSXXR™€2S
XXXXRMEISXXXRMEZXXXX peptide as an antigen. The resulting antibodies were
screened on PRMT5 KO cells, and the majority displayed a loss of immuno-
reactivity. However, two of these antibodies, BL8244 and BL8245, strongly
recognized a band of roughly 150 kDa, which is not lost in PRMT5 KO cells. When
we tested these two antibodies on PRMT9 knockdown cells, the immunoreactivity
of this 150-kDa band was reduced. We thus went on to characterize these anti-
bodies in vitro (Fig. 5). Uncropped immunoblots for each figure are shown in
Supplementary Fig. 8.

Tandem affinity purification. HEK293 cells (from ATCC) were transfected with
NTAP-PRMTY. A total of 1 x 108 cells were used for tandem affinity purification.
In brief, cells were first lysed in lysis buffer containing 50 mM Tris-HCI (pH 7.5),
125mM NaCl, 5% glycerol, 0.2% NP-40, 1.5 mM MgCl,, 25 mM NaF, 1 mM
Na;VO, and protease inhibitors. After centrifugation at maximum speed for

10 min, the supernatant was incubated with rabbit-IgG Sepharose (GE Healthcare
Life Sciences) at 4 °C for 4h. The bound beads were first washed with lysis buffer
and then with TEV-protease cleavage buffer (10 mM Tris-HCI (pH 7.5), 100 mM
NaCl and 0.2% NP-40). The bound protein complexes were eluted by addition of
50 ug TEV protease (4 °C, overnight). TEV-protease cleavage products were then
incubated with Streptavidin agarose (Millipore) at 4 °C for 2 h. The bound proteins
were heated at 100 °C for 5min in SDS sample buffer and analysed using
SDS-PAGE followed by either silver staining or SYPRO Ruby staining. After
comparison with the control samples, differentially expressed bands were cut from
the gel and proteins were identified with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using the Protein and Metabolite Analysis Core Facility
at UT Austin.

Baculovirus expression and protein purification. HA-PRMT9 (both wild-type
and the enzymatic mutant as described below) in pBacPAKS8 vector were co-
transfected with linearized Baculovirus DNA (BD Biosciences) using the FuGENE
6 transfection reagent (Roche). The expression and purification of recombinant
proteins were followed according to the instruction manual of Baculovirus
Expression Vector System (6th Edition, May 1999), except that HA-conjugated
beads and HA peptide (Sigma) were used to bind and elute the recombinant
proteins, respectively. Purified proteins were then dialysed in 1 x TBS buffer

(50 mM Tris-Cl, pH 7.5, 150 mM NaCl) and used for the in vitro methylation assay.

Immunoprecipitation. HeLa cells were washed with ice-cold PBS and lysed with
1 ml of co-IP buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1% NP-40, 5 mM
EDTA, 5mM EGTA, 15mM MgCl,) with protease inhibitor cocktail. After soni-
cation, insoluble materials were removed by centrifugation at maximum speed for
10 min. Whole-cell lysates were incubated with 2 pg of immunoprecipitation
antibody overnight. After incubation with Protein A/G agarose beads, the bound
proteins were eluted and analysed using western blot analyses.
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Immunofluorescence. Hela cells (from ATCC) were grown on glass coverslips to
desired confluence before fixation. Cells were rinsed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. After blocking with 20%
newborn calf serum, cells were incubated with monoclonal PRMT9 antibody
(1:1,000) at 4 °C overnight. Cells were then stained with secondary antibody and
DAPI sequentially. The coverslips were then sealed and examined under a NIKON
Eclipse E800 fluorescent microscope.

GST pull down. GST and different recombinant proteins were expressed and
purified from Escherichia coli. The individual protein was incubated with HeLa
cell lysates at 4 °C overnight. The protein complex was then incubated with
Glutathione Sepharose 4B resin (GE Healthcare Life Sciences) for 1h at 4 °C. The
eluted samples were loaded on SDS-PAGE gel and detected with western blot
analyses using the indicated antibodies. Equal loading of the recombinant proteins
was visualized by either Coomassie blue staining or ponceau staining.

Nuclear and cytoplasmic extraction. Cytoplasmic and nuclear fractions of HeLa
cells were extracted following the protocol as described in the instructions from the
NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotech).

esiRNA knockdown. esiRNA used for transient knockdown of PRMT9 was
designed using the website http://cluster-12.mpi-cbg.de/cgi-bin/riddle/search.

The preparation of dsRNA was followed according to the instructions of the
MEGAscript RNAi Kit (Invitrogen). dsRNA was then digested with RNase III to
produce a blender of 18- to 30-bp siRNA mixture. After purification, the esiRNA
was dissolved in H,O and tested for knockdown efficiency.

Site-directed mutagenesis. Human PRMT9 was mutated to create a catalytically
inactive mutant by introducing quadruple mutations (L182A, D183A, 1184A and
G185A) in the conserved motif I in both the HA-PRMT9 and GFP-PRMT9
plasmid vectors. Mutant primers (IDT, San Diego, CA) were as follows: forward
5-TGTTTGGGGTCCAAAAGTGTTGCGGCCGCTGCGGCAGGAACTGGAAT
ACTAAGC-3' and reverse primer 5'-GCTTAGTATTCCAGTTCCTGCCGCAG
CGGCCGCAACACTTTTGGACCCCAAACA-3' (Tm =86.7 °C). PCR reactions
were set up according to the QuikChange XL Site-Directed Mutagenesis kit
(Agilent Technologies Inc.). GST-SAP145 Arginine to Lysine series mutants were
generated using the same strategy. All mutations were confirmed on positive
colonies by DNA sequencing.

In vitro methylation assay. In vitro methylation reactions were carried out in
30 ul of PBS (pH =7.4.) containing 0.5-1.0 ug of substrate, 3 pg of recombinant
enzymes and 0.42 uM S-adenosyl-1-[methyl->H]methionine (79 Ci mmol ~ ! from a
7.5 UM stock solution; PerkinElmer Life Sciences). The reaction was incubated at
30°C for 1h and then separated on SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, treated with En3Hance (PerkinElmer Life Sciences) and
exposed to a film for 1-3 days at -80 °C.

High-resolution cation ge chromatography. In vitro methylation reac-
tions were set up with ~2 g of enzyme protein, ~ 5 pg of substrate and 0.7 pM
S—adenosyl—L—[methyl—3H]methionine (PerkinElmer Life Sciences, 75-85 Cimmol ~ 1,
0.55mCiml ~! in 10mM H,SO,/EtOH (9:1, v/v)) in a final reaction volume of
60 pl. The reactions were incubated and rotated for 1, 5 or 20h at 37°C, in a
reaction buffer of 50 mM potassium HEPES, 10 mM NaCl and 1 mM dithiothreitol,
pH 8.0. To quench the reaction, a final concentration of 12.5% trichloroacetic acid
was added with 20 pg of the carrier protein bovine serum albumin. After a 30-min
incubation at room temperature, the precipitated proteins were centrifuged at
4,000 x g for 30 min and washed with cold acetone to remove excess [*H]AdoMet,
and the pellet was air-dried before acid hydrolysis. Fifty microlitres of 6 N HCl
were added to each dried pellet, and 200 pl of 6 N HCI was added to a Waters
PicoTag Chamber. Each sample was acid-hydrolysed in vacuo at 110 °C for 20 h.
After acid hydrolysis, the pellets were dried using vacuum centrifugation. To
prepare samples for high-resolution cation-exchange chromatography, the
hydrolysed samples were resuspended in 50 pl of water and mixed with sodium
citrate buffer (0.2 M in Na+, pH 2.2) and standards including 1 pmol each of
®-MMA (acetate salt, Sigma, M7033), SDMA (di(p-hydroxyazobenzene)-p'-
sulfonate salt, Sigma, D0390) and ADMA (hydrochloride salt, Sigma, D4268).
Samples were loaded on sulfonated polystyrene resin and eluted using 0.35M
sodium citrate running buffer, pH 5.25, at 55 °C. One-milliliter fractions were
collected and the positions of the internal standards were determined using a
ninhydrin assay using only 50 pl of each fraction. Fractions (950 pl) were assayed
for radioactivity by the addition of 10 ml of Safety Solve Scintillation cocktail
(Research Products International, 111177) and data were reported as the average of
three 5-min counting cycles on a Beckman LS6500 Liquid Scintillation instrument.

Thin-layer chromatography. Fraction samples were spotted on a cellulose plate
along with the addition of 5nmol MMA, 15nmol ADMA and 5nmol SDMA of
internal standards as described above. Individual standards were also spotted in

adjacent lanes to determine the migration distance of each methylated arginine
derivative. The origin is indicated by fraction 2. The solvent front was run near the
end of the plate to fraction 32. The plate was air-dried and each lane was subse-
quently sliced in 5-mm fractions and counted using liquid scintillation counting for
three 30-min counting cycles. This experiment was repeated three times and
similar migration patterns were observed.

Protein sequence alignment using ClustalW. The parameters for the alignment
using ClustalW were set as follows: Gap Penalty: 10, Gap Length Penalty: 0.2,
Delay Divergent Seqs (%) 30, Protein Weight Matrix: Gonnet Series for multiple
alignment parameters, and for pairwise alignment, Gap Penalty: 10, Gap Length
0.1, Protein Weight Matrix: Gonnet 250.

Deep-sequencing and alternative splicing analysis by MISO. Paired-end
strand-specific RNA-seq reads were aligned to the human genome (hg19) using
TopHat 2.0.91. We performed 75-nt paired-end sequencing and achieved ~220
million and 120 million unique mapped reads for control knockdown and PRMT9
knockdown, respectively. On the basis of the alignment result from TopHat, MISO
model2 was used to compute ‘percentage spliced in” (PSI or ¥') values to quantify
alternative splicing, indicating the fraction of a gene’s mRNAs that include the
alternative region. Five types of alternative splicing were analysed, including
skipped exons, alternative 3'/5" splice sites, mutually exclusive exons and retained
intron. Then, change of ¥ and Bayes factor (>10) was used to identify sig-
nificantly altered splicing in PRMT9 knockdown.
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Background: Newly discovered protein arginine methyltransferase 9 (PRMT9) modulates alternative splicing by methyla-

tion of SF3B2.

Results: Biochemical probes of PRMT9 and its substrate protein revealed domains and residues required for methylation.
Conclusion: PRMTY is unique among PRMTs in its narrow range of methyl-accepting substrates.
Significance: Understanding PRMTY catalysis will help elucidate how it may control the activity of SF3B2 and other potential

endogenous substrates.

Human protein arginine methyltransferase (PRMT) 9 symmet-
rically dimethylates arginine residues on splicing factor SF3B2
(SAP145) and has been functionally linked to the regulation of
alternative splicing of pre-mRNA. Site-directed mutagenesis stud-
ies on this enzyme and its substrate had revealed essential unique
residues in the double E loop and the importance of the C-terminal
duplicated methyltransferase domain. In contrast to what had been
observed with other PRMTs and their physiological substrates, a
peptide containing the methylatable Arg-508 of SF3B2 was notrec-
ognized by PRMT?9 in vitro. Although amino acid substitutions of
residues surrounding Arg-508 had no great effect on PRMT rec-
ognition of SF3B2, moving the arginine residue within this
sequence abolished methylation. PRMT9 and PRMT5 are the only
known mammalian enzymes capable of forming symmetric
dimethylarginine (SDMA) residues as type Il PRMTs. We demon-
strate here that the specificity of these enzymes for their substrates
is distinct and not redundant. The loss of PRMT5 activity in mouse
embryo fibroblasts results in almost complete loss of SDMA, sug-
gesting that PRMTS5 is the primary SDMA-forming enzyme in
these cells. PRMT9, with its duplicated methyltransferase domain
and conserved sequence in the double E loop, appears to have a
unique structure and specificity among PRMTs for methylating
SF3B2 and potentially other polypeptides.

Protein arginine methylation is an important post-transla-
tional modification in eukaryotic cells catalyzed by the family of
PRMTs? (1-4). Each member of this family contains a con-
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3The abbreviations used are: PRMT, protein arginine methyltransferase;
MMA, w-NS-monomethylarginine; ADMA, w-N°NS-asymmetric dimethyl-
arginine; SDMA, o-N° N'-symmetric dimethylarginine; AdoMet, S-adeno-

served core methyltransferase domain, consisting of S-adeno-
syl-L-methionine (AdoMet)-binding sequences in motif I and
post-motif I, and substrate-binding sequences in motif II, post-
motifII (including the double E loop), and the THW loop (1-5).
The mammalian family of PRMTs has been divided into three
groups based on their activities. Type I PRMTs (PRMT1-4,
PRMT6, and PRMTS) transfer up to two methyl groups on
the same terminal guanidino nitrogen of arginine to form -
NS-monomethylarginine (MMA) and «-N€N®-asymmetric
dimethylarginine (ADMA) residues. Type II PRMTs (PRMT5
and PRMTY9) transfer methyl groups on different terminal gua-
nidino nitrogen atoms to form MMA and w-N% N’ S-symmetric
dimethylarginine (SDMA) residues. Finally, type III enzymes
transfer only a single methyl group to form MMA residues
(PRMT?7) (1-38). Both histone and non-histone proteins have
been identified as PRMT substrates (2, 4—6, 9), indicating very
diverse and important roles for these arginine-modifying
enzymes. For example, dysregulation of PRMT1, the major
asymmetric dimethylating enzyme, results in a variety of can-
cers, including breast, colon, bladder, lung, and various leuke-
mias (5, 10, 11). Overexpression of other PRMTs (2 8) has also
been linked to cancer development (particularly breast cancer)
through increased cellular proliferation, conferred resistance to
DNA-damaging agents, and increased cell invasion (3, 5). The
mammalian PRMTs have important roles in transcriptional
regulation, signal transduction, nuclear/cytoplasmic shuttling,
DNA repair, mRNA splicing, and male germ line gene imprint-
ing (2, 3).

Although most of the mammalian arginine methyltrans-
ferases have been extensively studied, the catalytic activity of
PRMT9 was unknown until our recent work identified it as the
second SDMA-forming enzyme in mammals (7). This enzyme

syl-.-methionine; [methyl->HJAdoMet, S-adenosyl-L-[methyl->H]methio-
nine; GAR, glycine- and arginine-rich domain of human fibrillarin; MBP,
myelin basic protein; OHT, 4-hydroxytamoxifen; OPA, o-phthalaldehyde; MEF,
mouse embryo fibroblast; ATPR, GST-PRMT9 mutant missing residues 21-139;
AN, GST-PRMT9 mutant missing residues 21-350; AC 529, GST-PRMT9 mutant
missing residues 530-895; AC 350, mutant missing residues 351-895; Bistris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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should be distinguished from the FBXO11 gene product, previ-
ously erroneously termed PRMTY, that is a component of an E3
ubiquitin ligase complex (7, 12). Biological assays showed that
PRMT?9 levels are functionally linked to the regulation of alter-
native splicing, and PRMT9 was thus identified as a modulator
of small nuclear ribonucleoprotein maturation (7). PRMT9 is
found in a cellular complex with the splicing factors SF3B2 and
SF3B4, also known as SAP145 and SAP49, respectively (7).
PRMT?9 catalyzes the formation of MMA and SDMA in SF3B2
but had little or no activity on the common in vitro substrates of
other PRMTs, such as polypeptides with glycine-arginine rich
repeats (GAR) (7).

Splicing factor SF3B2 is highly conserved in nature, binds
SF3B4 in a tight complex (13, 14), and has implied functional
roles in cell cycle progression (14). Previous studies have shown
that the HIV accessory protein Vpr interferes with the SF3B2-
SF3B4 complex as a mechanism to induce G, checkpoint arrest
and ensure colocalization in nuclear speckles (14). Because
PRMT?9 methylates SF3B2 within the highly conserved region
that mediates its interaction with Vpr, understanding how
SF3B2 is recognized and methylated by PRMT9 might provide
a potential anti-HIV role for this enzyme.

PRMTY, like PRMT?7, contains an ancestrally duplicated
methyltransferase domain (7, 8). Other PRMTs contain only
one methyltransferase domain, which makes this an unusual
feature of these two “outlier” PRMTs. Crystallographic studies
elucidating the structure of Mus musculus and Caenorhabditis
elegans PRMT7 show that AdoMet only binds to the N-termi-
nal domain, and the other methyltransferase domain at the C
terminus may have a pseudodimer function (15, 16), mimicking
the homodimer structure required for activity of other PRMT's
upon binding their substrate (PRMT1, PRMT3, and PRMTS5,
and Trypanosoma brucei PRMT7) (15, 17-19). Deletion of
either domain in PRMT7 abolishes its activity (20), as do amino
acid substitutions in the C-terminal domain (8), consistent with
a role in forming pseudodimers that are necessary for correct
substrate binding. In addition, our recent work shows that a
full-length PRMT? is necessary for interaction with SF3B2 (7).
In this study, we aimed to determine whether N- and C-termi-
nal truncations in PRMT9 retain methylation activity on SE3B2
in vitro. In addition, PRMT9 harbors three tetratricopeptide
repeats (TPRs), which often mediate protein-protein interac-
tions (21). We thus wanted to elucidate the functional role of
this TPR motif and the two methyltransferase domains.

We are also interested in determining how the specificity of
PRMT?Y is established, in particular what sets it apart from the
other much more promiscuous PRMTs. In the substrate-bind-
ing double E loop, there are several residues that are present in
the type II (PRMT5 and PRMTY9) and type III (PRMT7)
enzymes that are not found in the type I enzymes. In particular,
the presence of acidic residues in the double E loop of PRMT7
has been shown to play a role in the specificity of this enzyme
for methylating arginine residues in RXR sequences in an over-
all basic sequence context (8). It is intriguing that PRMT9 has a
double E loop sequence similar to PRMT7. We therefore
wanted to biochemically characterize this enzyme, probing for
the structural features responsible for its type II activity and
substrate specificity. We also hoped to use these studies to iden-

tify the residues around the methylated arginine in SF3B2 that
are critical for its recognition by the methyltransferase.

PRMTS5, the only other well characterized symmetrically
dimethylating enzyme (4, 22, 23), has been previously reported
to play an important role in spliceosomal U small nuclear ribo-
nucleoprotein maturation (24). It is therefore interesting that
PRMTY, the only other SDMA-generating enzyme as yet dis-
covered, also modifies a protein involved in RNA splicing. In
studies reported here, we have now used immunoblotting and
amino acid analyses to examine whether the roles of PRMT5
and PRMTY are redundant in the cell. Importantly, under-
standing the contribution of PRMT9 to the global cellular levels
of SDMA will determine its contribution to SDMA-mediated
biological activities.

Experimental Procedures

Phylogenetic Tree Construction and Sequence Alignments of
PRMTY and SF3B2 Orthologs—A protein BLAST search was
performed using Homo sapiens PRMT9 (Q6P2P2) and SF3B2
(Q13435) as the query to determine top-ranked orthologs. Pro-
tein sequences were aligned using MUSCLE (multiple-se-
quence comparison by log expectation) in MEGA6 (Molecular
Evolutionary Genetics Analysis) software (25). Phylogenetic
trees were generated using the neighbor joining method, and
evolutionary distances were determined using p-distance.
Sequence alignments for comparison of important regions
within each ortholog were done using Clustal Omega Multiple
Sequence Alignment software (26).

Bacterial Protein Expression and Purification—Human
PRMT9 ¢cDNA was subcloned into a pGEX-6p-1 vector (GE
Healthcare, catalog no. 28-9546-48), as described previously
(7), and expressed as a GST fusion protein in Escherichia coli
BL21 Star DE3 cells (Invitrogen, catalog no. C601003), resulting
in a fusion protein of the Schistosoma japonicum GST (Uniprot
P08515) with a linker sequence SDLEVLFQGPLGS and resi-
dues 1-845 of PRMT9 (UniProt Q6P2P2-1). The DNA of the
construct was sequenced on both strands to confirm insertion
and protein identity. Cells containing the GST-PRMT9 plasmid
were grown in 4 liters of LB broth (Difco, catalog no. 244610)
with 100 pg/ml ampicillin (Fisher, catalog no. BP1760) at 37 °C
to an ODy, of 0.6. Induction was performed at 18 °C with 0.4
mM isopropyl p-thiogalactopyranoside (Gold Bio, catalog no.
12481C25). After a 19-h induction, the cells were harvested at
5000 X gat4 °Cand washed two times with phosphate-buffered
saline (PBS, 137 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 2 mm
KH,PO,, pH 7.4). Cells were then either frozen at —80 °C until
lysis or immediately resuspended in 16 ml of PBS containing 1
mMm phenylmethylsulfonyl fluoride (Sigma, catalog no. P7626)
and lysed using an Avestin EmulsiFlex-C3 homogenizer for two
cycles at 18,000 p.s.i. (Ottawa, Ontario, Canada). After the
lysate was centrifuged at 23,000 X g for 50 min, the supernatant
containing GST-PRMT9 was added to 1 ml of a 50% slurry of
glutathione-Sepharose 4B resin (GE Healthcare, catalog no.
17-0756-01) and rotated at 4 °C for 2 h. The resin was then
washed with PBS, and the protein was eluted with 2 ml of 30 mm
reduced L-glutathione (Sigma, catalog no. G4251) in 50 mm
Tris-HCI, 120 mm NaCl, and 5% glycerol, pH 7.5. The GST-
SF3B2(401-550) fragment was generated by subcloning human
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TABLE 1
Primers for mutagenesis
Fwd is forward and Rev is reverse.

Primer name Sequence Ty
L 94
PRMT9
L182A/D183A/1184A/G185A Fwd: 5'-TGT TTG GGG TCC AAA AGT GTT GCG GCC GCT GCG GCA GGA ACT GGA ATA CTA AGC-3’ 86.7
Rev: 5'-GCT TAG TAT TCC AGT TCC TGC CGC AGC GGC CGC AAC ACT TTT GGA CCC CAA ACA-3’
D258G Fwd: 5'-A GTT GTA ACA GAA ACT GTC GGT GCA GGT TTA TTT GGA GAA G-3' 78.6
Rev: 5'-C TTC TCC AAA TAA ACC TGC ACC GAC AGT TTC TGT TAC AAC T-3’
G260E Fwd: 5'-GTA ACA GAA ACT GTC GAT GCA GAG TTA TTT GGA GAA GGA ATT GTG G-3' 785
Rev: 5'-C CAC AAT TCC TTC TCC AAA TAA CTC TGC ATC GAC AGT TTC TGT TAC-3’
ATPR Fwd: 5'-CGC TGG GGC AGC CGG CAA TTT TTA TCG TGT TGC-3' 81.6

Rev: 5'-GCA ACA CGA TAA AAA TTG CCG GCT GCC CCA GCG-3’
AN Fwd: 5'-GCT GGG GCA GCC GGC CCT TAT ACA ACT GAA A-3’ 80.3
Rev: 5'-TTT CAG TTG TAT AAG GGC CGG CTG CCC CAG C-3'

AC350 Fwd: 5'-GCT TAT TCT TCT GTA GAT ACT GAA GAA ACA ATT GAA TAG TAG ACA ACT GAA AAG ATG AGT-3' 82.6
Rev: 5'-ACT CAT CTT TTC AGT TGT CTA CTA TTC AAT TGT TTC TTC AGT ATC TAC AGA AGA ATA AGC-3’

AC529 Fwd: 5'-TG GAA TCT ACA GAA ATT GCT TTG CTT TAG TAG ATC CCA TAT CAT GAA GGC TTT AAA ATG G-3' 79.6
Rev: 5'-C CAT TTT AAA GCC TTC ATG ATA TGG GAT CTA CTA AAG CAA AGC AAT TTC TGT AGA TTC CA-3'

SF3B2

K507A/K509A Fwd: 5'-G CCA CGC CAC TGG TGT TTT GCG CGC GCA TAC CTG CAG GGC AAA C-3’ 794
Rev: 5'-G TTT GCC CTG CAG GTA TGC GCG CGC AAA ACA CCA GTG GCG TGG C-3'

K507R/K509R Fwd: 5'-CCA CGC CAC TGG TGT TTT AGG CGC AGA TAC CTG CAG G-3' 80.0
Rev: 5'-C CTG CAG GTA TCT GCG CCT AAA ACA CCA GTG GCG TGG-3'

K507R/R508K/K509R Fwd: 5'-TGC CTG TGC CAC GCC ACT GGT GTT TTA GGA AGA GAT ACC TGC AGG GCA A-3' 78.4
Rev: 5'-T TGC CCT GCA GGT ATC TCT TCC TAA AAC ACC AGT GGC GTG GCA CAG GCA-3’

K507R/R508K Fwd: 5'-TGT GCC ACG CCA CTG GTG TTT TAG GAA GAA ATA CCT GCA GGG CAA AC-3’ 78.7
Rev: 5'-GT TTG CCC TGC AGG TAT TTC TTC CTA AAA CAC CAG TGG CGT GGC ACA-3’

F506A/Y510A Fwd: 5'-GTG CCA CGC CAC TGG TGT GCT AAG CGC AAA GCC CTG CAG GGC AAA-3' 79.5

Rev: 5'-TTT GCC CTG CAG GGC TTT GCG CTT AGC ACA CCA GTG GCG TGG CAC-3'

SF3B2 ¢DNA into the pGEX-6p-1 vector (7). GST-SF3B2 401—
550-residue wild type and mutant fragments were purified in a
similar manner, but protein was expressed using 0.5 mm isopro-
pyl p-thiogalactopyranoside and induced for 18 —20 h, 250 rpm
at 18 °C. GST-GAR was purified as described previously (27).
Bovine myelin basic protein was purchased from Sigma
(M1891, lyophilized powder). Recombinant human histones
were purchased from New England Biolabs (histone H2A, cat-
alog no. M2502S; histone H2B, catalog no. M2505S; histone
H3.1, catalog no. M2503S; histone H4, catalog no. M2504;
Ipswich, MA). Calf thymus histones type IIA-S were purchased
from Sigma (catalog no. H7755). Human recombinant FLAG-
tagged PRMT5/MEP50 was purchased from BPS Bioscience
(catalog no. 51045, lot 140131). A His-tagged human myelin
basic protein construct on a pET15b-TEV plasmid was a gen-
erous gift from Dr. Douglas Juers from Whitman College; pro-
tein expression was performed under similar conditions, and
the protein was purified using HisPur Cobalt Resin (Thermo
Scientific, catalog no. 89964), with washing in 50 mm phosphate
buffer containing 10 mm imidazole, pH 7.0, and elution using a
50 mMm phosphate buffer containing 150 mm imidazole, pH 7.0.
The protein was dialyzed overnight into PBS to remove residual
imidazole. Proteins were quantified using a Lowry assay after
precipitation using 10% trichloroacetic acid, using bovine
serum albumin as a standard.

Mutagenesis—PRMT9 was mutated to create a catalytically
inactive enzyme by introducing quadruple mutations (L182A/
D183A/1184A/G185A) in the conserved AdoMet-binding
motif I in both the GST-PRMT?9 plasmid described above and
in the GFP-PRMTY plasmid described previously (7). Trunca-
tion mutants and double E loop mutants were created on the
GST-PRMT9 wild type plasmid using the mutagenized primers
listed in Table 1. Double E loop mutants consisted of mutating
residues Asp-258 to Gly (D258G) and Gly-260 to Glu (G260E).
Truncation mutants for GST-PRMT9 were created using

mutagenized primers to remove the indicated amino acids from
the plasmid as follows: ATPR (residues 21-139), AN (residues
21-350), AC 529 (stop codons were placed upstream of the
C-terminal domain, at positions 529 and 530), and AC 350 (stop
codons were placed upstream of the C-terminal domain at posi-
tions 350 and 351). SF3B2 mutants were created on the GST-
SF3B2401-550 fragment wild type plasmid, using mutagenized
primers listed in Table 1. Mutants included K507A/K509A
(-FARAY-), K507R/K509R (-FRRRY-), K507R/R508K/K509R
(-FRKRY-), K507R/R508K (-FRKKY-), and F506A/Y510A
(-AKRKA-). The GST mutant constructs were transformed
into BL21 DE3 E. coli cells for expression as described above.
GFP mutant constructs were transfected into HEK293 cells as
described below. Mutagenesis was performed with PCRs set up
according to the QuikChange XL site-directed mutagenesis kit
(Agilent Technologies Inc., catalog no. 200521), using 50 ng of
the appropriate wild type plasmid template, 125 ng of each for-
ward and reverse primer as shown in Table 1, and 1 ul of PfuUltra
HF DNA polymerase (2.5 units/ul). The PCR was run at 95 °C
for 1 min, 18 cycles of 95 °C for 50 s, 60 °C for 50 s, and 65 °C for
3 min, followed by a final extension at 68 °C for 7 min. Following
PCR, 1 pl of Dpnl enzyme was added to the reaction and incu-
bated at 37 °C for 1 h to digest the parental supercoiled dsDNA.
Mutated plasmids were transformed into XL10-Gold Ultra-
competent cells (200315, Agilent Technologies, Inc.) and
plated onto LB plates with ampicillin (100 ug/ml) for GST-
PRMT9 mutants and GST-SF3B2 mutants or kanamycin (30
png/ml) (Fisher, catalog no. BP906) for GFP-PRMT9. DNA
sequencing on both strands confirmed the mutations in posi-
tive colonies (GeneWiz, San Diego).

Generation of a Stable Cell Line Expressing Wild Type and
Mutant GFP-PRMT9—Wild type and mutant GFP-PRMT9 on
plasmid pEGFP-N1 (7) were transfected into HEK293 Flp-In
TREX cells (Invitrogen, catalog no. R780-07). Approximately 1
g of wild type or mutant plasmid DNA was incubated with 50
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PSP family protein T. thermophila 203 241

G.gallus — none
R.leguminosarum — none
A. nidulans - none
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ulof Opti-MEM (Gibco, Invitrogen, catalog no. 31985062) for 5
min and then added to a solution containing 50 ul of Opti-
MEM and 20 ul of FuGENE 6 transfection reagent (Promega,
catalog no. E2691). The transfection solution was incubated for
20 min and added to the center of a 6-cm plate containing
HEK293 cells in F-12/DMEM (1:1) (HyClone, Thermo Scien-
tific, catalog no. SH30023.02), 10% fetal bovine serum (Tet-
tested FBS, Gibco, catalog no. 16000), and 1% penicillin/strep-
tomycin (Invitrogen, catalog no. 15140-122). Plates were
incubated at 37 °C, 5% CO, for 4 days until the cells were about
80% confluent. At that time, 400 ng/ml geneticin (G418, Invit-
rogen, catalog no. 11811023) was added, and selection was
monitored for 2 weeks. Cells positive for GFP-PRMT9 were
confirmed by their ability to form colonies, their fluorescence,
and by immunoblotting using an antibody to GFP (anti-rabbit
GFP, Abcam).

Immunoprecipitation from HEK293 Cells Expressing GFP-
PRMT9—Stable cell lines containing wild type and mutant
GFP-PRMT9 DNA were grown to confluence in 1-liter roller
bottles with DMEM, 10% Tet-tested FBS, and 1% penicillin/
streptomycin. Cells were harvested and washed once with PBS.
220 pg of anti-rabbit GFP antibody (Abcam) was cross-linked
to protein A beads (catalog no.156-0006, Bio-Rad) with 0.22 m
dimethyl pimelimidate-HCl (Thermo Scientific, catalog
n0.21667) in 0.2 M sodium borate, pH 9.0. Beads were washed
with 0.2 M ethanolamine and 0.2 M NaCl, pH 8.5, to inactivate
residual cross-linker. Cells were lysed with LAP300 buffer (50
mM potassium HEPES, pH 7.4, 300 mm KCI, 1 mm EGTA, 1 mm
MgCl,, 10% glycerol, 0.3% Nonidet P-40) and protease inhib-
itor mixture (cOmplete, Roche Applied Science, catalog
n0.11697498001). The lysate was centrifuged at 28,400 X gfor 10
min at 4 °C. The supernatant was then spun at 100,000 X g for
1 hat4°C, and this supernatant was collected and added to 0.4
ml of a 50% slurry of the GFP-protein A beads prepared as
described above and equilibrated in LAP200 buffer (same as the
LAP300 buffer described above but with 200 mm KCI). After
incubation for 1 h at 4 °C, the beads were washed three times
with LAP200 and stored in LAP100 buffer (100 mm KCl) at 4 °C.

Immunofluorescence and Localization of GFP-PRMT9 Wild
Type and Mutant—Stable cell lines containing wild type and
mutant GFP-PRMT9 in HEK293 cells were grown to conflu-
ency at 37 °C, 5% CO,, on a poly-L-lysine-coated coverslip (BD
Biosciences, catalog no. 354085) in a 24-well plate. After reach-
ing confluency, cells were fixed using BRB80 buffer (0.4 m
PIPES, 5 mm MgCl,, and 5 mM EGTA, pH 6.8) with 4% parafor-
maldehyde (Electron Microscopy Science, catalog no. 15710).
Cells were washed with PBS and permeabilized using 0.2% Tri-
ton X-100 for 1 min. Coverslips were then transferred to a
moisture chamber and incubated for 30 min at room tempera-
ture with immunofluorescence (IF) buffer (PBS containing 5%

fish gelatin (Sigma, G7765) and 0.1% Triton X-100). Anti-
bodies were diluted in IF buffer and incubated for 1 h at room
temperature. Antibodies used include anti-GFP (rabbit, 1:500)
(Abcam) and Hoechst dye 33342 (1:1000) (Invitrogen, catalog
no. H1399). Secondary donkey anti-rabbit fluorescein isothio-
cyanate (FITC) antibody (AffiniPure, Jackson ImmunoRe-
search, catalog no. 711-095-152) was also diluted (1:500) in IF
buffer and incubated at room temperature for 30 min. Cover-
slips were then washed once with PBS, and 200 ul of anti-fade
mounting solution (ProLong gold antifade mounting solution,
Invitrogen, catalog no. P36934) was placed on the coverslips
and sealed with clear nail polish. Cells were imaged at X1000
magnification using a Leica TCS SPE I DMI4000 B inverted
scanning confocal microscope with a Leica DFC360FX digital
camera. Fixed cells on coverslips were kept at 25 °C during
imaging. Images were acquired using Leica AF6000 software
and analyzed using Fiji Image] software (National Institutes of
Health).

LC-MS/MS to Identify Substrates and Interaction Partners—
Immunoprecipitated GFP-PRMT9 wild type and catalytic
mutant samples were sent to the Birmingham Proteomics and
Mass Spectrometry Consortium, University of Alabama at Bir-
mingham, for protein identification. Data were received as
summary of protein peptide hits, among which were sorted for
the top protein peptide hits identified and used in this study.

Amino Acid Analysis of Substrates Using High Resolution
Cation Exchange Chromatography—In vitro methylation reac-
tions included the indicated amount of enzyme and substrate
proteins and 0.7 um S-adenosyl-L-[methyl->H]methionine
([methyl->H]AdoMet; PerkinElmer Life Sciences, 75-85
Ci/mmol, 0.55 mCi/ml in 10 mm H,SO,/EtOH (9:1, v/v)) in a
total volume of 60 ul. The reactions were performed at 37 °C in
50 mM potassium HEPES, 10 mm NaCl, and 1 mm DTT, pH 8.0.
Reactions were stopped by adding trichloroacetic acid to 12.5%
with 20 ug of the carrier protein bovine serum albumin. Acid
hydrolysis and high resolution cation exchange chromatogra-
phy were then performed as described previously (7). For nin-
hydrin assay, 50 ul of each fraction from the cation exchange
column was used to determine the elution of nonradiola-
beled standards, and the rest of the fraction (950 ul) was used
for liquid scintillation counting. The efficiency of counting
was determined to be about 51%. Under these conditions,
about 90 cpm correspond to 1 fmol of radiolabeled methyl
groups.

Detection of Methylated Substrates after SDS-PAGE—Meth-
ylation reactions were set up as described above for the amino
acid analysis, but the reactions were quenched by the addition
of SDS loading buffer. Reactions were then boiled for 5 min at
100 °C and separated on 12.6% Tris-glycine gels or 4-12% Bis-
tris gel (NuPAGE Novex, Invitrogen, NP0335BOX), stained

FIGURE 1. Evolutionary conservation of PRMT9 and SF3B2. A and C, representative phylogenetic trees based on human PRMT9 (Q6P2P2) (A) and human
SF3B2 (Q13435) (C) are shown for the selected organisms. UniProt IDs of top ranked orthologs with their respective E value are shown. The percentage of
replicate trees in which the specific associated taxa clustered together in 500 replicates of the boot strap test is shown next to the branches. Evolutionary
distances are displayed in units of the number of amino acid differences per site. All proteins were mutual best hits, and all organisms have complete genomes
sequenced. Based on groupings in the phylogenetic tree, proteins were identified as “PRMT9 orthologs,” “type I-like,” “other proteins,” and “PRMT7-like.”
B, sequence alignment of post-motif II; double E loop and THW loop residues, the two major distinguishing motifs found in PRMTs. Shaded letters indicate
sequence identity. Double E loop residues and THW loop residues are boxed in red. D, sequence alignment of amino acids surrounding the Arg-508 site that is
methylated by PRMTO9. Shaded letters indicates sequence identity, using the same species, order and UniProt IDs as indicated in C. The Arg-508 methylation site

indicated in red and an arrow.
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with Coomassie Blue for 1 h, and destained overnight. After
destaining, the gel was treated with autoradiography enhancing
buffer (EN®HANCE, PerkinElmer Life Sciences, catalog no.
6NE9701) and vacuum dried. The dried gel was then exposed to
autoradiography film (Denville Scientific, catalog no. E3012) at
—80 °C for the indicated amount of time. For radioactive gel
slice assay, gels were prepared, enhanced, and dried as
described above, but the dried gel band was cut and submerged
in 30% H,O, for 24 h at 37 °C in a scintillation vial to solubilize.
After incubation, 10 ml of Safety-Solve scintillation mixture
(Research Products International, catalog no. 111177) was
added to the vial, which was then counted for three 5-min
cycles on a Beckman LS6500 liquid scintillation instrument. As
described above, the specific activity of the label was about 90
cpm/fmol.

Generation of a PRMTS Inducible Knock-out Cell Line—
PRMTS5 floxed mice were crossed with ER-Cre mice to generate
Prmt5*"ER embryos and subsequently mouse embryonic
fibroblasts (MEFs), as described previously (28). The MEFs,
kindly provided by Drs. Marco Bezzi and Ernesto Guccione,
were immortalized by maintaining cells on a 3T3 culture pro-
tocol in which 10° cells were passed onto gelatinized 10-cm
dishes every 3 days.

PRMTS Knock-out MEFs and Immunoblotting—To knock
out PRMT5, Prmt5””“ER MEFs were treated with 2 uM 4-hy-
droxytamoxifen (OHT) for 14 or 30 days. Whole cell lysates of
OHT-treated and untreated MEFs were separated by SDS-
PAGE and transferred onto PVDF membranes. Blots were
probed with a panel of antibodies, including anti-PRMT5
(1:1000) (Millipore), anti-SDMA (BL8243, 1:500) (Cell Signal-
ing Technology, CST), anti-SDMA (BL8244, 1:200) (CST),
anti-ADMA (D10F7, 1:2000)(CST), anti-MMA (1:2000, CST,
catalog no. 8711), and anti-actin (1:10000) (Sigma, catalog no.
A1978).

Amino Acid Analysis of Protein Hydrolysates and Quantifi-
cation of SDMA—Approximately 40 mg of wet weight MEFs
and 100 ul of 6 N HCl were added to a 6 X 50-mm glass tube and
acid-hydrolyzed in vacuo as described above. After hydrolysis,
the lysates were vacuum dried and resuspended in 100 ul of
water and centrifuged at maximum speed (20,000 X g) for 10
min to remove debris. 75 ul was added to 250 ul of citrate
loading buffer (0.2 M Na™, pH 2.2), and amino acids were sep-

arated using the high resolution cation exchange chromatogra-
phy method described above. Individual fractions collected
with the known elution positions of ADMA, SDMA, MMA, and
arginine were further derivatized using OPA for fluorescence
detection and quantification using separation on a reverse
phase HPLC (HP 1090 II liquid chromatograph coupled to a
Gilson model 121 fluorometer with excitation filter of 305-395
nm and emission filter of 430 -470 nm, with a setting of 0.001
relative fluorescence units), as described previously (29). An
Agilent ZORBAX Eclipse AAA (analytical, 5 um, 4.6-mm inner
diameter, 150 mm in length) reverse phase column was used
with 25-ul sample injection volumes at 32 °C and a flow rate of
1.7 ml/min. Solvent A consisted of 50 mm sodium acetate, pH
7.0, and solvent B of 100% methanol. The HPLC gradient used
to separate the methylated OPA derivatives included a shallow
gradient from 23 to 31.5% B for 20 min, a 5-min hold at 95% B,
and a 14-min hold at 23% B. Because fractions containing argi-
nine OPA derivatives commonly overloaded the detector, dilu-
tions were made in the eluting buffer of the cation exchange
column (sodium citrate, pH 5.25). The elution positions of
methylated arginine derivatives were confirmed by comparison
with standards. To quantify the data, the area under the curve
for each amino acid peak of interest was determined using Excel
by integration and area of summation by trapezoids. The total
amount of each modification was calculated by summing the
area of each cation exchange fraction that had the methylated
amino acid present. Each replicate was normalized to cellular
levels of arginine.

Results

Human PRMTY and SF3B2 (SAP145) Are Evolutionarily
Conserved among Vertebrates and Invertebrates—A BLAST
search was used to identify homologs of human PRMT9 and
SF3B2 in vertebrates, invertebrates, plants, and fungi. The
sequences were aligned using MUSCLE, and a phylogenetic
tree was assembled to show the conservation across various
species (Fig. 1, A and C). Alignment of the post-motif II sub-
strate-binding double E loop shows a clear conservation of the
acidic residue Asp-258 and Gly-260 across all PRMT9
orthologs (Fig. 1B). Divergent sequences included PRMT7-like
sequences in plants and invertebrates (Fig. 1B). Alignment of
the THW loop also shows conservation of a cysteine residue in

FIGURE 2. PRMT9 does not or very weakly methylates common PRMT substrates. A, amino acid analysis of >H methylation reaction of bacterially expressed
GST-PRMT9 wild type and catalytic mutant with GST-GAR (left) and GST-SF3B2 401-550-residue fragment (right) after 20 h of reaction at 37 °C, with 0.7 um
[methyl-*H]AdoMet, and reaction buffer of 50 mmHEPES, 10 mmNaCl, 1 mm DTT, pH 8.0, in a final reaction volume of 60 wl. Approximately 5 j1g of each substrate
was reacted with 2 ug of wild type and catalytic mutant GST-PRMT9 enzyme. After TCA precipitation and acid hydrolysis, 1 wumol of ADMA, SDMA, and MMA
standards were added, and amino acid analysis was carried out as described under “Experimental Procedures.” The dotted black line indicates the ninhydrin
absorbance at 570 nm for the elution of the nonradiolabeled standards. The red line indicates the elution of radioactive methylated amino acids from the
reaction of the wild type enzyme with substrate, and the blue line indicates the elution of radioactive methylated amino acids from the methylation reaction of
the catalytic mutant enzyme with the substrate. Radioactivity is given as the average of three counting cycles on a liquid scintillation counter. Because of the
tritium isotope effect, radioactive methylated amino acids elute about 1 min prior to the nonisotopically labeled standards (45). B, amino acid analysis of
methylation reactions of a more active mammalian-expressed GFP-PRMT9, with GST-GAR (left) and GST-SF3B2 401-550-residue fragment (right) after a 20-h
reaction, using the same reaction conditions described in A. Approximately 5 ug of GST-GAR and GST-SF3B2 401-550-residue fragment were used in meth-
ylation reactions with 1 ng of GFP-PRMT9 wild type or catalytic mutant. The red line indicates the elution of radioactive methylated amino acids from the
reaction of the wild type GFP-PRMT9 enzyme with the substrate. The blue line indicates the elution of the radioactive methylated amino acids from the reaction
of the catalytic mutant GFP-PRMT9 enzyme with the substrate. The green and orange lines indicate the wild type and mutant enzyme only controls, respectively,
showing any radioactivity due to background contamination in the GFP-PRMT9 enzymatic preparations. C, amino acid analysis of methylation reactions of 1 ug
of GFP-PRMT9 wild type or catalytic mutant with 5 ug of calf thymus histones (left) after 20 h, using the same reaction conditions described above. Right panel
is an expanded view of the radioactivity scale to show residual activity with the control reactions. D, amino acid analysis of methylation reactions of 1 ug of
GFP-PRMT9 wild type or catalytic mutant preparations with 10 ug of bovine-purified MBP after 1 h (left panel), using the same reaction conditions described
above. Right panel shows an expanded view of the radioactivity scale to show residual activity of the control reaction with the catalytic mutant.
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Top Hits: (>5 peptide matches) Species  UniProtlD UniProt # Size Beptide Matches
60 kDa heat shock protein, mitochondrial Homo sapiens CH60_HUMAN P10809 61 kDa 8
ATP synthase subunit alpha, mitochondrial Homininae ~ ATPA_HUMAN P25705 60 kDa 11
DNA-dependent protein kinase catalytic sut Homo sapiens PRKDC_HUMAN P78527 469 kDa 13
GFP-PRMT9 GB0003 94 kDa 18
Heat shock 70 kDa protein 1A/1B Catarrhini HSP71_HUMAN P08107 70 kDa 8
Heat shock cognate 71 kDa protein Eutheria HSP7C_HUMAN P11142 71 kDa 9
Heat shock protein HSP 90-beta Homo sapiens HS90B_HUMAN P08238 83 kDa 5
Insulin receptor substrate 4 Homo sapiens IRS4_HUMAN 014654 134 kDa 5
Serum albumin Bostaurus  ALBU_BOVIN P02769 69 kDa 5
Sodium/potassium-transporting ATPase sut Homo sapiens AT1A1_HUMAN P05023 113 kDa 8
Splicing factor 3B subunit 2 Homininae  SF3B2_HUMAN Q13435 100 kDa 21
Splicing factor 3B subunit 4 Catarrhini  SF3B4_HUMAN Q15427 44 kDa 2
Translational activator GCN1 Homo sapiens GCN1L_HUMAN Q92616 293 kDa 5
Tubulin alpha-1B chain Tetrapoda  TBA1B_HUMAN P68363 (+1) 50 kDa 7
Tubulin beta chain Amniota TBB5_HUMAN P07437 50 kDa 8
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place of a histidine residue that is found in other types of
PRMTs (Fig. 1B). Interestingly, the only other mammalian
PRMT with a non-histidine residue at this position is PRMT5
(serine); the presence of smaller residues at this site has been
suggested to correlate with the ability of PRMT5 and PRMT9 to
form SDMA (4).

In our previous work, we identified Arg-508 on SF3B2 to be
the target methylation site for PRMT9 (7). Analysis of the
sequence surrounding Arg-508 of SF3B2 shows a strict conser-
vation of this residue and the surrounding residues in verte-
brates, invertebrates, plants, and fungi (Fig. 1D). The Lys-
507 and Lys-509 residues are conserved in almost all species
(Fig. 1D), with the exception of Schizosaccharomyces pombe,
where the second lysine is replaced with an aspartate. Aro-
matic residues of Phe-506 and Tyr-510 are also well con-
served, with differences found in the plants. Interestingly,
the chicken Gallus gallus contains a PRMT9 ortholog, but an
ortholog of SF3B2 does not appear to exist. In addition,
Nematostella vectensis (a sea anemone) contains a PRMT9
ortholog, but this gene seems to have been lost in other spe-
cies of the same phyla. In addition, organisms such as the
fungi Aspergillus nidulans and the bacterium Rhizobium
leguminarosum contain an SF3B2 ortholog but do not
appear to have an ortholog of PRMTY, suggesting the
enzyme plays a role unique to higher eukaryotes. The nem-
atode C. elegans PRMT-3 protein (UniProt 002325 in Fig.
1A) is noteworthy because it is most closely related to
PRMT9 (30), yet published studies show that it generates
only MMA (31).

PRMT? Is Poorly Active on Bona Fide PRMT Substrates—
Most PRMTs are able to efficiently methylate a variety of sub-
strate proteins; PRMT1 and PRMTS5 have very broad substrate
specificity, whereas PRMT4, PRMT6, and PRMT8 have a more
limited specificity but still methylate a variety of substrates (2).
We thus tested whether recombinant PRMT9 can methylate
the common substrates of these other PRMTs, including a
recombinant GST fusion of the N-terminal glycine and argi
nine-rich region of fibrillarin (GST-GAR) that is recognized by
PRMT1, PRMT3, and PRMT5-7 (2, 3, 8, 27, 32). In contrast to
other PRMTs, we found that PRMT9 poorly methylates GST-
GAR, as shown by amino acid analysis, with only a small radio-
active MMA peak formed (Fig. 24, left panel). Not surprisingly,
PRMTY is highly active on its biological substrate as the GST-

SF3B2 401-550-residue fragment (Fig. 24, right panel), pro-
ducing both MMA (100-fold higher than GST-GAR) as well as
SDMA products. A more active preparation of mammalian-
expressed PRMT9 (GFP-PRMTY) proved to have enhanced
methyltransferase activity on GST-GAR (Fig. 2B, left panel) and
GST-SF3B2 (Fig. 2B, right panel), where both MMA (20-fold
higher with GST-SE3B2 than that seen with GST-GAR)
and SDMA were formed. Calf thymus histones were weakly
methylated by the GFP-PRMT9 enzyme (MMA and some
SDMA, Fig. 2C) but not to the level seen with SF3B2. MBP
could not be methylated by PRMT?9, as no activity was seen
above that observed in the catalytic mutant (Fig. 2D). Here,
the catalytically inactive GFP-PRMT9 was used as a control
to rule out the possibility of another PRMT contaminant
coimmunoprecipitating with the mammalian-expressed
enzyme. We conclude that PRMT?9 has little to no activity on
the broadly methylated known substrates of the other mam-
malian PRMTSs, and it appears to be relatively specific for the
splicing factor SF3B2.

Mammalian-expressed PRMT9 Copurifies with Its Methyla-
tion Substrate SF3B2 and Is Localized to the Cell Cytoplasm—
Mass spectrometry analysis of tryptic peptides was done on the
immunoprecipitated wild type and catalytically inactive GFP-
PRMT?9 expressed in neuronally derived HEK293 cells (33) for
protein identification of other possible binding partners and/or
substrates. We previously showed that tandem affinity purifi-
cation-tagged PRMT9 expressed in cervically derived HeLa
cells was associated with SF3B2 and SF3B4 (7), and we sought
to confirm this interaction with a different cell type. In HEK293
cells, wild type PRMT9 was associated with several proteins
commonly brought down during the purification process but
most interestingly brought down SF3B2 (SAP145) and SF3B4
(SAP49) as the top hits (Fig. 34). Mass spectrometry analysis on
the catalytic mutant GFP-PRMT9 did not identify any SF3B2 or
SF3B4 peptides (data not shown), possibly suggesting that the
binding of AdoMet is a prerequisite for complex formation or
substrate binding. Immunofluorescence of wild type and
mutant PRMT9 confirms the protein is primarily found in the
cytoplasm, with some possible nuclear localization (Fig. 3B, top
panels). Tissue-based mapping of the human proteome (34)
confirms this localization, perhaps suggesting that variation of
localization and expression is based on the cell type. The GFP-
PRMT9 mutant protein was expressed in much lower

FIGURE 3. Interaction partner identification, localization, and activity characterization of mammalian expressed PRMT9. Mammalian expressed wild type and
catalytic mutant GFP-PRMT9 constructs were immunoprecipitated from HEK293 cells as described under “Experimental Procedures.” A, LC-MS/MS analysis was done
on immunoprecipitated wild type and catalytic mutant GFP-PRMT9 samples to identify possible substrates and interaction partners. Identified peptide hits with
greater than five peptide matches are listed (with the exception of SF3B4 with two peptide hits but was important for our analysis) for the wild type enzyme
preparation, along with their UniProt ID and number, molecular weight, and the exact number of peptide hits. Catalytic mutant GFP-PRMT9 had similar peptide
matches (data not shown), with the exception of the two splicing factors SF3B2 and SF3B4 identified in the wild type preparation were not identified with the mutant
sample. B, immunofluorescence experiments to determine the intracellular localization of the wild type and catalytic mutant GFP-PRMT9 samples. Immunofluores-
cence was performed in HEK293 cells using anti-GFP antibody at 1:500 dilution. The scale bar indicates 5 um. C, amino acid analysis (described under “Experimental
Procedures” (7)) of methylation reactions with GFP-PRMT9 wild type or catalytic mutant enzymes and GST-SF3B2 401-550-residue fragment after 1 h at 37 °C.
Approximately 1 ug of enzyme was reacted with 5 g of substrate, in a final reaction volume of 60 ul consisting of 0.7 um [methyl~*H]AdoMet and reaction buffer of
50 mm HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0. Right panel displays the expanded view of the radioactivity scale to show residual activity of the control reactions with the
catalytic mutant and enzyme and substrate only controls. The black dotted line indicates the ninhydrin absorbance at 570 nm for the elution of the nonradiolabeled
standards. The solid line indicates the elution of the radioactive methylated amino acids after the reaction of the enzyme with the substrate (red, wild type GFP-PRMT9,
and blue, catalytic mutant GFP-PRMT9). The green and orange lines indicate the wild type and catalytic mutant GFP-PRMT9 enzyme only controls, respectively, and the
purple line indicates the substrate only control. D, amino acid analysis of a highly active HA-tagged PRMT9 with a synthetic peptide consisting of the Arg-508
methylation site (highlighted in red), WCFKRKYLQ, indicated in the figure. The methylation reaction consisted of ~1 ug of HA-tagged PRMT9 and 12.5 um peptide, 0.7
M [methyl-*H]AdoMet, and methylation reaction buffer of 50 mm HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0, at 37 °C for 18 h. Green line indicates the enzyme only control
reaction for background contamination.
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FIGURE 4. Bacterially expressed GST-PRMT?9 is very active on SF3B2 substrate. A, amino acid analysis (described under “Experimental Procedures” (7))
using bacterially expressed GST-PRMT9 with GST-SF3B2 401-550-residue wild ?pe fragment. Methylation reaction consisted of 2 ug of enzyme (wild type or
catalytic mutant), 5 ug of GST-SF3B2 401-550-residue fragment, 0.7 um [methyl->H]AdoMet, and methylation reaction buffer of 50 mmHEPES, 10 mm NaCl, T mm
DTT, pH 8.0, at 37 °C for 1 h. The dashed black line indicates the ninhydrin absorbance at 570 nm for the elution of the nonradiolabeled standards. Solid lines
indicate the elution of the radioactive methylated amino acids after the reaction of the enzyme with the substrate (red, wild type GST-PRMT9, and blue, catalytic
mutant GST-PRMT9). Green and orange lines indicate the wild type and catalytic mutant enzyme only controls, respectively. The purple line indicates substrate
only control. B, autoradiography of *H-methylated GST-SF3B2 401-550-residue fragment with wild type or catalytic mutant GST-PRMT9. Reactions were
prepared as described in A for 1 h, and autoradiography was prepared as described above under “Experimental Procedures.” The dried gel was then exposed
to autoradiography film (Denville Scientific, E3012) for 7 days at —80 °C. BenchMark Protein Ladder (Invitrogen, catalog no. 10747-012) was used, with ~0.5 pg
of each standard is shown. The identity of a nonspecific radiolabeled band shown at 16 kDa is unknown, but its formation is not dependent upon an active

PRMT9 enzyme.
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FIGURE 5. Optimization of reaction conditions for PRMT9. A-C, optimiza-
tion of reaction conditions with GST-tagged PRMT9 for time (A), temperature
(B), and buffer and pH (C). For all optimization conditions, reactions were
quenched after the appropriate time by the addition of SDS loading buffer
and run on a 12.6% Tris-glycine gel as described under “Experimental Proce-
dures” for radioactive gel slice assay. A, time course reaction of GST-PRMT9
wild type enzyme with its substrate GST-SF3B2 401-550-residue wild type
fragment. The reactions contained ~4 g of GST-PRMT9, 6 g of GST-SF3B2,
0.7 um [methyl-*H]AdoMet in a 60-ul reaction buffer of 50 mm potassium
HEPES, pH 8.0, 10 mm NaCl, and 1 mm DTT. The reactions were run in duplicate
at the indicated temperature (red line, 37 °C; blue line, 18 °C) for the indicated
time (0, 0.5, 1, 2, 4, 8, 12, 16, and 24 h), run on SDS-PAGE, and counted as
described under “Experimental Procedures.” The specific activity determined
for the [methyl-*H]AdoMet (about 90 cpm/fmol) was used to calculate the

amounts (Fig. 3B, bottom panels), suggesting it may not be as
stable as the wild type fusion protein. These localization
studies suggest that PRMT9 methylates its substrate primar-
ily in the cytoplasm, before SF3B2 is shuttled to the nucleus
to participate in splicing. Amino acid analysis of GFP-
PRMT?Y with the bacterially expressed GST-SF3B2 fragment
containing the methylation site (7) shows great methylation
activity after only 1 h (Fig. 3C), with the controls of mutant
enzyme, enzymes alone, or substrate alone showing negligi-
ble activity.

Our previous work has shown the site of PRMT9 methylation
on SF3B2 is at Arg-508 (7). To study the effect of residues adja-
cent to Arg-508 on the methyltransferase activity of PRMT9, a
synthetic peptide containing the SF3B2 sequence of residues
504 -512 WCFKRKYLQ was generated (GenScript) and tested
as a methyl-acceptor for PRMT9. Surprisingly, both GFP-
PRMT9 (data not shown) and an even more active insect-ex-
pressed HA-tagged PRMT9 showed no activity above the
enzyme only control (Fig. 3D). Other peptides derived from
histone H2B and H4 residues and their mutants (H2B(23-37),
H4(1-21), and H4(14-22) (6, 8)) containing a similar KRK
sequence found in SF3B2 were also tested, and again no meth-
ylation activity was detected (data not shown). These results
suggest that a specific conformation of the protein around
the methylated arginine residue is required for PRMT9
methylation.

Bacterially Expressed GST-PRMT9 SDMA Forming Activity
on Splicing Factor SF3B2—Because mammalian-expressed
enzymes may be contaminated with endogenous PRMT family
members, and because it is generally accepted that no PRMT
activity has been observed in E. coli and other eubacteria (35—
37), we bacterially expressed the GST-PRMT9 enzyme to fur-
ther test for methylation activity. Using the GST-SF3B2 401—
550-residue fragment fusion protein as a substrate in in vitro
reaction mixtures with [methyl->’H]AdoMet, we showed the
formation of MMA and SDMA products by amino acid analysis
(Fig. 4A) and the strong methylation of the polypeptide with the
wild type enzyme but not with the catalytic mutant (Fig. 4, A
and B). These results further validate SF3B2 as the biological
substrate, because such activity with other substrates is not
seen with the GST recombinant enzyme (Fig. 24, left panel, and
data not shown).

To study the effects of active site mutations on the GST-
PRMTY enzyme, we optimized reaction conditions to deter-

amount of product formed. B, temperature dependence of GST-PRMT9 wild
type with GST-SF3B2 401-550-residue wild type fragment. The reactions con-
tained 4 g of GST-PRMT9, 6 ug of GST-SF3B2, 0.7 um [methyl-*H]AdoMet in a
60-ul reaction buffer of 50 mm potassium HEPES, pH 8.0, 10 mm NaCl, and 1
mm DTT. Duplicate reactions were incubated at the indicated temperature for
18.5 h, run on SDS-PAGE, and counted as described above. The activity was
calculated asin A. G, buffer type and pH influences activity of the enzyme with
its substrate. Reactions contained 4 ug of GST-PRMT9 wild type, 6 g of GST-
SF3B2 401-550-residue wild type fragment, 0.7 um [methyl->H]AdoMet, and
the addition of 50 mm buffer (sodium citrate (pH 3.0, 4.0, 5.0, and 6.0, red line),
sodium phosphate (pH 6.0, 7.0, and 7.5, blue line), Tris (pH 7.0, 7.5, 8.0,and 9.0,
green line), HEPES (pH 7.0, 7.5, 8.0,and 9.0, orange line), and glycine (pH 9.0 and
10.0, black line)) at a final reaction volume of 60 ul. Reactions were run for 8.5 h
at 37 °C. The reactions were quenched and run on a gel as described above
and under “Experimental Procedures.” Solubilized gel slices were counted
and activity calculated as in A.
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FIGURE 6. Comparison of the double E loop residues of PRMT9 with known PRMT structures. A, sequence alignment of the double E loop post motif I
residues of the nine human PRMTs. The Glu residues making up the double E loop are boxed in green. Important residues unique to PRMT5, PRMT7, and PRMT9
are boxed in red and yellow. Sequences correspond to PRMT1 (UniProt ID, Q99873), PRMT2 (P55345), PRMT3 (060678), PRMT4/CARM1 (Q86X55), PRMT5
(014744), PRMT6 (Q96LA8), PRMT7 (QONVM4), PRMT8 (Q9NR22), and PRMT9 (Q6P2P2). B, predicted structure of Homo sapiens PRMT9 using modeling to other
PRMTSs with known structures generated by Phyre2.0 software, with AdoMet included as a ligand. A close look at important double E loop substrate-binding
motif resides in relation to the AdoMet and substrate Arg. Acidic residues Glu-255 and Glu-264, which make up the ends of the double E loop, are boxed in
green. Asp-258, in the middle of the double E loop, is boxed in red, and Gly-260, a position where other PRMTs have a distinguishing residue and PRMT7 contains
a Glu, is boxed in yellow. The PRMT9 structure was modeled using Phyre2.0 (38) with input sequence from UniProt ID: Q6P2P2 and analyzed using PyMOL
software. SF3B2 substrate sequence is listed, with substrate arginine highlighted in red. C, important residues of the double E loop in the crystal structure of M.
musculus PRMT7 (Protein Data Bank code 4C4A (16)) with S-adenosylhomocysteine as a ligand. Mouse PRMT7 double E loop residues are identical to those of
human PRMT?7. Glu-144 and Glu-151 residues making up the ends of the double E loop are boxed in green. Acidic residues Asp-147 and Glu-149 are boxed in red
and yellow, respectively. Structure was analyzed using PyMOL software. General substrate sequence is listed, with substrate arginine highlighted in red. D, a
look at important residues of the double E loop in the crystal structure of H. sapiens PRMT5 (Protein Data Bank code 4GQB (39)) with sinefungin as a ligand.
Gly-438 and Phe-440 in identical positions to those highlighted in B and C are boxed in red and yellow, respectively. Structure was analyzed using PyMOL

software. General substrate sequence is listed, with substrate arginine highlighted in red.

mine the best conditions for methylation and also determine
the amount of time needed to attain linear product formation.
At 37 °C, enzyme activity was linear for 8 h, although at 18 °C it
was linear for 12 h. In contrast to the PRMT7 enzyme (8), the
activity was found to be ~4-fold higher at 37 °C than at 18 °C.
Analysis of enzyme activity over the range of 4—42 °C demon-
strated maximal activity at 37 °C (Fig. 5B). Using a variety of
buffers, we found optimal activity at pH values between 7.5 and
8.0, although significant activity was detected from pH 6.0 t0 9.0
(Fig. 5C).

Substrate-binding Double E Loop Residues Play an Important
Role in Coordinating the Substrate Arginine—PRMTs contain a
signature “double E loop” post-motif II, in which two glutamate
residues that bind the methylatable arginine residue of the sub-
strate protein are separated by eight residues (EXGE (2)).
Sequence alignment of these residues in the nine human
PRMTs shows several conserved residues (Fig. 6A4). Type I

PRMTs (PRMT1-4, PRMT6, and PRMT8) all contain signa-
ture WMG or PMG sequences in positions 2—4, where the type
II (PRMT5 and PRMT9) and type III (PRMT7) enzymes con-
tain distinct sequences. PRMT7 and PRMT9 each contain an
acidic Asp residue at position 4; PRMT7 has an additional
acidic residue at position 6, although PRMT9 has a Gly residue
there. The acidic residues at positions 4 and 6 have been shown
to have an important role in substrate recognition for human
PRMT?7 (8). The predicted structure of the PRMT9 double E
loop using Phyre2.0 modeling (38) shows the relative positions
of the glutamate residues (residues 255 and 264) responsible for
binding the substrate arginine. In this model, the carboxylate
group of the position 4 Asp-258 points away from the substrate
arginine, possibly to coordinate the binding of one or both of
the two lysine residues adjacent to the methylated arginine in
the FKRKY sequence of SF3B2 (Fig. 6B). The crystal structure
of mouse PRMT?7 (Fig. 6C) (16) shows a similar positioning of
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FIGURE 7. Importance of a single acidic residue in the double E loop of PRMT9. Site-directed mutagenesis was utilized to mutate the important residues
mentioned in Fig. 6. Asp-258 was mutated to Gly to mimic type | enzymes, and Gly-260 was mutated to Glu to mimic PRMT7. The mutants were sequenced on
both strands to confirm the mutation and bacterially expressed and purified as described under “Experimental Procedures.” Methylation reactions were
prepared using two PRMT substrates, PRMT9 substrate GST-SF3B2 401-550-residue wild type fragment (5 png) purified as described under “Experimental
Procedures” and PRMT?7 protein substrate recombinant histone H2B (5 ug) purchased from New England Biolabs. Approximately 2 ug of enzyme (GST-PRMT9
wild type, catalytic mutant, D258G, or G260E) were added to the reaction with the indicated amount of substrate, along with 0.7 um [methyl~*H]AdoMet and
methylation reaction buffer of 50 mm HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0 at 37 °C for 1.5 h. Reactions were quenched by the addition of SDS loading buffer,
run on 4-12% Bistris gel for SDS-PAGE, and dried as described under “Experimental Procedures.” The dried gel was exposed to autoradiography film for 21 days
at —80 °C. Molecular mass positions are indicated from 2 ug of unstained SDS-PAGE broad range markers (Bio-Rad, catalog no. 161-0317) electrophoresed in

parallel lanes.

the corresponding residues, with both the position 4 Asp-147
and position 6 Glu-149 carboxyl groups also pointing away
from the methylated arginine; this could account for the sub-
strate specificity requirement of PRMT7 for an RXR motif (6).
In addition, the crystal structure of human PRMT5 shows the
position of the side chain of Phe-440, corresponding to Glu-149
in PRMT7 and Gly-260 in PRMT9, pointing away from the
position of the methylated arginine (Fig. 6D) (39). These crys-
tallographic and predicted structures led us to further probe
these residues as being responsible for PRMT9’s substrate spec-
ificity for the -FKRKY- sequence within the protein structure of
SF3B2.

Site-directed Mutagenesis of Acidic Residue in PRMT9 Dou-
ble E Loop Abolishes Recognition and Methylation of SEF3B2—In
probing for the residues responsible for PRM T substrate spec-
ificity, site-directed mutagenesis was done on residues in the
double E loop described above and in Fig. 6. Asp-258 was
mutated to Gly (D258G) to mimic type I enzymes, and Gly-260
was mutated to Glu (G260E) to mimic PRMT7. In vitro meth-
ylation reactions consisting of wild type, catalytic mutant, and
mutants D258G and G260E were set up with GST-SF3B2 401—
550-residue wild type fragment and recombinant histone H2B
and analyzed by SDS-PAGE and autoradiography (Fig. 7). We
found that PRM T lost all activity for SF3B2 when Asp-258 and
Gly-260 were mutated, suggesting the importance of these res-
idues in coordinating and binding of the substrate for methyl-
ation. In vitro methylation reactions with recombinant histone
H2B, a good PRMT7 protein substrate due to its basic RXR
sequences (6, 8), was also not recognized or methylated by
either wild type enzyme or the D258G or G260E mutants.
These results suggest that the local environment in the double E
loop is crucial for catalysis.

Importance of PRMT9 Domains for Enzymatic Activity—
Human PRMT9 contains three TPR motifs (residues 25-134)
and two ancestrally duplicated methyltransferase domains (res-
idues 135-530 and 531-895). This domain structure is unusual
among the PRMT family, as no other PRMT contains a TPR
motif, and only PRMT7 has a second methyltransferase
domain. Several deletion constructs were made, in which the
TPR motif was missing (ATPR), the N terminus was missing
(AN; missing residues 21-350), and two C-terminal mutants
(“AC 350,” missing residues 351-895, and “AC 529,” missing
residues 530—895). These mutant enzymes were tested for
enzymatic activity in in vitro methylation reactions by amino
acid analysis (Fig. 84). No activity was observed with any of the
mutants after 16.5 h of incubation, a condition designed to
detect any small amounts of product formation. Incubating the
N- and C-terminal deletion constructs together did not result
in enzyme activity (Fig. 84). To rule out the possibility of deg-
radation of the enzymes during the longer methylation reaction
time, the reactions were set up in duplicate and incubated for
1 h, separated by SDS-PAGE, and subjected to autoradiography
(Fig. 8B). Again, no activity was seen with the truncation
mutants, suggesting that the intact, full-length PRMT9 protein
is necessary for methylation activity.

Residues Surrounding the Arg-508 Methylation Site and the
Position of the Methylated Arginine Are Important for Methyl-
transferase Activity—Because a synthetic peptide correspond-
ing to the methylated region on SF3B2 could not be methylated
by PRMTY (Fig. 3D), the GST-SF3B2 401-550-residue wild
type fragment was mutated to probe for the importance of the
residues surrounding the Arg-508 site (-FKRKY-) using the
more active GFP-PRMT9 enzyme (Fig. 9). The two flanking Lys
residues were mutated to either Ala or Arg (Fig. 9, Band C). The
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-FARAY- and the -FRRRY- mutant proteins were both sub-
strates for PRMT9 with moderately diminished formation of
MMA but a greatly reduced formation of SDMA (Fig. 9, B and
C). We next probed for the importance of the position of the
methylatable arginine residue in the -FKRKY- sequence by
moving its position upstream or downstream by one residue.
An -FRKRY- protein was generated with the lysine and arginine
residues switched, which resulted in an ~200-fold loss of MMA
production and the complete loss of SDMA production (Fig.
9D). When only one arginine residue was present at the —1
position (-FRKKY-), we detected less than 0.3% of the activity
with the wild type -FKRKY- sequence (Fig. 9E). These results
suggest the importance of the position of the methylated
arginine residue in the protein. In additional experiments,
we mutated the two aromatic residues Phe-506 and Tyr-510
to Ala to look at the importance of 7 stacking or aromaticity
in the binding of the substrate. Interestingly, the mutant
construct -AKRKA- had a similar methyl-accepting activity
as the wild type -FKRKY- protein (Fig. 94). To confirm these
results, we analyzed the polypeptides methylated after SDS-
PAGE and autoradiography using the bacterially expressed
GST-tagged PRMT9 enzyme (Fig. 9G). No methylation was
observed with the GST-SF3B2 fragment protein in the
mutants where the arginine residue was moved, although full
activity was seen in the ~-AKRKA- mutant and partial activity
in the -FARAY- and -FRRRY- proteins, consistent with the
results obtained in Fig. 9, A—F, by amino acid analysis with
the GFP-tagged enzyme.

Relative Contribution of the Type Il PRMTs (5 and 9) in
Mouse Embryo Fibroblasts—PRMT5 and PRMT?9 are the only
type II SDMA-forming enzymes known in mammals. We were
thus interested in the relative roles of these two enzymes in total
SDMA production. Using mouse embryo fibroblasts con-
structed so that PRMT5 expression could be turned off by
induction with OHT, we analyzed proteins by immunoblotting
with anti-PRMT5, anti-SDMA, anti-MMA, anti-ADMA, and
anti-actin antibodies (Fig. 104). We were able to reduce the
PRMTS5 protein to undetectable levels. There was little or no
change in immunoreactivity to antibodies against ADMA
and some loss of reactivity to antibodies against MMA. How-
ever, we found almost all of the immunoreactivity to the
anti-SDMA BL8243 antibody, and most of that to the anti-
SDMA BL8244 antibody, was lost in cells lacking PRMT5
(Fig. 10A). Significantly, an immunoreactive band with the
anti-SDMA BL8244 antibody was seen at 145 kDa, which
corresponds to the full-length form of the SF3B2 protein.
This band is still present when PRMTS5 is lost, suggesting it
represents a product of PRMTO. Interestingly, there are also
other bands that are immunoreactive with the anti-SDMA
BL8244 antibody when PRMTS5 is lost, particularly a major

band found at 30 kDa in addition to other minor bands,
which may indicate there are other cellular PRMT9 sub-
strates that have yet to be discovered.

We also analyzed the total content of SDMA, ADMA, and
MMA in these cells by quantitating fluorescent OPA amino
acid derivatives after acid hydrolysis (Fig. 10, B and C). Wild
type and PRMT5 knock-out lysates were acid-hydrolyzed and
separated using cation exchange chromatography and then fur-
ther derivatized using OPA. Analysis of the wild type sample
shows the presence of ADMA and SDMA peaks after
derivatization (Fig 10B, top left panel). Quantification of MMA
and arginine levels were also done; arginine levels were used to
normalize the content of MMA, SDMA, and ADMA (Fig 10, B,
top right panel, and C) (29). When this analysis was repeated
for the PRMT5-deficient cells, SDMA was not detected,
although the levels of MMA and ADMA were similar to those
of wild type cells (Fig. 10, B, lower panels, and C). These results
indicate that the bulk of SDMA formation in mouse embryo
fibroblasts is catalyzed by PRMT5 and that PRMT?9 is respon-
sible for only a small percentage of SDMA production.

Methylation of Splicing Factor SF3B2 and Myelin Basic Pro-
tein by PRMT9 and PRMT5—Finally, we wanted to determine
how much cross-reactivity there may be between PRMT9 and
PRMT5 with their major substrates SF3B2 and myelin basic
protein, respectively. We incubated these enzymes with each of
the substrates and [methyl->H]AdoMet under conditions to
ensure that methylation was in the linear range and detected
SDMA and MMA formation by amino acid analysis (Fig. 11).
We found PRMT5 formed over 10 times more SDMA product
with myelin basic protein than with SF3B2 (Fig 11, A and B).
Under the same conditions, however, PRMT9 formed 40 times
more SDMA with the SF3B2 401-550-residue wild type frag-
ment as a substrate compared with myelin basic protein (Fig.
11, C and D). These results, combined with those shown in Fig.
10, indicate that PRMT5 and PRMT9 are unlikely to play
redundant roles in the cell. The lethality of PRMT5 mouse
knock-outs and a definite role of PRMT5 in embryonic devel-
opment further support the nonredundant functions of these
enzymes (3, 40, 41).

Discussion

We have shown that mammalian-expressed and bacteri-
ally expressed human PRMT9 have a protein arginine meth-
yltransferase activity, joining PRMT5 as the second type II
SDMA-forming enzyme in the mammalian PRMT family.
Our previous work had identified the enzyme and its sub-
strate, splicing factor SF3B2, and also provided evidence for
a biological role as a modulator of splicing (7). In this work,

FIGURE 8. Full-length intact enzyme is required for methyltransferase activity. A, amino acid analysis of methylation reactions using GST-tagged PRMT9
truncation mutants with GST-SF3B2 401-550-residue wild type fragment. Approximately 2 ug of each wild type and truncated enzyme was used in a 60-ul
methylation reaction with 5 ug of GST-SF3B2 401-550-residue wild type fragment, 0.7 um [methyl/-*H]AdoMet, and methylation reaction buffer of 50 mm
HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0, at 37 °C for 16.5 h. Acid hydrolysis and amino acid analysis was carried out as described under “Experimental Procedures.” B,
autoradiography of *H-methylated GST-SF3B2 wild type fragment after reaction with wild type or truncation mutant GST-PRMT9 enzymes. Reactions were set up as
described in A but were run for only 1 h to prevent possible degradation of the enzymes. Reactions were quenched and run on SDS-PAGE as described under
“Experimental Procedures.” Dried gels were exposed to film for 3 days at —80 °C and run in experimental triplicates on separate gels, one of which is shown here.
Molecular mass positions are indicated from 2 ug of unstained SDS-PAGE broad range markers (Bio-Rad, catalog no. 161-0317) electrophoresed in parallel lanes.
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FIGURE 9. Amino acids surrounding the Arg-508 site are important for substrate recognition and methylation. A-F, point mutants were generated
on the GST-SF3B2 401-550-residue wild type fragment where amino acids surrounding the Arg-508 methylation site were changed; mutants include
K507A/K509A (-FARAY-), K507R/K509R (-FRRRY-), K507R/R508K/K509R (-FRKRY-), K507R/R508K (-FRKKY-), and F506A/Y510A (-AKRKA-). Methylation
reactions were set up using mammalian-expressed wild type and catalytic mutant GFP-PRMT9 enzymes (1 ng) and GST-SF3B2 wild type or mutant
fragments (5 ug), along with 0.7 um [methyl->H]JAdoMet, and methylation reaction buffer of 50 mm HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0 at 37 °C for
16.5 h. Acid hydrolysis and amino acid analysis was carried out as described above under “Experimental Procedures.” G, autoradiography of *H-meth-
ylated GST-SF3B2 401-550-residue wild type and mutant fragments (5 ug) with GST-PRMT9 wild type enzyme (2 ng) after a 16.5-h reaction. Reactions
were set up with the same conditions as described in A. Reactions were quenched by addition of SDS-loading buffer, run on gels, and prepared for
autoradiography as described under “Experimental Procedures.” Dried gels were exposed to film for 3 days at —80 °Cand run as experimental duplicates
on separate gels, one of which is shown here. Molecular mass positions are indicated from 2 ug of unstained SDS-PAGE broad range markers (Bio-Rad,

catalog no. 161-10317) electrophoresed in parallel lanes.
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FIGURE 10. Quantification of SDMA levels in protein hydrolysates of wild type and PRMT5 knock-out MEFs. A, immunoblot showing wild type and PRMT5
knock-out MEFs treated for 14 and 30 days with 2 um OHT. Whole cell lysates were prepared, run on SDS-PAGE, and immunoblotted using a panel of antibodies.
Anti-PRMT5 (Millipore) antibody was used at a 1:1000 dilution to ensure efficient knockdown of PRMT5 in the OHT-treated cells. Anti-SDMA BL8243 and BL8244
were used at 1:500 and 1:200 dilution, respectively, to probe for cellular SDMA levels after PRMT5 knock-out. Anti-MMA (1:2000 dilution) and anti-ADMA D10F7
(1:2000 dilution) antibodies were also used to monitor cellular MMA and ADMA levels in wild type versus PRMT5 knock-out samples. Anti-actin (1:10,000
dilution) antibody was used to ensure equal loading. B, wild type and PRMT5 knock-out MEFs were harvested (40 mg), and the cell pellet was acid-hydrolyzed
and run on amino acid analysis as described above under “Experimental Procedures,” except no exogenous methylarginine standards were added to the
samples. The resulting fractions from the amino acid analysis were derivatized using OPA for fluorescence quantification using reverse phase HPLC as
described under “Experimental Procedures.” Raw chromatographs show fluorescence at 455 nm, with peaks corresponding to individual fractions from the
amino acid analysis that matched the elution of each methylated derivative (wild type, top left, PRMT5 knock-out, bottom left). Area comparison (wild type, top
right; PRMT5 knock-out, bottom right) is shown as a quantification of the area under the peak for individual fractions from the amino acid analysis, using the raw
datafor ADMA (red line) and SDMA (blue line) peaks shown in the left panels and also quantifying MMA (black dotted line) amounts (raw chromatograms for MMA
not shown). G, ratios of methylated arginine species/arginine. Quantification of arginine was used as an internal control for loading and easier comparison
across sample replicates. To determine total area, the area under the raw chromatograph peaks (shown in B, left and right panels) was summed for each
modification (ADMA, SDMA, and MMA) and corrected for dilution factors in preparation of the sample for OPA analysis. Total areas for each methylarginine
species were then compared with the sum of the total area under the raw chromatographs for arginine, to give a ratio of modification/arginine. Data were
gathered in experimental duplicate shown as the mean, and bars indicate the range of the data.

we have biochemically characterized the residues important
for the PRMT9/SF3B2 enzyme-substrate interaction.
PRMTY is an unusual protein arginine methyltransferase, as
it has rather strict substrate specificity, an intact protein
requirement for methylation, and contains a second methyl-
transferase domain and an additional acidic residue in its sub-
strate-binding motif similar to human PRMT?. Its known sub-
strate and binding partner in the cell, SF3B2, contains a
methylatable sequence WCFKRKYLQ, which is not found in

other proteins. Other proteins have similar sequences when
-FKRKY- is searched, but no other proteins contain this
extended sequence. PRMT9 has little or no activity on common
PRMT substrates such as GST-GAR, myelin basic protein, or
histones, suggesting an explicit role in splicing. We have shown
that PRMT9 does not methylate a peptide with the
WCFKRKYLQ sequence from SF3B2, suggesting that the sub-
strate protein must be intact to make the correct contacts with
the enzyme. In addition, we have demonstrated that N- and

81



Wild type

(e ) VINGS jo ealy

Fluorescence (455 nm)

—T—T 50 T T T
ADMA SDMA
1004 P
¥
< 401
80 g
=
2
604 s 30+
$
<
404 -
g 20
<
204 g
2 10+
< I‘“\
04 b ,, \\\
Py WS G P .
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 é'o 5"5 e 6'0
Fraction
PRMT5 Knockout
00— Tr—T—T—T— 77— T 40 T T T T
l ADMA SDMA
804
‘ 30

: '
i,

o

Area of ADMA (- ) and MMA (=)

(©) VIAgS Jo eary

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 0

Fraction

Time (minutes)

0.020+
0.015+
0.010-+

0.005+

Ratio (Modification : Arginine)

S ¢ E e

v \a v \a v

v v

Sample Modification
FIGURE 10—Continued

@?’
P

82




PRMT5 + MBP PRMT5 + SF3B2 s

25000 1.5 25000
A - Ninhydrin
= Enzyme + Substrate B
56060, =+ Enzyme only 30800
)
A
! ! 1.0
150004
15000: ! \ 2 A
I \ 7y ] \
1 [ [
WA I\
100004 10000 ‘ ‘,’ Y ]
—_ " ‘\ [ \ 0.5 T
H \ ] ! i
! v/ \
¥ Q -
é 5000 5000 JI \ Y 5 £
o abahab d Jod e 00000 c
o
= 0 0 e 00 I:
> 45 45 50 55 60 65 70 75 2
'; ~
£ £
S
3 PRMT9 + MBP PRMT9 + SF3B2 °
O 15000 - - 1.5 15000 15 2
S - Ninhydrin =
© c = Wild type + Substrate D £
(14 =+ Mutant + Substrate =z
=+ Wild type only
» <+ Mutant only
100007 /‘\ +1.0 10000 1.0
[N |
A S
/ 1 \
[
RV AR I\
] \ I\
] \ ,' \
5000 ! 1 Y 0.5 50001 Lo.5
] \ é \
I N/ \
e W S
e i L b 2ol
0 - s nyua-u-0-$0.0 0 - 0.0
45 50 55 60 65 70 45 50 75

Elution Time (minutes)

FIGURE 11. PRMT5 and PRMT9 substrates are nonredundant. A, amino acid analysis of PRMT5 (2.3 ng) and human His-tagged MBP (5 ng) aftera 1-h in vitro
methylation reaction, with 0.7 um [methyl->*H]AdoMet, and methylation reaction buffer of 25 mm Tris, 1 mm DTT, 8% glycerol, pH 8.0, at 37 °C in a 60-ul reaction
volume. Acid hydrolysis and amino acid analysis was carried out as described under “Experimental Procedures.” The dotted black line indicates ninhydrin
absorbance at 570 nm for the nonradiolabeled methylated amino acid standards. The red line indicates the elution of the radioactive methylated amino acids
of the wild type PRMT5 enzyme in reaction with the substrate. The blue line indicates the enzyme only control, to account for any background radioactivity. B,
amino acid analysis of PRMT5 (2.3 ug) and GST-SF3B2 401-550-residue wild type fragment (5 ng) after a 1-h reaction, using same the conditions as described
in A.C, amino acid analysis of in vitro methylation reaction of GFP-PRMT9 (wild type and catalytic mutant, 1 ug) with human His-tagged MBP (5 n.g), with 0.7 um
[methyl-*H]AdoMet, and methylation reaction buffer of 50 mm HEPES, 10 mm NaCl, 1 mm DTT, pH 8.0, at 37 °C in a 60-ul reaction volume. The dotted black line
indicates the elution and ninhydrin absorbance at 570 nm for the nonradiolabeled methylated amino acids. The red and blue lines indicate the elution of the
radioactive methylated amino acids of the substrate reacted with the wild type or catalytic mutant GFP-PRMT9, respectively. The green and orange lines indicate
the wild type or catalytic mutant enzyme only controls. D, amino acid analysis of GFP-PRMT9 (wild type and catalytic mutant, 1 ug) with GST-SF3B2 401-550-

residue wild type fragment (5 ug) after a 1-h reaction, using same conditions as described in C.

Probing for the substrate residues important for methylation,
we find that the position of the methylated arginine to be indis-
pensable, possibly indicating a precise placement in the double
E loop when AdoMet is bound (Fig. 6B). When the residues
surrounding Arg-508 site are changed, SDMA is drastically
reduced, and the amount of MMA formed is slightly affected.
When the two lysines surrounding the target arginine are
mutated to arginine, the presence of the extra positive charge in
the active site seems to have detrimental effects, compared with
when they are mutated to alanine. Furthermore, if the arginine

residue is moved, we see almost completely abolished activity.
Mutation of aromatic residues Phe-506 and Tyr-510 also seem
to only slightly affect activity. This methylated sequence speci-
ficity is relatively uncommon, as the majority of PRMTs meth-

C-terminal deletions and TPR motif deletions of PRMT9 are

inactive, further promoting the idea that the substrate must

make correct contacts with both domains of the enzyme to be

properly methylated. Structural studies have shown that
PRMT1, PRMT3, and PRMT5 and 7. brucei PRMT7 form
homodimers in solution to methylate their substrates (15,
17-19), which may indicate that the second methyltransferase
domain of PRMTY functions to form a pseudodimer upon
binding its substrate. Other studies have shown that substrates
make important contacts on other parts of the enzyme, as is the
case for PRMT1 with certain substrates (17), which would sup-
port our results. It should be noted, however, that PRMT1 and
several other PRMTs like PRMT7, are also able to bind and
methylate synthetic peptides (6, 8, 17, 39, 42).

83



ylate RG-rich sequence motif (2, 3), with PRMT7 being the only
other PRMT requiring a basic residue-rich environment for
methylation (6, 8).

It is possible that the unique properties of PRMT9 within the
PRMT family have been evolved to specifically recognize splic-
ing factor SF3B2. In general, the phylogenetic distribution of
PRMTY and SF3B2 match each other (Fig. 1), although some
organisms (higher plants) have the splicing factor but not
PRMT?Y, and some organisms, such as chickens, have PRMT9
but not the splicing factor. It is also very interesting that
although PRMT?9 is found throughout the chordates, it is not
widespread in invertebrates. For example, PRMT9 is clearly
present in the sea anemone N. vectensis but is absent in the fruit
fly Drosophila melanogaster. 1t is still unclear whether the C.
elegans prmt-3 gene encodes a PRMT9 ortholog. This protein,
shown to methylate recombinant human histone H2A to form
MMA only (31), has the conserved aspartate in position 4 of the
double E loop but is more divergent than the chordate members
of the PRMT?9 family. No good orthologs of PRMT?9 are found
in plants, fungi, and other single cellular organisms. Novel
BLAST-based methods have been developed to examine the
evolutionary relationship between PRMTs in mammals and
across various species, which provides insight into the evolu-
tionary history of PRMTs (30, 43). Here, the closest relative of
PRMT9is PRMT7, with a close branch off of the PRMT5 outlier
(30, 43). Interestingly, there is a wide evolutionary conservation
of SF3B2 and the Arg-508 site across vertebrates, invertebrates,
plants, fungi, and some unicellular organisms (Fig. 1, C and D).
This may suggest that higher organisms found a need for regu-
lation of splicing in the cell, and thus PRMT9 evolved or
branched off from the rest of the PRMT family and PRMT7 to
take on this function. Studies of orthologs of PRMT?9 in other
organisms would be of great interest, to determine whether the
enzyme still has the same activity type, substrate specificity, and
role in the cell. In addition, studying the relative distribution of
the amounts of SDMA produced by PRMT9 compared with
PRMTS5 in other organisms would indicate an evolutionary
relationship and need for regulation.

Tissue distribution studies show wide expression of PRMT9
in the body, with high protein expression in the testis, kidneys,
skin, and hematopoietic and central nervous system (34, 44).
PRMT?9 has also been shown to have high expression in certain
types of cancer, including lymphoma, melanoma, testicular,
and pancreatic cancers (34). In addition, because of the involve-
ment of SF3B2 in cell cycle progression and potential involve-
ment in HIV hijacking/retroviral activity (14), it would be
important to probe for the role of SF3B2 methylation in relation
to viral and disease impact.

Although it does produce symmetrically dimethylated argi-
nine, this enzyme is a minor contributor to the pool of SDMA in
mouse embryo fibroblasts, compared with PRMT5 (Fig. 10).
PRMTS5 knock-out MEFs show no detectable SDMA by OPA
analysis and greatly reduced SDMA by immunoblot analysis,
indicating that PRMT9 SDMA methylation is likely restricted
to a few substrates. Our OPA analysis results are consistent
with similar studies quantifying relative amounts of these
methylated arginine derivatives after the depletion of PRMT1
in cells (29). Furthermore, our results suggest that PRMT5 and

PRMT?Y do not appear to have redundant roles in cells, as they
do not strongly methylate each other’s substrates (Fig. 11).
Immunoblots of PRMT5 knock-out MEF whole cell lysates
with anti-SDMA antibodies show the presence of minor bands,
which may indicate the presence of other possible substrates for
PRMT?Y in the cell. It will be interesting to characterize these
possible substrates and identify other potential roles for
PRMTO.
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In the family of protein arginine methyltransferases (PRMTs)
that predominantly generate either asymmetric or symmetric
dimethylarginine (SDMA), PRMT7 is unique in producing
solely monomethylarginine (MMA) products. The type of meth-
ylation on histones and other proteins dictates changes in gene
expression, and numerous studies have linked altered profiles of
methyl marks with disease phenotypes. Given the importance of
specific inhibitor development, it is crucial to understand the
mechanisms by which PRMT product specificity is conferred.
We have focused our attention on active-site residues of PRMT7
from the protozoan Trypanosoma brucei. We have designed 26
single and double mutations in the active site, including residues
in the Glu-Xaag-Glu (double E) loop and the Met-Gln-Trp
sequence of the canonical Thr-His-Trp (THW) loop known to
interact with the methyl-accepting substrate arginine. Analysis
of the reaction products by high resolution cation exchange
chromatography combined with the knowledge of PRMT crystal
structures suggests a model where the size of two distinct sub-
regions in the active site determines PRMT7 product specificity.
A dual mutation of Glu-181 to Asp in the double E loop and
GIn-329 to Ala in the canonical THW loop enables the enzyme
to produce SDMA. Consistent with our model, the mutation of
Cys-431 to His in the THW loop of human PRMT9 shifts its
product specificity from SDMA toward MMA. Together with
previous results, these findings provide a structural basis and a
general model for product specificity in PRMTs, which will be
useful for the rational design of specific PRMT inhibitors.

Methylation of proteins is a major type of post-translational
modification involved in the regulation of a variety of cellular
processes mediated by protein-protein interactions, including
splicing, transcription, translation, and signaling (1-3). Recent
studies have implicated arginine methylation in altering the
metabolic landscape of the cell, linking it to cancer metastasis
(4-6), DNA damage (7), pluripotency (8), and parasite infec-
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tion (9, 10). Catalysis of arginine methylation on the terminal
nitrogen atoms of the guanidine group is mediated by a fam-
ily of enzymes designated as protein arginine methyl-
transferases (PRMTs).> Most of these enzymes harbor a
conserved ~310-residue core that comprises the methyl-
transferase domain conserved in S-adenosylmethionine
(AdoMet)-dependent methyltransferases and a p-barrel
domain unique to the PRMT family. These enzymes can
be further categorized based on which methylarginine prod-
uct they catalyze as follows: type I PRMTs catalyze the pro-
duction of w-N®-monomethylarginine (MMA) and asym-
metric w-N NS-dimethylarginine (ADMA); type Il PRMTs
catalyze the production of MMA and symmetric w-NS N’
dimethylarginine (SDMA); type IIl PRMTs catalyze the pro-
duction of only MMA; and type IV PRMTs catalyze &-
N€-monomethylarginine production (11). Notably, most
PRMTs fall under the first three types of PRMTs. Type IV
enzymes have only been reported in yeast and plants,
although the presence of free 8-N°-monomethylarginine has
been reported in human plasma in a recent proteomic study
(12).

ADMA and SDMA methyl marks on histones are recognized
by different “reader” proteins and can lead to distinct down-
stream outcomes. For example, whether a particular arginine
residue on histone tails is asymmetrically or symmetrically
dimethylated can lead to gene repression or activation (13-17).
However, few studies have been conducted to determine the
role of MMA marks (18). It has been proposed that MMA
marks are used mainly as precursors for dimethylation by the
various type I and II PRMTs (17, 19).

Given the biological significance of the type of methylated
arginine derivative formed, it is important to understand how
product specificity is determined in PRMTs. It has been sug-
gested that small variations in the structure of the active site of
these enzymes govern the methylation activity type (2, 3,
20-23). Although previous studies utilizing site-directed
mutagenesis have given some support for this hypothesis,
efforts to efficiently change the activity type of PRMTs have not
yet been fruitful. Two such studies using moderately sensitive
analytical techniques have been reported for PRMT1 (14) and

3The abbreviations used are: PRMT, protein arginine methyltransferase;
MMA, w-NS-monomethylarginine; ADMA, «-N°NC-asymmetric dimethyl-
arginine; SDMA, w-NS,N’S-symmetric dimethylarginine; AdoHcy, S-adeno-
syl-.-homocysteine; AdoMet, S-adenosyl-L-methionine; [methyl->H]-
AdoMet, S-adenosyl-[methyl->H]-L-methionine; ITC, isothermal titration
calorimetry.
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TABLE 1

Product analyses of wild-type and mutant TOPRMT7 enzymes with the H4(1-21) R3MMA peptide
The number of experiments is indicated in parenthesis. As shown under the “Experimental Procedures,” 86 cpm correspond to 1 fmol of methyl groups.

[*H]Methyl group radioactivity

[*H]Methyl group radioactivity

[*H]Methyl group

in MMA (average cpm) in ADMA (average cpm) radioactivity in SDMA (average cpm)

TbPRMT7 enzyme

Wild type (n = 4) 11,093 0 0

Automethylation (n = 4) 122 0 0
Double E loop mutants

GI180N (n = 1) 6,648 0 0

G180Y (n = 1) 5,365 0 0

E172Q (n = 1) 0 0 0

E181D (n = 3) 294 161 0

E181Q (n = 1) 62 0 0

1173G (n = 1) 0 0 0

1173A (n = 1) 121 0 0

1173V (n = 1) 7,231 0 0

1173P F174 M (n = 1) 0 0 0

1173L F174L (n = 1) 29,487 0 0

G175D M177E (n = 1) 0 0 0

E172D E181D (1 = 1) 0 0 0

E181D I173G (n = 2) 64 0 0
THW loop mutants

Q329A (n=1) 420 0 0

Q329F (n = 1) 95 0 0

Q329H (n = 1) 23,218 0 0

W330A (n = 1) 437 0 0

Q329N (n = 1) 3,322 0 0
Helix oY mutants

F71A (n=1) 123 0 0

M75A (n = 1) 205 0 0

M75F (n=1) 644 0 0
Double E loop and THW

loop double mutants

E181D W330A (n = 1) 52 0 0

E181D Q329A (n = 2) 89 0 500

E181D Q329N (1 = 1) 0 0 0
Double E loop and helix

«Y double mutants
E181D M75A (n = 1) 65 0 0
E181D F71A (n = 1) 143 0 0
PRMT5 (24), but they have not put forth a general model for the ~ Results

factors that guide product specificity for the three main types of
PRMTs.

Using an approach where MMA, ADMA, and SDMA can be
detected with sub-femtomole sensitivity, we have been able
to demonstrate the transformation of PRMT7 from Trypa-
nosoma brucei (TPPRMT7) from an enzyme that strictly pro-
duces MMA to one also forming ADMA by replacing a glu-
tamate residue in the double E loop (Glu-181) with an
aspartate residue (Fig. 1) (25). The double E loop is a con-
served feature of PRMTs that has been shown to directly
interact with the methyl-accepting arginine residue (2, 11).
TbPRMT7 had been initially characterized for a possible role
in the transcriptional control of gene expression in this orga-
nism (26). Here, we have focused on ThbPRMT?7 because it
displays robust type III activity and has been amenable to
structural analysis (25-27). Within this work, we further
examine the effects of key active-site residues on the enzy-
matic activity of ThPRMT7 through mutagenesis and highly
sensitive amino acid analysis techniques to demonstrate the
importance of the THW loop (MQW for ThPRMT?7) (Fig. 1)
(2). Complementary studies with PRMT9 from Homo sapi-
ens, previously characterized as a type II enzyme (28, 29),
corroborate our PRMT?7 results. Based on this evidence, we
propose a structural model for how PRMTs can limit their
activities to type I, type II, or type III methylation.

ThbPRMT7 Active-site Double Mutation, E181D/Q329A,
Converts the Enzyme to an SDMA-producing PRMT—Given
the ability of the double E loop E181D mutation of
TbPRMT7 to alter the methylation type (25), seven
TbPRMT?7 double mutants were generated with the E181D
background to probe the effects of further increasing the size
of the active site. Notably, the double mutant E172D/E181D
was previously tested and found inactive (Table 1) (25). The
additional substitutions in the six new double mutants
included M75A, Q329A, Q329N, W330A, F71A, and I173G,
each with the E181D mutation, based on their immediate
vicinity to the sulfur atom of AdoHcy from which the methyl
group of AdoMet is transferred to the arginine residue in
protein and peptide substrates (Fig. 1). Using [methyl-
*H]AdoMet as a cofactor, we analyzed the hydrolyzed prod-
ucts of arginine methylation with high resolution cation
exchange chromatography. Two of these double mutants
showed little or no activity toward either the H4(1-21) pep-
tide, comprised of the acetylated 21 N-terminal residues of
the human histone H4 protein (data not shown), or the
acetylated H4(1-21) RBMMA peptide, w-monomethylated
at the third arginine (Table 1). The H4(1-21) R3MMA pep-
tide was used to enhance the detection of dimethylarginine
derivatives by providing a substrate where a single methyla-
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tion reaction at the primary site of modification could result
in dimethylation of the peptide. Strikingly, one of the double
mutants, E181D/Q329A, produced SDMA when incubated

kTHW loop
W W\

FIGURE 1. Active site of T. brucei PRMT7. Residue Glu-181, highlighted in
the black box, is the site of mutation (E181D) shared by the six double mutants
in this study with their second mutated residue highlighted in a red box
(W330A, Q329A, Q329N, F71A, M75A, and 1173G). The double mutant E172D/
E181D was previously analyzed and Glu-172 is therefore not highlighted here
(25). The double E loop is shown in dark salmon, the THW loop in slate, the
substrate arginine residue in yellow, and the AdoHcy cofactor, helix aY, and
adjacent residues of TOPRMT7 (Protein Data Bank code 4M38) in gray.

with the H4(1-21) RSMMA peptide (Fig. 2, A and B). The
small amount of MMA produced in the reaction of the
E181D/Q329A mutant with the H4(1-21) R3MMA peptide
is most likely due to methylation of the secondary Arg-17
and Arg-19 sites on the histone peptide because the level of
radioactivity here is higher than the level recorded for the
enzyme alone (Fig. 2B). Importantly, although this enzyme
contains the ADMA-producing mutation E181D (25), as well
as a Q329A mutation in the THW loop, no ADMA formation
was detected. SDMA production catalyzed by the E181D/
Q329A mutant was confirmed by TLC analysis where the
radioactive product co-migrated with the non-radioactive
SDMA standard (Fig. 2C). The wild-type ThPRMT7 does not
produce any dimethylarginine products with either H4(1-
21) or H4(1-21) R3MMA peptide (Fig. 3). The single Q329A
mutant shows no evidence of dimethylarginine formation
(Table 1).

TbPRMT?7 E181D/Q329A Shows Higher Binding Affinity for
the Monomethylated Histone H4(1-21) Peptide Than for the
Unmethylated Peptide—Using isothermal titration calorimetry
(ITC) with H4(1-21) and H4(1-21) R3MMA peptides, we pre-
viously demonstrated that the wild-type ThPRMT7 enzyme
binds its substrate H4(1-21) with higher affinity than its
monomethylated product, H4(1-21) R3MMA, whereas the
ADMA-producing ThPRMT7 E181D mutant has markedly
increased affinity for H4(1-21) R3MMA that even surpasses
that for H4(1-21) (25). Similarly, we measured the affinity of
the SDMA-producing ThPRMT7 E181D/Q329A enzyme and

TbPRMT7 E181D/Q329A C 0 SDMA
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FIGURE 2. ToPRMT7 E181D/Q329A double mutant produces SDMA with the H4(1-21) RBMMA peptide. The specificity of this mutant was determined
using cation exchange chromatography and TLC as described under “Experimental Procedures.” ToPRMT7 E181D/Q329A (4.8 ug of protein) was incubated
with the H4(1-21) or H4(1-21) R3MMA peptide (10 um) and [methyl->H]AdoMet in a final volume of 60 wl. A, TOPRMT7 E181D/Q329A double mutant with the
H4(1-21) peptide. B, ToPRMT7 E181D/Q329A with the H4(1-21) R3MMA peptide. The red lines in A and B represent radioactivity of the E181D/Q329A mutant
with the different substrates, and the green lines indicate radioactivity of the methylation reaction with no substrate. As noted previously (25), radioactive
methylarginine derivatives elute 1 min earlier than their non-radioactive counterparts due to the isotope effect (39, 40). As given under “Experimental
Procedures,” 86 cpm correspond to 1 fmol of methyl groups. For the number of biological replicates, see Table 1. C, representative TLC for hydrolysates of the
reaction mixture and individual and mixed standards of ADMA, MMA, and SDMA. The lower portion shows the ninhydrin staining of the TLC plate; the upper
portion shows the radioactivity corresponding to the TLC slices of the reaction mixture lane. Note: the ninhydrin standards on the TLC plate are the same as
those shown in Fig. 4D of Ref. 25 where a different reaction mixture was chromatographed adjacent to the ADMA standard lane. The experiment is one of two

biological replicates.
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FIGURE 3. Wild-type TbPRMT?7 displays no dimethylarginine production
with H4(1-21) and H4(1-21) R3MMA peptides. In vitro methylation and
cation exchange chromatography were used as described under “Experimen-
tal Procedures” to assess wild-type TOPRMT7 activity and product specificity
with H4(1-21) (blue), H4(1-21) R3MMA peptides (red), or with the enzyme
alone (green). Dashed black lines indicate elution profile of non-radioactive
methylarginine species as measured by a ninhydrin assay (see “Experimental
Procedures”). The lower panel represents enlargement of the radioactivity in
the upper panel to show low levels of methylation. As given under the “Exper-
imental Procedures,” 86 cpm correspond to 1 fmol of methyl groups. For the
number of biological replicates, see Table 1.
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FIGURE 4. Isothermal titration calorimetry of the ThOPRMT7 E181D/Q329A
mutant with H4(1-21) (A) and H4(1-21) R3MMA (B), respectively. Each
titration was performed twice.

found that this mutant displays higher affinity for H4(1-21)
R3MMA (K, = 46.7 uMm) versus its unmethylated counterpart
H4(1-21) (K, = 80.6 um) (Fig. 4). Thus, the two mutant
enzymes capable of dimethylation consistently favor binding of
the bulkier H4(1-21) R3MMA peptide, which can be rational-
ized by providing a more spacious binding pocket, stabilizing
the MMA substrate-enzyme interactions and enabling
dimethylation.

Active-site Mutations Lead to Decreases in Type IIl PRMT7
Activity and Shifts in Recognition Site Specificity—Overall,
we have reacted 26 single and double mutants of TWPRMT7

with the H4(1-21) R3MMA peptide to test whether active-
site mutations could display changes in the methylation type
when presented with a primed monomethylarginine (Table
1). These mutations were generated based on their location
in the active site of ThbPRMT?7, including residues in the
double E loop, the AdoMet-binding motif, the THW loop,
and an N-terminal extension (helix aY). The majority of the
active-site mutations result in decreases in enzyme activity.
However, monomethylation is still observed, indicating that
the modification of Arg-17 and Arg-19 on the substrate pep-
tide is occurring, as Arg-3 is already methylated in this
peptide. This finding suggests that there may be a change
in recognition site specificity from glycine-arginine-rich
regions to arginine residues in basic regions (26, 30). Nota-
bly, the THW (MQW) loop mutant Q329H showed signifi-
cant increases in MMA production. Most remarkably, the
double mutant E181D/Q329A produced both MMA and
SDMA, as described above.

Mutation in the THW Loop of Human PRMTY, a Type II
PRMT, Shifts Product Specificity from SDMA toward MMA—
The human PRMT9 has recently been characterized as a type I
PRMT, joining PRMT5 as an enzyme that catalyzes SDMA pro-
duction (28, 29). This methyltransferase contains a Thr-Cys-
Trp (TCW) sequence in place of the canonical Thr-His-Trp
(THW) residues (28). To further investigate the role of spatial
restrictions conferred by key active-site residues, the cysteine
residue was mutated to a bulkier histidine residue to mimic type
I and type III PRMTs. These mutant and wild-type enzymes
were reacted with a GST fusion of the splicing factor SF3B2, a
known substrate of PRMT9 (28). Comparison of wild-type and
mutant activities reveals an impressive 8-fold increase in MMA
production and almost complete elimination of SDMA produc-
tion (<0.037%) (Fig. 5).

Rattus norvegicus PRMT1 M48F Mutant Enzyme Does Not
Produce SDMA with Histone H4 Peptides—A previous study
(24) reported a mutation in rat PRMT1 at Met-48, a residue
conserved in the aY helix of many PRMTs, to Phe. This change
led to the apparent production of SDMA along with ADMA
and MMA, the wild-type products of a type I PRMT, as deter-
mined by o-phthalaldehyde-derivatized reverse-phase liquid
chromatography and LC-MS analysis. However, it appeared
that the degree of dimethylarginine formation was quite differ-
ent when analyzed by these two methods. In our studies with
TbPRMT7, the homologous mutation, M75F, showed no
change in PRMT7’s type III activity with substrates, including
RBP16 (25) and the H4(1-21) RBMMA peptide (Table 1). To
validate the PRMT1 mutant activity (24), we compared the
product specificity of the wild-type human PRMT1 (Fig. 64)
with the H4(1-21) and H4(1-21) RSMMA peptides to that of
the rat PRMT1 M48F enzyme (Fig. 6B). We chose these pep-
tides because H4(1-21) has been shown to be a robust PRMT1
substrate (31, 32). However, in contrast to the earlier work (24),
we were unable to distinguish any difference in the product
specificity of the wild-type human PRMT1 and the rat PRMT1
M48F mutant with the H4 peptide substrates using high reso-
lution cation exchange chromatography (Fig. 6). With both
enzymes, only MMA and ADMA were formed under condi-
tions where we could detect SDMA at a level of less than 0.4% of
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FIGURE 5. HsPRMT9 C431H mutant displays diminished SDMA and greatly increased MMA production with GST-SF3B2. A, amino acid analysis of
methylated arginine derivatives produced by the wild-type human GST-PRMT9 (HsPRMT9) with substrate GST-SF3B2 as described under “Experimental
Procedures.” B, amino acid analysis of methylated arginine derivatives produced by the C431H mutant human GST-PRMT9 with substrate GST-SF3B2. In each
case, the lower panels represent enlargement of the radioactivity in the upper panels to show low levels of methylation. As given under the “Experimental
Procedures,” 86 cpm correspond to 1 fmol of methyl groups. This experiment is one of two biological replicates.
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FIGURE 6. RnPRMT1 M48F mutant enzyme does not produce SDMA with histone H4 peptides. /n vitro methylation and cation exchange chromatography
were used as described under the “Experimental Procedures” to assess PRMT1 activity and product specificity with H4(1-21) (blue), H4(1-21) R3MMA (red), and
the enzyme alone (green). Dashed black lines indicate elution profile of non-radioactive methylarginine species as measured by a ninhydrin assay (see “Exper-
imental Procedures”). A, amino acid analysis of methylated arginine derivatives produced by human PRMT1 (HsPRMT1). B, amino acid analysis of methylated
arginine derivatives produced by rat PRMT1 (RnPRMT1) M48F mutant. In each case, the lower panels represent enlargement of the radioactivity in the upper
panels to show low levels of methylation. As given under the “Experimental Procedures,” 86 cpm correspond to 1 fmol of methyl groups. This experiment
represents one of two biological replicates.

the radioactivity in ADMA. Significantly, in the presence ofan  6B). Additionally, there is MMA production above autometh-
already methylated substrate such as H4(1-21) RSMMA, the ylation levels for wild-type human PRMT1 and rat PRMT1
rat PRMT1 M48F was still unable to produce any SDMA (Fig. M48F when given H4(1-21) R3MMA as a substrate. The MMA
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FIGURE 7. PRMT active sites display distinct spatial architectures. The active site (double E loop, THW loop, and AdoHcy) from RnPRMT1 (10RI, chain A; dark
gray) (A), HsPRMT5 (4GQB, chain A; cyan) (B), and TOPRMT7 (4M38, chain A; wheat) (C) are shown. Crowded subregions of the active sites are highlighted in light
blue and open subregions are highlighted in orange. Band C, substrate peptides co-crystallized with the enzyme are also shown. Distances between atoms are
given in Angstréms and indicated by yellow dashed lines. Images were made using PyMOL (Schrédinger, LLC).

being produced with this peptide would be expected to occur at
positions Arg-17 and Arg-19. These results indicate that the
residue Met-48 may not be involved in mediating product spec-
ificity in mammalian PRMT1.

Discussion

Different methylarginine marks can be recognized by dis-
tinct reader proteins (17) and often behave as epigenetic
switches, affecting the activation or silencing of certain genes
(15, 16). Given the significance of ADMA and SDMA marks, it
has become increasingly important to understand how product
specificity arises to generate these residues. Having previously
demonstrated the conversion of ThOPRMT7, a strictly MMA-
producing type III enzyme, into a type I enzyme forming
ADMA by mutation (25), we now present another ThPRMT7
mutant that is capable of producing SDMA, exhibiting the
product specificity of type II PRMTs (Fig. 2). Biochemical
and mutational analyses of the enzyme’s catalytic activity
reveal that SDMA production occurs when it is presented
with an already monomethylated substrate, demonstrating
that this mutant of PRMT?7, in contrast to the wild type, is
able to recognize a monomethylated molecule as a substrate
and carry out further methylation. In fact, the E181D/Q329A
mutant enzyme binds H4(1-21) R3MMA with a higher affin-
ity than the corresponding unmethylated peptide (Fig. 4).
This observation illustrates that although the activity of the
E181D/Q329A mutant is low, it still behaves, on the catalytic
level, as a type II PRMT.

We also examined a mammalian PRMT1 mutant enzyme
that was previously reported to produce SDMA along with its
wild-type products, ADMA and MMA (24). We were unable to
observe any symmetric dimethylation on histone H4 peptide
substrates from this rat PRMT1 mutant enzyme (M48F) (Fig.
6). Coupled with our results from amino acid analysis of a ho-
mologous mutation in ThbPRMT7 (M75F; Table 1) and its
mutation to alanine (M75A; Table 1) (25), our work did not

confirm any role of Met-48 in affecting PRMT1 product speci-
ficity in the mammalian enzyme. It should be noted that the H4
peptide substrates used in our study differ from the GGRGGEF-
GGRGGFGGRGGEFG peptide used previously (24). Addition-
ally, immunoblot analysis revealed that the reverse mutation in
the PRMT5 enzymes of humans and Caenorhabditis elegans,
where the corresponding wild-type residue is a phenylalanine
(F327M and F379M, respectively) caused asymmetric dimeth-
ylation of human histone H4 (14). It would be interesting to
examine these mutants with our more sensitive amino acid
analysis techniques to determine any changes in product spec-
ificity more precisely.

Our previous mutagenesis results (25), coupled with those
discussed here, highlight the major features of the PRMT active
site, which may control mono- and dimethylation specificity.
Conceptually, the active site of PRMTs, defined by the double E
loop, the THW loop, and the AdoMet/AdoHcy cofactor, can be
divided into two subregions, one of which is located between the
two glutamate residues of the double E loop and above the sub-
strate arginine (subregion A), while subregion B is adjacent to the
THW loop and the region underneath the substrate arginine as
displayed in Fig. 7. Our analysis reveals that the nature of these two
subregions correlates well with, and therefore seems predictive of,
product specificity in PRMTs. Specifically, type I PRMT's contain
an open subregion A and a spatially restricted subregion B (Fig.
7A). The nature of these subregions in type II active sites is
reversed with respect to type I PRMTs, with an open subregion B
and a restricted subregion A (Fig. 7B). PRMT7’s active site by con-
trast contains two restricted subregions, combining the restrain-
ing features of subregions A (type I) and B (type II) of the other two
types of PRMTs (Fig. 7C). These spatial restrictions may be the key
for PRMT7 to only monomethylate its substrates, thus classifying
it as a type IIl PRMT enzyme.

The E181D mutation of ThPRMT?7 increases the space
within subregion A of the active site by a single carbon-carbon
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FIGURE 8. THW loop of PRMTS5 is further away from the substrate arginine than the THW loop of PRMT7. A, active site of human PRMT5 (4GQB) is shown.
B, active site of TOPRMT7 (4M38) is shown. Distances between atoms are given in Angstréms and indicated by yellow dashed lines.

bond where the substrate arginine is stabilized. The distance
between the glutamates of the double E loop, however, is not
the essential factor in SDMA production because the glutama-
tes of human PRMTS5, the major SDMA producer in the cell, are
actually closer together than even those in ThPRMT?7 (Fig. 7, B
and C). The methylation type alteration can be largely attrib-
uted to the Q329A mutation, which, in combination with
E181D, may result in the opening up of subregion B in the active
site underneath the substrate arginine. It is important to note
that the Q329A single mutant did not produce SDMA, suggest-
ing that the THW loop may not be the sole contributor in deter-
mining type II methylation. Human PRMTS5 has a serine resi-
due in place of the corresponding glutamine residue in
ThPRMT?7 that is located at a greater distance (5.2 A versus 3.0
A; Fig. 8) from the substrate arginine than the glutamine of
TbPRMT?7 and is also pointed away from the active site (Fig.
7). In our Th)PRMT7 E181D/Q329A construct, the gluta-
mine to alanine substitution removes an acetamide moiety in
subregion B. This active-site alteration now allows for meth-
ylated arginines to bind more favorably and is better suited
to accommodate a methylated nitrogen atom near the THW
loop, allowing the other terminal nitrogen atom (positioned
near the double E loop) to become methylated. A specific
role of the THW loop in determining PRMT product speci-
ficity was first suggested in two recent reviews from Thomp-
son and co-workers (2, 20).

In support of the importance of the THW loop in determin-
ing type Il PRMT product specificity, the mutation of C431H in
human PRMT?9 shows a significant decrease in SDMA produc-
tion relative to the wild-type enzyme (Fig. 5). Although no
structure has been determined for this enzyme, the cysteine to
histidine mutation introduces a bulkier moiety into the THW
loop potentially contributing to further crowding in the active
site, which in turn may prevent SDMA production. The con-
comitant marked increase in MMA production of the PRMT9
is consistent with a partially processive methylation mecha-
nism, a characteristic of type  PRMTs (33).

Structural alignments of known type I, II, and III PRMTSs
show that the geometries of the active sites are highly con-
served within each PRMT type (Fig. 9 and Table 2). Although
our proposed model will benefit from further validation
through structural studies of novel PRMTs and additional

mutant enzymes, our results illustrate how small changes in
the active site of PRMTs can markedly alter their catalytic
specificity and thus aid in creating a spectrum of methylargi-
nine species that may differentially mediate various biologi-
cal pathways.

The emerging role of PRMTs in cancer (4, 5, 34, 35) has
profoundly spurred the research into PRMT inhibitors (36).
One of the major issues in this field, however, has been the
promiscuity of many PRMT inhibitors derived from small
molecule library screening (37). Approaches based on find-
ing bisubstrate analogs that mimic the cofactor and the sub-
strate arginine have the disadvantages of promiscuity and
additionally, due to their highly charged nature, limited bio-
availability precluding their administration as oral drugs
(37). In light of such obstacles in the development of small
molecule inhibitors of PRMTSs involved in various diseases, it
is our hope that our model will facilitate the rational design
of specific and potent PRMT inhibitors by providing detailed
insight into the distinct active-site architectures of the three
types of PRMTs.

Experimental Procedures

Peptide Substrates—Histone H4(1-21) (Ac-SGRGKGGK-
GLGKGGAKRHRKYV) and histone H4(1-21) RAMMA (Ac-
SGR(me)GKGGKGLGKGGAKRHRKY) peptides were kind
gifts from Heather Rust (The Scripps Research Institute, Jupi-
ter, FL) and Paul Thompson (University of Massachusetts Med-
ical School, Worcester, MA). Peptides used for ITC analysis
were purchased from AnaSpec.

Protein Expression and Purification—TbPRMT7 wild-type
and mutant enzymes were cloned, expressed, and purified as
described previously (25). GST-PRMT9 wild-type, GST-
PRMT9 C431H mutant, and GST-SF3B2(401-550) fragment
were expressed and purified as described previously (28).

Human PRMT1 (HsPRMT1) was expressed from a
pET28b(+) vector with a short N-terminal His tag obtained
from Dr. Paul Thompson (University of Massachusetts Med-
ical School, Worcester, MA) (38). Rat PRMT1 (RuPRMT1)
M48F was expressed from a pET28b(+) vector obtained
from Dr. Joan Hevel (Utah State University, Logan, UT)
(24). Both constructs were expressed in Escherichia coli
BL21(DE3) cells (Invitrogen) and grown in LB media con-
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FIGURE 9. Structural alignment of PRMT active sites. Active sites of all three types of PRMTs are shown.

TABLE 2

Root mean square deviation (r.m.s.d.) values for structural align-
ments of the active-site double E loop, the THW loop, and AdoHcy
made in PyMOL for type |, I, and Il PRMTs from the indicated crystal
structures

r.m.s.d. (A)
PRMTs Ca All atoms

Type I

RnPRMT1 (10RI) 0 0

HsPRMT3 (4QQN) 0.5 12

HsPRMT4 (5DWQ) 0.6 1.3

HsPRMT6 (5EGS) 0.7 1.2

HsPRMTS (5DST) 0.6 1.1
Type II

HsPRMTS5 (4GQB) 0 0

CePRMTS5 (3UA3) 0.3 0.6

XIPRMTS5 (4G56) 0.4 1.6
Type 111

TbPRMT?7 (4M38) 0 0

CePRMT7 (3X0D) 0.7 140

MmPRMT7 (4C4A) 0.7 1.1

taining kanamycin at 37 °C to an ODy, of ~0.6. Expression
was induced with 1 mm isopropyl B-p-thiogalactoside (Gold-
Bio) at 18 °C for 16 h. The cells were then harvested by cen-
trifugation at 5,000 X g and 4 °C. The harvested cells were
lysed using an EmulsiFlex cell homogenizer (Avestin) in 50
mm HEPES (pH 8.0), 300 mm NaCl, 0.5 mm phenylmethyl-
sulfonyl fluoride (Sigma), and complete EDTA-free protease
inhibitor mixture (Pierce). Lysed cells were centrifuged at
15,000 rpm for 50 min at 4 °C. The clarified lysate was loaded
onto a 5-ml HisTrap HP Ni*>* column (GE Healthcare). The
column was washed with 10 column volumes of the lysis
buffer, including 50 mm imidazole-HCl (pH 8.0), and the
protein was eluted with a 50-500 mm imidazole-HCI (pH
8.0) gradient. The eluted protein’s purity was verified
through SDS-PAGE analysis to be >95% (~40.6 kDa). The
protein was then dialyzed against a storage buffer containing
50 mm HEPES (pH 8.0), 1 mm DTT, and 15% glycerol (v/v).

Isothermal Titration Calorimetry—ITC measurements were
performed at 15 °C using a MicroCal auto-iTC200 calorimeter

(MicroCal, LLC). Protein was incubated with 2-fold molar
excess of AdoHcy for 1 h at room temperature. Protein and
peptide samples were then extensively dialyzed against a buffer
containing 20 mm HEPES (pH 7.5), 20 mMm NaCl, and 0.5 mm
tris(2-carboxyethyl)phosphine. 2 ul of 1-4 mm peptide was
injected into 0.2 ml of 0.1- 0.4 mm protein in the chamber every
150 s. Baseline-corrected data were analyzed with ORIGIN
software.

Amino Acid Analysis of Protein and Peptide Substrates—In
vitro methylation assays and amino acid analysis using the
TbPRMT7 wild-type and mutant enzymes were performed as
described previously (25) in a buffer of 50 mm HEPES (pH 8.0),
10 mm NaCl, 1 mm DTT, and 5% glycerol in a final volume of 60
ul. Assays and amino acid analysis using human PRMT9 were
also carried out as described previously (28, 29). For methyla-
tion assays with PRMT1, human and rat enzymes were used.
The wild-type control was done with human PRMT1, and the
mutant reactions were done with rat PRMT1 M48F. In both
cases, 2.5 ug of PRMT1 and either 50 um H4(1-21) or H4(1-
21) RBMMA peptide were incubated at 37 °C for 3 h in a mix-
ture containing 0.7 um of S-adenosyl-L-[methyl-*H]methionine
([methyl->H]AdoMet) (PerkinElmer Life Sciences; stock solu-
tion of 7 uM (78.2 Ci/mmol) in 10 mm H,SO,/EtOH (9:1, v/v)),
50 mm HEPES (pH 8.0), 10 mm NaCl, 1 mm DTT, and 5% glyc-
erol in a final volume of 60 ul. Reactions were stopped,
acid-hydrolyzed, and analyzed with cation exchange chro-
matography as described previously (25). Given the specific
radioactivity of the [methyl->H]-AdoMet of 78.2 Ci/mmol and a
counting efficiency of 50%, 1 fmol of methyl groups corre-
sponds to 86 cpm.
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uscript. K. J, R.A. W, E. W.D,, A. H,, P. S.,and S. G. C. participated
in the data analysis and interpretation, and K. J., R. A. W., E. W. D,,
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ABSTRACT: Caenorhabditis elegans protein arginine methyltrans- (W)
ferases PRMT-7 and PRMT-9 are two evolutionarily conserved %
enzymes, with distinct orthologs in plants, invertebrates, and

vertebrates. Biochemical characterization of these two enzymes

reveals that they share much in common with their mammalian
orthologs. C. elegans PRMT-7 produces only monomethylarginine

P>

(MMA) and preferentially methylates R-X-R motifs in a broad (Me)
collection of substrates, including human histone peptides and RG- +

rich peptides. In addition, the activity of the PRMT-7 enzyme is

dependent on temperature, the presence of metal ions, and the @

reducing agent dithiothreitol. C. elegans PRMT-7 has a substrate ‘» ——

specificity and a substrate preference different from those of N
mammalian PRMT7, and the available X-ray crystal structures of

the PRMT?7 orthologs show differences in active site architecture. C.

elegans PRMT-9, on the other hand, produces symmetric dimethylarginine and MMA on SFTB-2, the conserved C. elegans
ortholog of human RNA splicing factor SF3B2, indicating a possible role in the regulation of nematode splicing. In contrast to
PRMT-7, C. elegans PRMT-9 appears to be biochemically indistinguishable from its human ortholog.

P rotein arginine methylation is a posttranslational mod- yet been possible to connect these phenomena to the specific
ification that is widely distributed in vertebrates, enzymatic action of PRMT?7. In addition, there is evidence that
invertebrates, plants, and fungi."> Members of the mammalian crosstalk of PRMT7 with other PRMTs can modify the
protein arginine methyltransferase (PRMT) family modify epigenetic code. For instance, the knockdown of PRMT?7 in
arginine residues by introducing a methyl group onto the mammalian cells has been shown to decrease the level of
terminal guanidino groups, generating either exclusively SDMA formation at arginine 3 in histone H2A and H4 in
monomethylarginine (MMA) (type III, PRMT7), MMA and chromatin associated with specific genesm"”'m in spite of the
symmetric dimethylarginine (SDMA) (type II, PRMTS and fact that PRMT7 does not catalyze SDMA formation.”"”' In
PRMT9), or MMA and asymmetric dimethylarginine (ADMA) addition, there is evidence of the association of increased levels
(type I, PRMT1—4, -6, and -8).>* This family of enzymes has of arginine 3 SDMA in histone H4 at specific genes with
roles in the epigenetic regulation of transcription,” mRNA overexpression of PRMT7."" It thus appears that PRMT7 may

splicing,5 DNA damage response,6 carcinogenesis,‘w’8 and function in conjunction with other PRMTs.

signaling.” Many of these enzymes have multiple functions Because of the complexity of mammalian systems, PRMT7

and roles, and changes in their expression have been implicated from lower eukaryotes, including Trypanosoma brucei'””~*” and

in tumorigenesis and disease.”"”" Caenorhabditis elegans,””** has been studied. However, the
The majority of PRMTs have been well characterized, and trypanosome enzy;{)nzel 2}2135 a preference for RG-rich proteins

their physiological substrates have been identified. PRMT7 and such as RBP16, """ while mammalian PRMT7 has a

PRMTY, however, have received much less attention. While preference for R-X-R motifs in bals7ic]:xsequence contexts such

PRMT9 appears to have a major role in the regulation of as those found in histone H2B."”" A crystal structure is

alternative splicing,5 for PRMT?7 the situation is more complex. available for C. elegans PRMT-7 that is similar to that

Recent studies have shown that PRMT7 is involved in determined for Mus musculus PRMT7, with both enzymes

preserving satellite cell regenerative capacity,' regulation of containing a single chain with two ancestrally duplicated

germinal center formation,"’ induction of the epithelial-to-

mesenchymal transition,'” and bone development,13 in addition Received: March 28, 2017

to roles in cancer such as the promotion of breast cancer Revised:  April 20, 2017

metastasis through MMP9 expression.'* However, it has not Published: April 25, 2017
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methyltransferase domains stabilized by a zinc ion.”*** We note

that while the T. brucei ortholog is named PRMT'7, its structure
is divergent from those of the C. elegans and mouse enzymes,
lacking the duplicated domain characteristic of plant,
invertebrate, and vertebrate PRMT7 members.">'’ A previous
attempt to characterize C. elegans PRMT-7 (then named
PRMT-2) in vitro was unsuccessful because it was enzymatically
inactive under the conditions tested.”> The authors of this same
study™® designated C. elegans PRMT-9 (then named PRMT-3)
as a human PRMT?7 ortholog, while more recent studies have
shown it is more closely related to human PRMT9."*°

Given the similarity of the C. elegans and mouse PRMT7
enzymes, and the difficulty of determining the mechanism of
PRMT?7 action in vertebrates, we sought to characterize the C.
elegans ortholog. We have now been able to show that although
the C. elegans enzyme is similar to the previously studied
mammalian enzyme in its ability to form only MMA
marks,'”"**” the nematode enzyme has distinct specificity for
recognizing arginine residues in peptides and proteins,
suggesting distinct functions.

Mammalian PRMT9 had also been challenging to character-
ize. None of the previously characterized PRMT methyl
acceptors were recognized by human PRMT9.”® However, it
was possible to identify a complex with splicing factors SF3B2
and SF3B4 and to show that PRMT9 methylates SF3B2 to
produce MMA and SDMA.>*® SF3B2 may be the only major
substrate of this enzyme, and its modification appears to play a
role in the regulation of alternative splicing.>”

While C. elegans has no orthologs of mammalian PRMT2—4,
-6, or -8, there is an ortholog of PRMT9."” In the previous
study, this ortholog was shown to methylate recombinant
histone H2A, producing only MMA.”® Thus, we were
interested in characterizing this C. elegans PRMT-9 to establish
whether it plays a role similar to that of mammalian PRMT9.
We now show that C. elegans PRMT-9 is a type II enzyme that
produces MMA and SDMA, but it also appears to be highly
specific for the C. elegans ortholog of the SF3B2 splicing factor,
SFTB-2.

B MATERIALS AND METHODS

Bacterial Protein Expression and Purification. C.
elegans PRMT-7 ¢cDNA and PRMT-9 ¢cDNA were cloned into
a pGEX-6P-1 plasmid™® and were a kind gift from A. Fukamizu.
The proteins were expressed in BL21 DE3 cells (Invitrogen);
C. elegans GST-PRMT-7 and -9 enzymes were purified using
the conditions described in ref 26, but with induction for 20 h
at 18 °C using 0.13 mM isopropyl p-thiogalactopyranoside
(IPTG) for GST-PRMT-7 and 1 mM IPTG for 20 h at 18 °C
for both GST-PRMT-9 wild type and A391H mutant. The
enzymes were purified as described and dialyzed overnight into
100 mM Tris-HCl and 100 mM NaCl (pH 7.5). Homo sapiens
GST-PRMT7,'"® GST-PRMT9,*° and GST-SF3B2™*° were
expressed and purified as described previously. GST-GAR
was expressed using 0.4 mM IPTG for 20 h at 18 °C and
purified using a process similar to that used for the other
proteins but was dialyzed into 50 mM HEPES, 120 mM NaCl],
and 1 mM DTT (pH 8.0). The amino acid sequence for SFTB-
2 (C. elegans SF3B2) was synthesized by GenScript, Inc., and
cloned into a pGEX-6p-1 vector. GST-tagged SFTB-2 was
purified using a process similar to that used for human SF3B2
and dialyzed overnight into 10 mM Na,HPO,, 2 mM KH,PO,,
137 mM NaCl, 2.7 mM KCl, and 1 mM DTT (pH 7.4).
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Each of these plasmids encodes the full sequence of the
Schistosoma japonicum glutathione S-transferase (UniProt entry
P0851S) followed by linker regions of SDLEVLFQGPLGSGIP
(C. elegans PRMT-7), SDLEVLFQGPLGSPEFP (C. elegans
PRMT-9), SDLQVLEQGPL (C. elegans SFTB-2), SDLVPRG-
SST (human PRMT?7), and SDLVPRGS (GST-GAR) followed
by the full amino acid sequences of either C. elegans PRMT-7
(UniProt entry Q9XW42), C. elegans PRMT-9 (UniProt entry
002325), human PRMT7 (UniProt entry QONVM4), human
PRMT?Y (UniProt entry Q6P2P2), C. elegans SFTB-2 (UniProt
entry 016997), human SF3B2 (UniProt entry Q1343S), or
amino acids 1—14S of human fibrillarin (UniProt entry
P22087), the latter of which has K2E and A145V substitutions.
The GST-GAR fusion protein was previously erroneously
reported to include human fibrillarin residues 1-—148.'%*
Purified proteins were analyzed via sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) and then
quantified using 10% trichloroacetic acid precipitation for a
Lowry assay.

Peptide Synthesis. All H2B peptides used in these studies
listed in Table SI were synthesized by GenScript, Inc,, and
further validated by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry. Other peptides were gifts
from their respective sources (see Table S1).

In Vitro Methylation Reactions. Methylation reactions
included 2 pg of enzyme and potential methyl-accepting
protein substrate (S ug) or peptide substrates at a final
concentration of 12.5 uM. Mixtures were incubated at the
indicated temperatures using a buffer of S0 mM potassium
HEPES and 10 mM NaCl (pH 8.2) unless otherwise indicated
and 0.7 uM S-adenosyl-L-[methyl-*H]methionine {*H-AdoMet,
PerkinElmer Life Sciences, 82.7 Ci/mmol, 0.55 mCi/mL in 10
mM H,SO,/EtOH [9:1 (v/v)]} in a final reaction volume of 60
uL. Given a counting efficiency of 50%, 1 fmol of radiolabeled
methyl groups corresponds to 91 cpm.

Amino Acid Analysis of Substrates Using High-
Resolution Cation Exchange Chromatography. Reactions
with peptide substrates were stopped by the addition of 3 uL of
25% trichloroacetic acid, and peptides were purified using
OMIX C18 Zip-Tip pipet tips (Agilent Technologies). The
reaction mixtures were then subjected to vacuum centrifugation
to remove the Zip-Tip elution buffer consisting of H,O and
acetonitrile (50:50). Protein substrate reactions were stopped
by the addition of an equal volume of 25% (w/v) trichloro-
acetic acid followed by centrifugation to give the protein pellet.
Methylated peptides and proteins were subsequently acid
hydrolyzed, mixed with nonradioactive methylated arginine
derivatives, and separated and analyzed using high-resolution
cation exchange chromatography as described in ref S.

Detection of Methylated Substrates after SDS—PAGE.
Protein substrate methylation reactions were stopped by the
addition of 0.2 volume of 5X SDS sample loading buffer and
run on a 12.6% polyacrylamide Tris-glycine gel. The gel was
stained using Coomassie Blue, and after being destained
overnight, gels were incubated in EN*HANCE (PerkinElmer
Life Sciences, catalog no. 6NE9701) autoradiography reagent,
washed with water for 30 min, and then vacuum-dried. Dried
gels were then placed in a cassette and exposed to
autoradiography film (Denville Scientific, catalog no. E3012)
at —80 °C for the amount of time indicated in the figure
legends. Densitometry of the bands was performed using
Image].
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B. taurus 118 VINKHSTEVTVGPDGDMPCRA ALPSYEHAHRHLVQANCEAVPHR
A. carolinensis 118 IINKHSTEVTVGPDGDMETRA ALPSYEHAHRCLVQEGCEAVPHR
G. gallus 118 VINKHSTEVTVGPDGDMQCRA ALPTYEHAHKYLVQEGCEAVPHR
H. sapiens 118 VINKHSTEVTVGPEGDMPCRA ALPSYEHAHRHLVEENCEAVPHR
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T. brucei 311 F---VMST----- DPEDTVNNFPR QALQLLDASNGPLPTPVVFTEGKNYNFECNF
A. thaliana 325 EGTIFYSTAPRWIDSNSEIGVRDWCDHWRQCVWFTPGTGVS—————— ISKGEKVHLHASH
DHWMQAVYYLPE}K—K —————— VEMNQTFE LVCNH
DHWMQSVYFLPAEE-N---—---VSEGEELMLMVSH
X. tropicalis 285 DGSITCTMQPSWMYLAQ--QPVPWRDHWMQCVYFLPKES-L---—=— VTQGEMWCLTANQ
M. musculus 289 EGKIKCTMAPFWAQTDP--QELQWRDHWMQCVYFLPQEE-P—————— VVQGSPRCLVAHH
B. taurus 289 EGKIKCTMAPSWAHSDP--EELQWRDHWMQCVYFLPQEE—-P----==-VVQGLALCLVAYH
A. carolinensis 289 AGSIKCTMAPYWVQLAS--EDIPWRDHWMQCVYFLPHED-P—-—-——— IIQGQSVNLTAFH
G. gallus 289 SGTINCTMAPYWVKPM---SAFQWRDHWMQCVYFLPKEE=Q=====~ VLQGEKVHLTACR
H. sapiens 289 EGKIKCTMAPFWAHSDP-—EEMQWRQEEMQCVYFLPQEE—P —————— VVQGSALYLVAHH
_— - o—— e —

Figure 1. Evolutionary conservation of PRMT7 across the various kingdoms of life. (A) Phylogenetic tree based on human PRMT7. UniProt entries
of representative orthologs from Animalia, Plantae, Archaeplastida, Fungi, Bacteria, and Excavata are shown with their E values based on a protein
BLAST search against the human species.”” The phylogenetic tree was constructed after amino acid sequences were aligned using MUSCLE in
MEGAG software as described in ref 26. Each ortholog sequence was then subjected to protein BLAST against the human protein database. All
proteins were mutual best hits with the exception of those species marked with an asterisk. The number shown next to each branch is the percent of
replicate trees with the same clustering in 500 bootstrap test replicates. The scale bar indicates the fraction of amino acid differences for each entry.
H. sapiens PRMT7 is boxed in dark red, and C. elegans PRMT-7 is boxed in red. (B) Partial sequence alignment of the major motifs in PRMT7
orthologs across vertebrates, invertebrates, plants, and excavata (T. brucei) using the EMBL-EBI Clustal Omega Multiple Sequence Alignment
software.”” The major distinguishing motifs of protein arginine methyltransferases are boxed in black, including motif I, post motif I, motif II, the
double E loop, and the THW loop. Red letters indicate identity and blue letters similar amino acid properties. The secondary structure is indicated
on the bottom with f-strands colored yellow and a-helices colored magenta based on the structure of M. musculus PRMT7 (Protein Data Bank entry
4C4A™). The C. elegans PRMT-7 sequence is boxed in dark gray.
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Figure 2. C. elegans PRMT-7 produces MMA, and its activity is dependent on temperature and metal ion. (A) Amino acid analysis of *H methylation
reactions of C. elegans GST-PRMT-7 (2 pug) with GST-GAR (S pg) after a 20 h reaction at 30 °C (left) or 25 °C (middle and right) in either Tris-
EDTA buffer [100 mM Tris-HCl, 100 mM NaCl, and 2 mM EDTA (pH 8.0)] (top) or S0 mM potassium HEPES and 10 mM NaCl (pH 8.2)
(bottom) as indicated in Materials and Methods. The final concentration of DTT in these reactions (from the GST-GAR preparation) was 0.16 mM.
After trichloroacetic acid precipitation and acid hydrolysis, 1 gmol of each nonradiolabeled methylated arginine standard (ADMA, SDMA, and
MMA) was added to the hydrolyzed pellet and amino acid analysis was performed as described in Materials and Methods. Dashed black lines
indicate ninhydrin absorbance of the methylarginine standards with the peaks of ADMA, SDMA, and MMA identified using 50 uL of each fraction.
Red lines indicate the elution of the radiolabeled methylated amino acids from the hydrolysates of the reactions. Radioactivity from 950 L aliquots
of each fraction is given as the average of three S min counting cycles using liquid scintillation counting. Radioactive methylated amino acids elute
approximately 1 min before the nonradiolabeled standard because of the tritium isotope effect.’® The right panels show an expanded view of the data
from the middle columns at 25 °C to demonstrate that the enzyme produces MMA only under both buffer conditions. These reactions were
replicated three independent times. The asterisk indicates the peak eluting prior to the position expected for *H-ADMA; this peak is not consistently
observed in the replicates. (B) PRMT-7 enzyme activity is dependent on the presence of DTT. The enzyme was reacted with 12.5 4M pSmD3 (top)
or pRpl3 (bottom) peptides at 25 °C in SO mM potassium HEPES and 10 mM NaCl (pH 8.2) (left) or at 15 °C in the same buffer with the addition
of 1 mM DTT. Results are presented as shown in panel A; the blue line in the right-hand panels indicates radioactivity for incubations to which no
peptide substrate was added. These reactions were replicated twice with no DTT and once with DTT.

as in higher plants (Figure 1A and ref 1). Significantly, the C.
elegans ortholog is 32% identical to the human enzyme over the
full polypeptide length and has an expected value of 3 X 107,
Fungi appear to lack a PRMT7 ortholog, with the closest
relatives being more similar to PRMT1. Bacteria also seem to
largely lack orthologs to PRMT7. The closest bacterial
sequence homologues in Streptococcus pneumoniae and

B RESULTS

PRMT7 Is Widely Conserved in Vertebrates, Inverte-
brates, and Plants. The human PRMT7 sequence was
analyzed by protein BLAST,” and the representative orthologs
were compiled into a phylogenetic tree (Figure 1A). We found
that the major PRMT structural motifs, including AdoMet-
binding post motif I, the substrate-binding double E loop, and

the THW loop, are well-conserved (Figure 1B). PRMT?7 is
widely distributed across vertebrates and invertebrates,
including mollusks, insects, tunicates, and nematodes, as well
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Pseudanabaena sp. are not mutual best hits to PRMT?7,
although the Rhizobium leguminosarum and Geobacter sulfurre-
ducens species are most closely related to PRMT?7. In addition,
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Figure 3. PRMT-7 has a temperature dependence consistent with C.
elegans physiology. Methylation reaction mixtures consisting of 5 g of
GST-GAR substrate and 2 ug of enzyme (C. elegans GST-PRMT-7 or
H. sapiens GST-PRMT7) were incubated for 20 h at the indicated
temperatures in reaction buffer containing S0 mM potassium HEPES
and 10 mM NaCl (pH 8.2) with 0.7 uM [methyl-*H]AdoMet in a final
reaction volume of 60 yL. The final concentration of DTT in these
reactions (from the GST-GAR preparation) was 0.16 mM. Reactions
were quenched by the addition of SDS sample loading buffer and
polypeptides separated by 12.6% Tris-glycine SDS—PAGE followed by
autoradiography as described in Materials and Methods. The dried gel
was then exposed to Denville E3012 autoradiography film for 21 days
at —80 °C. Molecular weight positions are shown from approximately
2 pg of unstained SDS—PAGE broad range marker (Bio-Rad, catalog
no. 161-0317). This full experiment was independently replicated, and
a further third replicate using only the C. elegans enzyme was also
performed. Densitometry was performed using Image] on scanned
images of the films and quantified as relative density and normalized to
the highest peak of GST-GAR radioactivity in each individual film (C.
elegans, red symbols; human, blue symbols; different symbols used to
indicate each replicate experiment). Lines are drawn for the averaged
normalized values. The optimal growth temperatures for C. elegans®'
and humans are indicated. Lower bands shown on the fluorography gel
are nonspecific and not dependent on enzyme activity.

the type III (MMA forming) trypanosome T. brucei
PRMT7'*" is most similar in sequence to human PRMT9
and is not a mutual best hit for human PRMT7. Importantly, T.
brucei PRMT?7 has a substrate specificity distinct from those of
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Figure 4. C. elegans PRMT-7 has an R-X-R substrate specificity similar
to that of the human PRMT7 enzyme. (A) Amino acid analysis of
reaction mixtures consisting of 2 ug of human GST-PRMT?7 or C.
elegans PRMT-7 enzymes, reacted with 12.5 yM synthetic human
histone H2B (23—37) peptide'”'® or a synthetic peptide containing
the equivalent sequence from C. elegans histone H2B (20—34) at 15
°C as described in Materials and Methods, in 50 mM potassium
HEPES buffer and 10 mM NaCl (pH 8.0) containing 1 mM DTT for
20 h. Reactions were repeated three times for human histone H2B
(23—37) and twice for C. elegans H2B (20—34) at this temperature
and also replicated at 25 °C once. (B) Amino acid analysis of reaction
mixtures containing 2 ug of C. elegans GST-PRMT-7 enzyme reacted
with 12.5 uM synthetic human histone H2B peptides (wild type, top;
R29K, R31K, and R33K bottom) for 20 h, using the same conditions
described above for panel A. These reactions were single replicates.
(C) Amino acid analysis of reaction mixtures containing 2 ug of C.
elegans or human PRMT-7/7 enzymes, reacted with 12.5 M synthetic
peptide RGR-1 (a sequence containing an R-X-R sequence where X =
G) at 25 °C (left) or 15 °C (right), under the same reaction
conditions as described for panel A. Reactions were replicated once,
and the reaction of C. elegans with RGR-1 was replicated two
additional times.

both human PRMT7 and PRMTY, preferring RG-rich
. 5,17-1921,22,26
proteins.

The major conserved PRMT motifs are shown for selected
species in Figure 1B. While all of the enzymes have similar
motifs common to all seven f-strand methyltransferases (motif
I, post motif I, and motif II), the T. brucei PRMT7 deviates
significantly from the other proteins in the PRMT-specific
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Figure S. C. elegans PRMT-7 has a preference for R-X-R motifs in various peptide substrates. (A) C. elegans PRMT-7 (2 ug) was reacted with 12.5
uM various synthetic human histone H4 peptides (1—21 wild type, 1-21 R3K, 1—16 wild type, and 14—22) at 15 °C in SO mM potassium HEPES
and 10 mM NaCl (pH 8.0) with 1 mM DTT for 20 h. Amino acid analysis was performed as described above and in Materials and Methods.
Reactions were replicated twice. (B) C. elegans PRMT-7 (2 pug) was reacted with various synthetic peptides [pSmD3, pRpl3, pR1, histone H3 (1-7),
and RGR-1] at 12.5 M under the conditions described for panel A. Reactions were single replicates. The reactions in the top panels for pSmD3 and

pRpl3 are the same panels used in the right column of Figure 2B.

double E loop and the THW loop. When compared to the
human PRMT?7, the C. elegans protein has an identical DHW
sequence in the THW loop as well as an identical double E
loop with the exception of the replacement of a single leucine
residue with a valine. These results indicate that PRMT?7 is
evolutionarily conserved with a marked presence in vertebrates,
invertebrates, and plants, but not in lower organisms.

C. elegans PRMT-7 Produces Monomethylarginine.
When we assayed the C. elegans PRMT-7 methyltransferase
activity under conditions used in the previous biochemical
study”® (30 °C with an EDTA-containing buffer), we also
found no activity (Figure 24, top left panel). However, when
the incubation temperature is decreased to one more favorable
for C. elegans growth (25 °C), some enzymatic activity
producing MMA was seen (Figure 2A, top middle and right

panels). When we switched to a buffer containing no metal ion
chelator, some activity was seen at 30 °C (Figure 2A, bottom
left panel) while much higher activity was seen at 25 °C (Figure
2A, bottom middle and right panel). Previous work had
demonstrated the partial loss of activity of the mammalian
PRMT?7 enzyme with EDTA.'® A zinc ion is present in a zinc
finger motif in the mouse and C. elegans PRMT7/PRMT-7
structures located some distance from the active site, suggesting
that it may play a role in stabilizing an active conformation of
the enzyme.**** Thus, it appears that EDTA may inhibit the
activity by extracting this zinc ion. In addition, the C. elegans
PRMT-7 enzyme activity appears to be dependent on the
presence of the reducing agent dithiothreitol (DTT), as was
previously observed with the mammalian enzyme.”” In vitro
methylation reaction mixtures with two synthetic peptides

103



C. elegans PRMT-7 +

TP TP FLo2ITL o

H. sapiens PRMT7 +

i 15°C 25°C

15°C 1 25°C )

Figure 6. C. elegans PRMT-7 has a substrate specificity distinct from that of the mammalian ortholog for mammalian histones. Reaction mixtures
consisting of S yg of substrate [recombinant human histones from New England BioLabs (H2A, M2502S; H2B, M2505S; H3.3, M2507S; H4,
M2504S)] were reacted with 2 ug of C. elegans GST-PRMT-7 or human GST-PRMT?7 at 15 or 25 °C as described in Materials and Methods.
Reactions were stopped by the addition of sample loading buffer and polypeptides separated as described in Materials and Methods. The dried gel
was then exposed to autoradiography film for 3 days at —80 °C. Molecular weight positions are shown from approximately 2 yg of unstained SDS—
PAGE broad range marker as in Figure 3. The results shown here were replicated three times for C. elegans PRMT-7 and two times for human
PRMT?7. Radiolabeled bands migrating more rapidly than histone H2B in the lane with human PRMT?7 appear to be proteolytic fragments.

containing R-X-R and similar sequences (pSmD3 and pRpl3)
showed no activity at 25 °C without DTT (Figure 2B, left
panels) but showed significant MMA-producing activity when
DTT was added to the reaction buffer (Figure 2B, right panels)
at 15 °C.

On the basis of reports that the expression level of PRMT7
can affect SDMA levels in mammalian histones,'"'>*%% we
also asked if the active C. elegans PRMT-7 enzyme could
catalyze dimethylation of arginine species. However, as shown
in the expanded view of the amino acid analysis shown in
Figure 2A (right panels), we find no dimethylated product
consistent with SDMA or ADMA is formed under conditions
where 0.4% of the MMA product would have been detected.
Thus, C. elegans PRMT-7 produces only MMA and is thus a
type III enzyme.

C. elegans PRMT-7 Is Most Active at or below Optimal
Growth Temperatures. In Figure 2, we noted the enzyme
was much more active at 25 °C than at 30 °C. C. elegans is able
to grow at a variety of temperatures ranging from 12 °C
(slowest-growing) to 25 °C (fastest-growing), with most
studies performed at 20 °C.*' Continual incubation at >25
°C leads to sterility.’*> We thus performed in vitro
methylation reactions with C. elegans PRMT-7 and GST-GAR
over a wider range of temperatures, from 0 to 42 °C (Figure 3).
After SDS—PAGE and fluorography, the methylation signal was
quantified using densitometry and normalized. Fluorography
revealed an activity maximum at 15 °C, with the enzyme still
slightly active at the higher end of the physiological
temperature range for C. elegans (20 and 25 °C). In vitro
methylation reactions of human PRMT?7 were performed as a
comparison, and a similar but narrower dependence of activity
on temperature is observed (Figure 3). The temperature
dependence of the human enzyme observed here with a
maximal activity at 15 °C and little or no activity at 37 °C is
similar to what was reported previously.'®

C. elegans PRMT-7 Recognizes a Wider Variety of
Substrates Than Human PRMT7 Does. Once reaction
conditions were optimized for activity, we tested a variety of

protein and peptide substrates to compare the methyl-accepting
activity with peptide and protein substrates, including those
recognized by human PRMT?7. Because both human and
mouse PRMT7 were shown to have a strong preference for R-
X-R motifs flanked by basic residues in histone H2B
peptides,””"® we decided to test these peptides with C. elegans
PRMT-7. Amino acid analysis showed that C. elegans PRMT-7
can methylate synthetic human histone H2B peptides
containing residues 23—37 (Figure 4A, bottom left panel).
To determine whether the C. elegans enzyme better recognizes
C. elegans amino acid sequences than human sequences, we
performed the same experiment with the C. elegans histone
H2B (20—34) peptide. Surprisingly, we found that the C.
elegans enzyme recognized the human peptide better than the
C. elegans peptide (Figure 4A, bottom). We compared this
activity to that of human PRMT7 with the human peptide and
the C. elegans peptide (Figure 4A, top panel) and found that the
human enzyme did not methylate the C. elegans H2B peptide
sequence. These results suggest that, at least in vitro, histone
H2B may not be a major substrate of PRMT-7 in C. elegans.
Because C. elegans PRMT-7 was able to methylate the human
histone H2B peptide, we then tested our collection of single R-
to-K mutants of this peptide (Figure 4B). When it was reacted
with the wild-type H2B peptide, we see similar results as in
Figure 4A, but the removal of a single arginine from the peptide
greatly decreased the activity (Figure 4B, bottom panels). The
histone H2B R29K peptide reduced methylation counts to a
level that was ~40% of that of the wild-type peptide sequence.
The R31K and R33K mutant peptides further decreased the
activity to ~10 and ~22%, respectively, signifying the
importance of arginine residues in a sequential R-X-R motif.
Because our data showed that PRMT-7 prefers an R-X-R motif
in histone H2B, we tested another synthetic peptide containing
an R-X-R sequence, where X is a glycine, a sequence found in
many GAR motif proteins. We tested the C. elegans and human
enzymes with this RGR-1 peptide at 25 and 15 °C and found
that the C. elegans enzyme weakly methylated this peptide at
both temperatures (Figure 4C, top row), while the human
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Figure 7. Active site architecture of C. elegans, trypanosome, and
mammalian PRMT7s. (A) Pymol surface and cartoon representation
of the active site of C. elegans PRMT-7 (Protein Data Bank entry
3X0D**). Flanking glutamate double E loop residues are colored cyan
(E140 and E149); internal loop acidic residues are colored purple
(D143 and E145), and a THW loop residue is colored magenta
(H300). The residue colored orange (F33) protrudes from a helix to
form a cavity with E149. The distance from the side chain carboxyl
carbon of E140 to the side chain carboxyl carbon of E149 is 7.6 A, and
the distance from the side chain carboxyl carbon of E149 to the closest
side chain carbon atom in F33 is 5.2 A. S-Adenosylhomocysteine
(SAH) is shown in CPK coloring. (B) Pymol surface and cartoon
representation of the active site of T. brucei PRMT7 (Protein Data
Bank entry 4M38°°), highlighting residues corresponding to those
shown in panel A. Flanking double E loop residues E172 and E181 are
colored cyan; G175 and M177 (residues corresponding to D143 and
E14S, respectively, in C. elegans) are colored purple, and the Q329
THW loop residue is colored magenta. The residue colored orange
(F71) corresponds to F33 in the C. elegans structure and also
protrudes from a helix to form a cavity with E181. The distances
between the flanking double E residues and E181 and F71 are given as
in panel A. The arginine 3 residue of the cocrystallized histone H4
peptide is colored red. (C) Pymol surface and cartoon representation
of the active site of M. musculus PRMT7 (Protein Data Bank entry
4C4A™), highlighting residues corresponding to those shown in
panels A and B. The distances between the flanking double E residues
and E153 and $34 are given as in panels A and B. We note that the
S34 side chain oxygen is shown in two conformations.

PRMT7 enzyme showed much less activity (Figure 4C, bottom
row), indicating a slightly broader specificity for the C. elegans
enzyme.

Once we saw the differences in substrate specificity of the C.
elegans PRMT-7 enzyme when compared to that of the
previously characterized human enzyme, we tested it against
another panel of synthetic peptides with various sequences

containing pairs of arginine residues in R-X-R motifs as well as
single-arginine sequences. Upon incubation with synthetic
histone H4 peptides (1—21 wild type, 1-21 R3K, 1-16, and
14-22), we saw greatly reduced activity when the R-X-R
sequence at the C-terminus of the peptide was removed (Figure
SA). This peptide contained the sequence of the C. elegans
histone, one identical to that of the human peptide. The
histone H4 (1—21) R3K peptide gave just a slight decrease in
methylation activity [20% decrease (Figure SA, top right
panel)], but removal of the last five residues in the peptide of
residues 1—16 caused an almost 70% decrease in activity
(Figure SA, bottom left panel). This signified that the PRMT-7
enzyme primarily methylates the R-X-R sequence but could
also recognize and methylate a single arginine. Reacting the
enzyme with a small peptide containing only the R-X-R
sequence of H4 (14—22) yielded almost no activity, indicating
there might be a secondary site of contact and binding for the
peptide to be correctly situated in the active site (Figure SA,
bottom right panel).

Other peptides containing R-G-R and peptides containing a
single arginine residue were reacted with the C. elegans enzyme
(Figure SB). In a longer peptide sequence containing two pairs
of R-G-R sequences [pSmD3 (Figure SB, top left panel)], we
saw very high methylation activity. In a reaction mixture with
pRpl3 peptide (Figure SB, top middle panel) that contains
three more widely spaced arginine residues, we see an activity
that is almost double that of that seen with the RGR-1 peptide
(Figure SB, bottom right panel). C. elegans PRMT-7 was not
able to methylate smaller peptides, such as pR1 (containing
only one R flanked by G) or a peptide containing the first seven
residues from histone H3 (Figure 5B, bottom panels).

We then tested full-length histones as substrates of both the
human and C. elegans PRMT7 enzymes. We methylated
recombinant human histone proteins at either 15 or 25 °C
and separated the polypeptides via SDS—PAGE. At both
temperatures, we found that the C. elegans PRMT-7 enzyme
was active in methylating histones H2A, H2B, and H3, but only
weakly methylated H4 (Figure 6). This was a surprising result
because the enzyme could methylate H4 peptides (Figure SA).
We note that the sequence of histone H4 in humans and C.
elegans is identical with the exception of one residue in the
central domain. Human PRMT?7, on the other hand, was very
specific for histone H2B as noted previously,'” indicating a
distinct difference in substrate specificity between the two
enzymes.

Crystal Structures of PRMT7 Orthologs Unveil a
Distinct Pocket in the Active Site Potentially Contribu-
ting to Substrate Specificity. Although the characterized
mammalian, trypanosome, and C. elegans PRMT7 homologues
all produce MMA, there are significant differences in their
substrate specificity (this study and refs 18 and 22). We
therefore examined the active site architecture of the available
PRMT7 crystal structures of each of these enzymes. The
substrate arginine residue is generally bound between the two
glutamate residues in the double E loop.”*** The distance
between the side chain carboxyls of the two glutamates in the
double E loop is relatively similar in the C. elegans and T. brucei
enzymes (7.6 and 7.2 A, respectively), compared to a larger
distance (8.7 A) in the M. musculus enzyme (Figure 7). In
addition, in PRMT7 from C. elegans and T. brucei, there is a
phenylalanine residue that protrudes into the active site (F33
and F71) and may limit the size of a methyl-accepting
sequence. The distance between the side chain carboxyl carbon

105



>

CePRMT-9 + CeSFTB-2 (99-248)

CePRMT-9 + HsSF3B2 (401-550)

8
A
204 N 1\
&) \ Lo Lo.6
1\ / \ (Y
— t o\ \ o
r \ ! \
5 l, \\ " \
— 1 1 1 —
- ! ‘\} \ o4 E
= ¥
o 104 1 \ 1
E //‘\'/ \\,.A‘\ .é
= [ 02 S
54
4 [
Q. <
= — 0 N
2 55 60 65 70 75 80 85 c
E >
v.a HsPRMT9 + CeSFTB-2 (99-248) & = HsPRMT9 + HsSF3B2 (401-550) 10 -E
’ Z
g ,’\ S
I 201 ;o\ A 20
g P ! Lo.6 t
- 1A < I
v ’ ]
Py H 1
154 ] \ [ \ 154 /
|
I 5 i \ 0.4 |
! \ ] ]
1 ! \
104 I \ H \ 10 f
] o \ I
! vl X I
H A \ 0.2 !
5 *! l\ll LN 5-_,1'\/‘
1 v
™ \-.-.-.»
B M) altmane
55 60 65 70 75 80 85 55 60
Elution Time (min)
CeSFTB-2 99-248 99 ——mm e STDSEDGFSYGHHVSKGEKKDDLGKVGQAERIIQEEMEERAKEN
HsSF3B2 401-550 401 KEKEKEPEKLDKLENSAAPKKKGFEEEHKDSDDDSS--—--—————e—eeee—— DDEQEKKP

CeSFTB-2 99-248 143 TEEKLSRRKLRISLQPSIAKLKETTLRADVVEWADVTSRDPYLLVAMKSYRNSVPVPRHW
HsSF3B2-401-550 445 EAPKLSKKKLRRMNRFTVAELKQLVARPDVVEMHDVTAQDPKLLVHLKATRNSVPVPRHW

CeSFTB-2 99-248 203 NAKRKYLAGKRGFERPPFELPDFIKRTGIQDMREALLEKEESQSLK
HsSF3B2-401-550 505 CFKRKYLQGKRGIEKPPFELPDFIKRTGIQEMREALQEKEEQKTMK

Figure 8. C. elegans PRMT-9 symmetrically dimethylates SFTB-2, the C. elegans ortholog of the mammalian SF3B2. (A) Amino acid analysis was
performed as described in the legend of Figure 2 on methylation reaction mixtures consisting of S ug of substrate (C. elegans GST-tagged SFTB-2
fragment 99—248 or H. sapiens GST-tagged SF3B2 fragment 401—550) and approximately 2 ug of enzyme (C. elegans GST-tagged PRMT-9 enzyme
or H. sapiens GST-tagged PRMT9 enzyme) that were incubated for 20 h at 25 °C (nematode enzyme) or 37 °C (human enzyme) in a reaction
buffer consisting of 50 mM potassium HEPES and 10 mM NaCl (pH 8.2) with a final concentration of 0.7 uM [methyl->H]AdoMet in a volume of
60 pL. The reactions were quenched by the addition of a final trichloroacetic acid concentration of 12.5% and mixtures acid-hydrolyzed as described
in Materials and Methods. The asterisk indicates a radioactive peak eluting prior to the expected position of *H-ADMA. The experiment was
replicated twice. (B) Sequence alignment of C. elegans SFTB-2 (UniProt entry 016997) residues 99—248 and human SF3B2 (UniProt entry
Q1343S, bottom). Red letters indicate identity, and blue letters indicate similar amino acid properties. The bolded R and black arrow indicate the

methylation site for the enzyme.

of the second glutamate residue of the double E loop and the
closest side chain carbon of the phenylalanine residue is 5.2 and
5.8 A in C. elegans and T. brucei, respectively (Figure 7A,B).
However, the corresponding residue in M. musculus PRMT7 is
a serine residue whose f-carbon is much farther (8.5 A) from
the glutamate residue (Figure 7C), potentially creating a pocket
that could accommodate arginine residues flanked by residues
with bulkier side chains such as lysine residues. We also note
that the two acidic residues in the interior of the double E loop
(colored purple in Figure 7) are more exposed to the surface in

M. musculus (Figure 7C) than the corresponding residues in the
C. elegans or T. brucei enzymes. These results provide insight
into the broader substrate specificity of the non-mammalian
PRMTs.

The C. elegans PRMT-9 Enzyme Methylates RNA
Splicing Factor SFTB-2/SF3B2 and Forms SDMA. We
previously showed a phylogenetic tree demonstrating a C.
elegans ortholog of PRMT9 present in higher organisms;26 this
ortholog was originally named PRMT-3 but is now designated
PRMT-9."***° In addition, C. elegans also contains an ortholog
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Figure 9. C. elegans PRMT-9 methylates SF3B2 at the same RSO08 site that is methylated by the mammalian PRMT9 enzyme. (A) Amino acid
analysis of a methylation reaction mixture consisting of 2 ug of C. elegans GST-PRMT-9 enzyme with S ug of human GST-SF3B2 (401—550) wild
type at 25 °C for 20 h in either 100 mM Tris-EDTA buffer (pH 8.0) (top) or SO mM potassium HEPES and 10 mM NaCl (pH 8.2) (bottom).
Reactions were quenched by the addition of a final trichloroacetic acid concentration of 12.5% and mixtures acid-hydrolyzed as described above.
Reactions were duplicated twice. (B) Methylation reactions of C. elegans PRMT-9 reacted with the human GST-SF3B2 (401—550) RSO8K mutant
fragment, under the same reaction conditions described for panel A at 25 °C for 20 h. Reactions were duplicated twice.

of mammalian splicing factor SF3B2, now designated SFTB-2.
SE3B2 is the only identified substrate of mammalian
PRMT9.*° To determine if C. elegans PRMT-9 plays a similar
physiological role by methylating SFTB-2, we analyzed the
products of both human and C. elegans PRMT-9 enzymes with
the methylatable fragment F3 of both splicing factors,
corresponding to human residues 401—550 and C. elegans
residues 99—248 (Figure 8A). When the C. elegans enzyme was
incubated with the C. elegans SFTB-2 and mammalian SF3B2
fragments, we detected both MMA and SDMA formation
(Figure 8A, top panels). In a control experiment, we also
detected MMA and SDMA formation with the human enzyme
and substrate (Figure 8A, bottom right panel). However, when
we reacted the human enzyme with the C. elegans SFTB-2
polypeptide, we found only a small MMA peak; no SDMA was
detected (Figure 8A, bottom left panel). SF3B2 and SFTB-2
are similar in sequence in the conserved region surrounding the
RS508 methylation site in the human protein®*° but diverge in
the N-terminal region (Figure 8B).

To ask if the C. elegans enzyme was specific for the same site,
we reacted C. elegans PRMT-9 with the wild type and RS08K
mutant of the human SF3B2 fragment (Figure 9). We observed
that methylation was abolished in the fragment with the RS08K
mutation (Figure 10B, top and bottom right panels), as

compared to the case for the wild-type SF3B2 fragment (Figure
10A, top and bottom left panels), suggesting that the
mammalian and C. elegans enzymes share the same strict
specificity for this arginine residue in the splicing factor.

C. elegans PRMT-9 Does Not Recognize Non-SFTB-2/
SF3B2 Substrates. Because most PRMT's recognize a variety
of substrates, we tested multiple known substrates with the C.
elegans enzyme, including GST-GAR, RNA binding protein
Rbp16, and recombinant histones H2A and H2B (Figure 10).
Amino acid analysis of reactions using the same conditions as
described by Takahashi et al,** the first study to detect MMA
activity with this PRMT-9 enzyme, showed that it did not
appreciably methylate these substrates (Figure 10A, top right
panel). We did, however, observe a very low MMA activity
upon the methylation of recombinant histone H2A, consistent
with the previous result.”> We also analyzed these reaction
mixtures, along with corresponding mixtures with the human
PRMT9 enzyme, using SDS—PAGE fluorography, and
observed that both PRMT9 enzymes methylated only their
corresponding SF3B2 substrate fragments (Figure 10B).

Temperature Dependence of C. elegans PRMT-9. We
next compared the activity at various temperatures of both the
human and nematode PRMT9 enzymes with the human SF3B2
substrate using SDS—PAGE fluorographic analysis (Figure 11).
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Figure 10. Substrate specificity of C. elegans PRMT-9. (A)
Methylation reactions for amino acid analysis were set up using 2
ug of C. elegans PRMT-9 with S pg of various substrates [GST-GAR,
top left; GST-SF3B2 (401—550), top right; recombinant human
histone H2A, bottom left; recombinant human histone H2B, bottom
right], in 100 mM Tris-EDTA buffer (pH 8.0) for 6 h at 30 °C, under
conditions defined by Takahashi et al.”* These reactions using these
conditions were single replicates. (B) In vitro methylation reaction
mixtures consisting of 2 g of C. elegans PRMT-9 or human PRMT9
enzyme were reacted with S yg of substrate [GST-GAR, His-Rbp16, or
GST-SFTB-2 (C. elegans fragment 99—248) or GST-SF3B2 (human
fragment 401—550)] for 20 h at 25 °C (C. elegans) or 37 °C (human)
in SO mM potassium HEPES, 10 mM NaCl, and 1 mM DTT (pH 8.2)
with 0.7 uM [methyl-*H]AdoMet. Sample loading buffer was added to
stop the reactions, and polypeptides were separated using SDS—
PAGE, using the same methods described in the legend of Figure 3.
The gel was then dried and exposed to film for 7 days at —80 °C. The
Coomassie-stained gel is shown in the top panel, and the fluorographic
exposure is shown in the bottom panel. The molecular weight
standards are shown as described in the legend of Figure 3. This
experiment was replicated independently using amino acid analysis.

We found that the C. elegans enzyme is active at the
physiological growing temperatures for the nematode,’" while

the human enzyme is most active at the body’s expected
physiological temperature of 37 °C.”° These PRMT9 enzymes
are active over a range of temperatures wider than that of the
PRMT?7 enzymes analyzed in Figure 3.

THW Loop Residues Are Responsible for the SDMA
Forming Ability of C. elegans PRMT-9. The central residue
in the conserved THW loop has been shown to play a role in
the formation of MMA and SDMA in T. brucei PRMT7 and in
human PRMT9.”® Specifically, mutating the central cysteine
residue in the human PRMT9 THW motif to histidine greatly
enhanced the ability of the enzyme to form MMA and
weakened its ability to form SDMA.*”> Making the same
mutation in the C. elegans PRMT-9 enzyme, converting the
alanine residue in the central position of the THW loop to a
histidine residue, resulted in the loss of SDMA formation and
reduced the extent of MMA formation (Figure 12). The inverse
H300A mutation made in the C. elegans PRMT-7 enzyme
resulted in the loss of activity (data not shown). Interestingly,
additional DTT added to the reaction mixtures, for the wild-
type and A391H mutant enzymes (blue line in all panels),
enhanced the formation of MMA but did not affect the
formation of SDMA (Figure 12).

M DISCUSSION
While many different physiological roles have been described

for PRMT7,'~'*° endogenous in vivo substrates have yet to
be identified. PRMT?7 is widely distributed across vertebrates,
invertebrates, and plants. Fungi such as Saccharomyces cerevisiae
and Endocarpon pusillum do not contain a PRMT?7 ortholog, as
their top BLAST hits match well with the major PRMT1
ortholog (Figure 1). Other studies have not found correspond-
ing orthologs in S. cerevisiae or Schizosaccharomyces pombe.'
What was most surprising is our identification of potential
bacterial PRMT7 orthologs from R. leguminosarum and G.
sulfurreducens that were mutual best hits to human PRMT7.
Methylation of arginine residues has never been observed in
bacteria, and no PRMT genes have been previously reported in
bacteria. These prospective bacterial orthologs lack an apparent
THW loop and do not contain the ancestrally duplicated C-
terminal domain, much like the T. brucei ortholog of PRMT?7.
G. sulfurreducens does contain the characteristic TPR motifs of
human PRMTY, yet the closest human hit when analyzed with
protein BLAST is PRMT?7. Further work needs to be done to
confirm if these potential enzymes actually methylate arginine
residues. Presumably, the retention of PRMT7 in higher
organisms reflects its specific cellular roles, including the
limitation of its activity to monomethylation, its substrate
specificity, and its potential for regulation and crosstalk with
other modifying enzymes.

Optimizing reaction conditions for the C. elegans PRMT-7
enzyme, such as lowering the reaction temperature, removing
metal jon chelators, and adding reducing agents such as DTT,
proved to be essential for determining its substrate preference
and methylation activity. While the optimal temperature for the
activity of C. elegans PRMT-7 falls clearly in the physiological
range of this organism, the human PRMT7 enzyme also
demonstrates a similar temperature preference range where it is
much more active than it is at 37 °C. This is an unusual
property for a human enzyme and may be important for its
activity in regions of localized hypothermia such as in lung
tissue exposed to cold air or in the extremities. It would be
interesting to correlate the function of PRMT7 with the
expression of cold-inducible RNA binding proteins CIRP and
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Figure 11. Temperature dependence of C. elegans PRMT-9. Methylation reaction mixtures consisting of S yg of substrate (H. sapiens GST-tagged
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performed. The bottom panel indicates the densitometry of the bands comparing the methylation activity of the C. elegans enzyme to that of the
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Figure 12. C. elegans PRMT-9 THW loop residues are important for conferring SDMA specificity and a small DTT effect. (A) C. elegans PRMT-9
enzyme (2 pug) wild type (top) or THW loop mutant A391H (bottom) was reacted with approximately S yg of C. elegans SFTB-2 for 20 h at 25 °C
in the reaction buffer containing S0 mM potassium HEPES and 10 mM NaCl (pH 8.0) with (blue line) or without (red line) 1 mM DTT, as
indicated. Mutation of THW loop residue A391 to the conserved histidine residue abolishes the SDMA activity, producing only MMA, consistent
with previous work with the human enzyme PRMT9 C431H mutant.”> These reactions were single replicates.

RBM3, both of which are known to be methylated at arginine
residues.> Alternatively, the small amount of activity of human
PRMT?7 at 37 °C may be sufficient for its function, or there
may be other proteins or small molecules present in human
cells that allow for enhanced activity at normal body
temperature.

We show here that C. elegans PRMT-7 methylates human
histone H2B peptides, prime in vitro substrates for the human
PRMT?7 enzyme, but less methylation of the corresponding C.
elegans H2B peptide was seen (Figure 4A). This result suggests
that histone H2B may not be a major physiological substrate for
C. elegans PRMT-7. It has been shown in proteomic studies that
there is divergence in conservation of methylation sites across
various organisms,34 indicating the methylation sites can differ
across different species and organisms.

Our results also indicate the importance of multiple arginine
residues in an R-X-R motif for recognition by both C. elegans
PRMT-7 and human PRMT?7. However, the C. elegans enzyme
does not appear to have a strong preference for adjacent basic
residues and methylated substrates with adjacent glycine
residues such as pSmD3. Peptides with single arginine residues
were generally not substrates, but a histone H4 1—16 peptide
containing a single arginine residue was weakly methylated by
C. elegans PRMT-7. It appears that the length of the peptide,
the positioning of arginine residues, and the nature of adjacent
and distant residues play a role in substrate specificity.

Comparison of the activity of the human and C. elegans
PRMT7s on intact human recombinant histones confirms the
specificity of the human enzyme for H2B.'"” However, we
observe here that C. elegans PRMT-7 methylates all of the
histone proteins, with the exception of only weakly methylating
histone H4 (Figure 6). This broader substrate methylation
leads us to believe that its physiological substrates, while not
identified yet, could potentially be different from and more
numerous than those of its mammalian ortholog.

To further probe the substrate specificity of these enzymes,
we examined the active site architectures of C. elegans,”* T.
brucei,”® and M. musculus PRMT?7.> Surface modeling of their
crystal structures reveals differences that may relate to their
activities. As discussed in Results, the distances between the
two terminal glutamates in the double E loop were closer
together in the C. elegans and T. brucei structures than in the
mouse structure. In addition, there are differences in residues,
in particular a phenylalanine (C. elegans or T. brucei) or serine
(mouse) residue that comes in contact with the second
glutamate of the double E loop. These structural differences
may explain why we see such distinct substrate specificity
among the various orthologs of PRMT?7, indicating that the
enzyme may have evolved to have different functions and
substrates among different organisms. Further work needs to be
done to confirm the importance of these residues in conferring
substrate specificity.
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C. elegans also has a PRMT-9 ortholog that has been
conserved from invertebrates to mammals with a potentially
similar physiological function. We show here that the C. elegans
PRMT-9 enzyme produces SDMA and MMA on the splicing
factor SF3B2 ortholog in C. elegans, SFTB-2. Additionally, we
found that the enzyme methylates the same R508 residue on
SE3B2 as the human enzyme, suggesting that PRMT-9 may
also play a regulatory role in nematode alternative RNA
splicing. It will now be important to directly examine the effect
of methylation of SFTB-2 on the regulation of splicing in C.
elegans, a process that has been shown to be similar to human
splicing mechanisms.*®
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ABSTRACT

Protein arginine methylation is involved in several cellular processes, and is especially
important in the regulation of transcription through the modification of histone tails. Methylation
reactions can function with acetylation and phosphorylation reactions in crosstalk pathways to
affect the types of proteins that are recruited to activate or repress transcription. While the
histone tails are heavily modified by enzymatic reactions, there is also evidence that the histones
can be subjected to non-enzymatic reactions that occur spontaneously in the aging process. One
such process is the conversion of asparagine and aspartic acid residues to isomerized and
racemized species. Previous studies have shown that the accumulation of isoaspartyl damage
affecting aspartic acid-25 on histone H2B can lead to autoimmune responses, such as those seen
in lupus erythematosus. In addition, other work has shown the presence of a D-isoaspartyl
residue at active chromatin loci, suggesting the possibility that cells may respond to isoaspartyl
damage regulatory pathways. Our previous work has also shown that human PRMT?7
preferentially methylates histone H2B in RXR motifs in a basic residue-rich region that is known
to interact with DNA and is in close proximity to the aspartic acid-25 residue. In this study, we
examined the effect of L- and D-isoaspartyl damage on the ability of PRMT7 to methylate
histone H2B peptides. We also looked at the ability of PRMT7 to methylate histones purified
from nucleosomes from brain tissue of protein-L-isoaspartate O-methyltransferase (Pcmtl)

knockout mice. In addition, we probed for other potential substrates by testing PRMT7 with

114



fragments from the intracellular loops of dopamine receptor proteins that contain basic rich

regions consisting of RXR motifs.

INTRODUCTION

Protein arginine methylation is a common posttranslational modification that is
associated with regulation of gene expression through the covalent modification of histone tails
(1, 2). Depending on the type of modification deposited on histone tail residues (methylation,
phosphorylation, acetylation), various reader proteins are recruited, and can turn transcription
machinery on or off (2). The type of methyl marks deposited affect transcription; for example,
asymmetric dimethylarginine (ADMA) is commonly associated with transcriptional activation,
whereas symmetric dimethylarginine (SDMA) can lead to repression; the role of
monomethylarginine (MMA) on the status of transcription has not yet been uncovered (1).

The family of protein arginine methyltransferases (PRMTs) can methylate in three
patterns: producing MMA only (PRMT7 only), or going on to a second step and dimethylating
arginine residues (ADMA — type I enzymes PRMT1-4, 6, 8; SDMA — type Il enzymes, PRMTS,
9). Most of the PRMTs in this family have been well characterized, and physiological substrates
have been identified. PRMT7’s physiological substrate(s) and role(s), on the other hand, remain
largely unknown. While biological roles of PRMT7 have been suggested, including functions in
the regulation of muscle stem cell regeneration (3) and in breast cancer cell invasion through
induction of the epithelial-to-mesenchymal (EMT) transition (4), there has been no biochemical
in vivo evidence implicating methylation activity of PRMT7 as the cause and effect of these

functions.
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Previous work (5—7) has shown that a very good in vitro substrate for PRMT7 is human
histone H2B, as it prefers a RXR motif in a basic-rich sequence context and such a motif'is
found in residues 29-33 in this histone. While no in vivo evidence of this modification from
mammalian purified histones has been yet found, it may be possible that this modification is
tissue or gene specific, with PRMT7 methylating histones only at specific gene loci. Recent
studies (8, 9) have shown evidence that histone H2B containing isoaspartyl damage at the
position of aspartic acid-25 can contribute to the autoimmune response, especially in systemic
lupus erythematosus (8), and evidence for the presence of such damaged histone H2B at the loci
of active chromatin (9). In addition, X-ray and electron cryomicroscopy (cryo-EM) structures
available of nucleosomes for both human and Xenopus laevis show the portions of the histone
H2B tail protruding and interacting with the nucleosome wrapped DNA (10, 11). The
inaccessibility of arginine residues 29, 31, and 33 due to their interaction and binding to the
DNA was pointed out previously from these structures, as were the difficulties in detecting in
vivo methylation of these residues due to the nature of the sequence and cleavage by traditional
digestion methods for mass spectrometry approaches (5). While the aspartic acid 25 residue was
not seen in the human structure, this residue was present in the X. laevis structure at a distance of
2.7 A from its protein backbone carboxyl to the DNA. We note that the downstream sequence
recognized by PRMT7 is slightly different in the amphibian and mammalian histones (KRRKTR
in X. laevis and KRKRSR in humans). We thus hypothesized that the presence of an isoaspartyl
residue at position 25 of histone H2B may cause a kink in the peptide backbone and displace the
residues from interacting with the DNA, subsequently affecting the methylation capabilities of

PRMTY7.
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Because it is clear that PRMT?7 prefers basic-rich regions in RXR motifs (5-7), we also
tested the activity of PRMT7 on fragments of the intracellular loops of the dopamine D2 receptor
in humans and DOP-3 in the nematode Caenorhabditis elegans, which were shown to be
substrates for PRMTS (12). These fragments contain conserved sequences of arginine repeats

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

MATERIALS AND METHODS

Protein Purification—Human recombinant GST-tagged PRMT7 was expressed and purified as
described in (6). C. elegans GST-PRMT-7 was expressed and purified as described in (7). GST-
tagged dopamine receptor fragment plasmids were a generous gift from the Ferkey lab (12).
Plasmids for both GST-D2 (211-232) and GST-DOP-3 (202-232) were transformed into BL21
DE3 E. coli cells, and expressed using 0.5 mM isopropyl D-thiogalactopyranoside (IPTG, Gold
Bio, catalog no. 12481C25) at 18 °C for 16 h. Cells were then harvested and proteins purified
using a slurry of glutathione Sepharose 4B resin (GE Healthcare, catalog no. 17-0756-01) and
dialyzed into buffer containing 50 mM Tris-Cl, 120 mM NacCl, pH 7.5. His-PCMT1 was purified

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

Histone purification from mouse nucleosomes—Histones from wild type and PcmtI”" mice were
purified using the protocol adapted from (9). In short, freshly excised mouse brains from either
wild type or PemtI”” mice that were 51 days old were placed immediately into a glass
homogenization tube along with the addition 9 volumes of homogenization buffer (5 mM
potassium HEPES, pH 7.6, 0.5 mM EDTA, 10% (w/v) sucrose, and 1/100 dilution of

mammalian protease inhibitor (cOmplete, Roche Applied Science, catalog no. 11697498001)) at
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4 °C. These samples were then subsequently homogenized using a Teflon pestle rotating at 310
rpm. The homogenates were centrifuged at 800 X g for 30 min, and the nuclear pellet fraction
was passaged 20 times through a 25-gauge needle. The passaged sample was then spun again at
3,000 X g for 10 min and then resuspended in 0.4 N H,SO4 with gentle rotation for 1 h at 4 °C.
The suspension was then centrifuged at 14,000 X g (High Speed Spin, HS) for 10 min, and the
supernatant was precipitated with a final concentration of 25% (w/v) trichloroacetic acid (TCA),
followed by another HS spin. The nucleosome pellets were washed with cold acetone, and
subjected to another HS spin, where the supernatant was removed and pellets air-dried for 20
min. The nucleosome pellets were resuspended in 10 mM sodium phosphate buffer, pH 7.4.
Protein concentration was approximated by estimating the amount of Coomassie stain on the

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

Assay to detect isoaspartyl methylation—To measure the number of labile methyl groups formed
due to isoaspartyl methyl ester formation, we subjected our peptides and substrates to a base
labile volatility assay, as described in (14). In brief, approximately 100 pmol of peptide substrate
were reacted with 5 pg of recombinant His-PCMT1 enzyme and a final concentration of 9.6 uM
S-adenosyl-L-[methyl-’H]methionine ([*’H]AdoMet, Perkin Elmer Life Sciences, 82.7 Ci/mmol,
0.55 mCi/ml in 10 mM H,SO4/EtOH (9:1, v/v) (diluted hot and cold to 400 uM, with a specific
activity of 55 cpm/pmol AdoMet), in a buffer containing 135 mM Bis-Tris at pH 6.4 in a final
volume of 100 pl. The reactions were incubated for the time indicated in the figure legends at

37 °C and quenched by the addition of 10 pul of 2 M sodium hydroxide. 100 pl of this mixture
was then spotted onto filter paper placed in the neck of scintillation vials containing 5 mL of

scintillation fluid (RPI Safety-Solve, Research Products International, catalog no. 111177). Vials
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were tightly capped and incubated at room temperature for 2 h, after which the filter paper was
carefully removed and vials were counted via liquid scintillation counting (three 5-min counting
cycles) to determine the labile methyl groups transferred. Background was subtracted and the
cpm value determined was converted to pmol [°’H]-methyl groups transferred per pmol substrate

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

In vitro methylation reactions—Reactions were set up by the addition of approximately 2 pg of
GST-PRMT?7 enzyme, a final concentration of 12.5 uM for peptide substrates (or as indicated in
the figure legends), 0.7 uM final concentration [*H]AdoMet, reaction buffer containing 50 mM
potassium HEPES, 10 mM NacCl, pH 8.0, 1 mM DTT (unless otherwise indicated) in a final
reaction volume of 60 ul. Reactions were incubated for 20 h at 15 °C (or as indicated in legend).
If a protein substrate was used, reactions were quenched by the addition of equal volume 25%
TCA, washed with acetone, and acid hydrolyzed; if the substrate was a peptide, reactions were
terminated by the lowering of reaction pH by the addition of 3 ul of 25% TCA and purified using
OMIX C18 Zip-Tips (Agilent Technologies). The reactions were then vacuum centrifuged to
remove the elution buffer of 1:1 H,O:acetonitrile. The reactions were then acid hydrolyzed as
described: reactions were hydrolyzed after the addition of 50 pl of 6 N hydrochloric acid in a
chamber consisting of an acidic environment under vacuum and high heat (110 °C) for 20 h.

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

Amino acid analysis of methylated peptides and proteins—Methylated arginine species were
analyzed via high-resolution cation exchange chromatography as described previously (15). In

short, in vitro methylation reactions were separated on high-resolution cation exchange resin
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after the addition of nonradiolabeled standards, and 1 minute 1 mL fractions were collected and
analyzed. 50 pl of each fraction was used to determine the elution position of the methylated
arginine standards, and 950 pl was combined with 8 mL of liquid scintillation fluid and counted
on a Beckman Liquid Scintillation counter LS6500. Liquid scintillation counting gives a
counting efficiency of about 50%, so that 1 fmol of radiolabeled methyl groups corresponds to

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

Detection of methylated substrates after SDS-PAGE/fluorography—In vitro methylation
reactions that were to be separated on SDS-PAGE were quenched by the addition of 5X SDS-
loading buffer, and entire mixture was loaded on a 12% Resolving Bis-Tris Polyacrylamide
SDS-PAGE gel, pH 6.4 in MOPS (3-Morpholinopropane-1-sulfonic acid) buffer. Gels were then
Coomassie Blue stained for 1 h, and destained overnight. After 1 h water wash, gels were treated
with EN*'HANCE (Perkin Elmer Life Sciences, catalog no. 6NE9701) buffer for 1 h, and then
washed with water for 30 min before vacuum drying. The dried gels were then exposed to

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

RESULTS

Arginine residues methylated by PRMT7 on histone H2B (23-37) fragment interact with DNA in
intact nucleosomes—Since we were able to previously show that human PRMT?7 produces

MMA on substrates containing RXR motifs in a basic sequence, in particular a peptide of histone
H2B tail that is close to the histone core, we studied the X-ray crystal structures and cryo-EM
structures of the X. laevis and human nucleosomes at resolution of 1.9 and 4.5 A respectively (10,

11). The X. laevis structure shows the position of arginine residues that are methylated on histone
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H2B by PRMTY7 in vitro and the aspartic acid on the histone tail in close contact with the DNA
(Fig. 1A, B). The aspartic acid 25 is in close contact with the DNA, where its protein backbone
carboxyl is within hydrogen bonding distance to the DNA (2.7 and 3.2 A; Fig. 1A, C). In
addition, the arginine residues are also in close contact with the DNA backbone, and each
arginine residue (R29, R30, and R33) is within hydrogen bonding distance (Fig. 1 D-F).
Comparably, we are able to see the position of the three arginine residues (R29, R31, and R33)
from the human histone H2B similarly positioned, in close contact with the DNA (Fig. 2). Each
of these residues is found in a position nearby or interacting with the DNA. We see that the R29
terminal nitrogen atom of the guanidino group comes within 5.3 A of the DNA (Fig. 2C), while
R31 and R33 terminal nitrogen atoms are within hydrogen bonding distance of the DNA
backbone and bases (Fig. 2D, E). These interaction distances are interesting as the residue that is
closest to the DNA, R31, is also the most “important” or “required” residue in the motif for

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

PRMT?7 methylation of H2B peptides is affected by isoaspartyl residues in the 25 position—To
test our hypothesis that isoaspartyl damage of histone H2B can affect PRMT7 methylation of the
R29/R31/R33 sequence, we tested different peptides of this sequence, one containing an L-
isoaspartyl residue in the D25 position (Fig. 3A peptide 3) or a D-isoaspartyl residue in the
corresponding D25 position (Fig. 3A peptide 5). We confirmed the presence of the L-isoaspartyl
residue using a base labile assay, and saw increased volatile methyl groups transferred with the
L-isoaspartyl containing peptide (Fig. 3B). We did not see any base labile activity with the D-
isoaspartyl containing peptide as expected, as PCMT1 does not recognize the D-iso

conformation. Once we confirmed the presence of the isoaspartyl residue on the peptide, we then
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tested the in vitro methylation activity of PRMT?7 on these peptides using amino acid analysis
(Fig. 3C). We observed the production of MMA with each of these peptides, and no dimethyl
arginine product was formed. When we normalized the total counts of the MMA peak from the
amino acid analysis to correct for the difference in peptide concentration using an HPLC
fluorometer based assay for amino acid analysis, we saw that the L-isoaspartyl containing
peptide (peptide 3) was a better substrate of PRMT7 than its corresponding wild type peptide
(peptide 2) (Fig. 3D). The normalized counts for the peptide containing the D-isoaspartyl residue
(peptide 4) did not have a difference from its corresponding wild type peptide (peptide 5) (Fig.
3D). Thus, it seems the presence of an L-isoaspartyl residue in the 25 position of this peptide

may enhance the methylation activity.

Histone H2B (23-37) aged peptide confirms methylation activity of PRMT7 is affected by
presence of isoaspartyl residue in 25 position—Since we were able to show that PRMT7
methylation activities on isoaspartyl containing peptides were affected (Fig. 3), we wanted to
confirm this result by aging the histone H2B (23-37) peptide. We aged the peptide and generated
isoaspartyl residues by incubating the peptide at 55 °C for 42 days. We then confirmed the
isoaspartyl-formation by base labile assay, and we saw increased volatile methyl groups
transferred with the aged peptide (Fig. 4A). We then confirmed the methylation activity by
incubating the aged and unaged peptide with GST-PRMT7, and did amino acid analysis. In Fig.
4B, right panel, PRMT7 has a higher activity on the aged H2B (23-37) peptide containing L-

isoaspartyl residues than the unaged peptide.
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Histones from Pcemtl”™ mouse nucleosomes contain elevated levels of isoaspartyl residues—
Since the structures of nucleosomes indicate that the residues of interest are interacting with the
DNA, and we saw that PRMT7 methylation activity on isoaspartyl containing peptides was
affected, we wanted to see if PRMT7 could methylate histones from intact nucleosomes and if
the activity would be affected by the isoaspartyl residues. To test this, we purified histones from
wild type and Pem¢I”” mouse brain (F ig. 5A). We further verified the presence of isoaspartyl
residues with the base labile assay, and saw significantly higher volatile methyl groups with the
Pcmt]™" histones, as expected (Fig. 5B). Lastly, we tested PRMT7 methylation activity on the
histones in in vitro methylation assays, and detected the activity via SDS-PAGE fluorography
(Fig. 5C). The reactions were incubated for 1 h or 20 h, to see if methylation activity is affected
by time or degradation, and included recombinant histone H2B as a control, as PRMT7
methylates histone H2B protein (6, 7). We saw that there was not much increase in methylation
of the Pemt1”” nucleosomes in the size range where we expect the histones to be. This could
potentially be due to the histones already being fully methylated in vivo. More work needs to be

done to examine methylation of intact nucleosomes.

Human PRMT7 does not methylate RXR sequences in dopamine receptor proteins, but C.
elegans PRMT-7 prefers the substrate—Since our previous work showed that PRMT7
preferentially methylates RXR motifs in a basic context (5, 6), we were rather interested when a
report showed that human PRMTS methylated a fragment of an intracellular loop of the human
dopamine receptor protein D2 and the C. elegans ortholog DOP-3 (12). These receptor fragments
contain sequences of RXR in a basic-rich region (Fig. 6A). In in vitro methylation reactions,

PRMTY7 activity was tested with and without DTT (Fig. 6B) with both human GST-D2 fragment
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and C. elegans GST-DOP-3 fragment. As PRMT7 activity is dependent on DTT, it was
interesting that the activity was low on both of the receptor fragments (Fig. 6B), but it seemed to
have more of a preference for the DOP-3 fragment, which contains different residues in between
the Arg residues (Fig. 6A). Since the DOP-3 fragment was preferred by human PRMT7, we
wondered if the C. elegans PRMT-7 would also methylate this fragment, as it has a similar RXR
substrate preference (7). It was very interesting that C. elegans PRMT-7 more readily methylated
both of the dopamine receptor fragments, with an obvious preference for its own DOP-3

fragment (Fig. 6C).

DISCUSSION

Although the physiological substrates of human PRMT7 have yet to be uncovered, our
previous work has shown that histone H2B is a rather good in vitro substrate (5-7), methylating
Arg29, Arg31, and Arg33 residues that are found in a basic-rich, RXR context. While there is no
in vivo evidence as of yet of methylation on histone H2B on these sites, it is possible that these
modifications may be tissue/life stage specific, or perhaps affected by the presence of other
modifications. Since it has been established in the literature that crosstalk between modifications
on histone tails is a common phenomenon (16), we approached the question of whether it is
possible there is also crosstalk with isoaspartyl damage and the placement of methylation marks
on histones. Previous work has shown evidence for autoimmune responses to isoaspartyl damage
in histone H2B in systemic lupus erythematosus (8), as well as for the enrichment of D-
isoaspartyl variant of H2B at active chromatin (9).

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

that the arginine residues methylated by PRMT7 in vitro interact with the DNA that is wrapped
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around the reconstituted nucleosome core (Fig. 1 and 2). In addition, in the X. /aevis structures,
we are able to see the proximity of the aspartic acid residue to the DNA, further strengthening
our hypothesis that an isoaspartyl residue will affect the positioning of these residues in contact
with the DNA. We hypothesized that the presence of an isoaspartyl residue on D25 can
potentially create a kink in the histone tail, causing the arginine residues that preferentially are
embedded/interact with the DNA, to be more exposed and open to methylation by PRMT?7.

We found that PRMT7 activity on H2B peptides was affected by the presence of
isoaspartyl residues (Fig. 3 and 4), and that there was even a difference between the L-
isoaspartyl versus D-isoaspartyl containing H2B peptides (Fig. 3). It would be interesting to
further explore whether methylation of H2B is more prevalent in disease models such as
autoimmunity and systemic lupus erythematosus (8), or if it has the potential to be a regulatory
modification of gene expression along with the D-isoaspartyl damage (9).

It would also be of interest to further probe for the ability of PRMT7 to methylate
purified mouse nucleosomes that have accumulated isoaspartyl damage, in hopes of verifying
our proposed mechanism that PRMT7 methylates the histone H2B tail after aging or damage. It
would be useful to perform mass spectrometric studies to confirm the presence of the isoaspartyl
residue is on histone H2B Asp25 and verify this damage is not accumulated damage elsewhere
on the histones. Further work will look into the reconstitution of the nucleosome core with the
addition of aged and unaged histone H2B; this would tell us a lot about PRMT7’s preference. It
may also be possible that there is tissue specific PRMT7 methylation of the histones, as we see
increased expression in high throughput studies (17). PRMT7 may function as a point of

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

Xenopus laevis

FIGURE 1. X-ray crystal structure of X. /aevis histone H2B in complex with DNA, showing
aspartic acid and arginine residues of interest. Pymol representation of histone H2B and DNA

from an X-ray crystal structure (PDB: 1KX5) (11). A. View of histone H2B (magenta) with
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aspartic acid residue D25 shown as a stick with red oxygen atoms. The DNA helix backbone is
colored orange with blue-gray lines representing the bases. B. A rotated view of histone H2B
with the arginine residues R29, R30, R33 and aspartic acid D25 shown as sticks, with blue
nitrogen atoms and red oxygen atoms. DNA helix backbone is shown in same colors as in A and
other histone proteins are colored gray. C. Interactions of aspartic acid 25 with DNA backbone,
with atoms shown in CPK colors. The closest contact of aspartic acid with the DNA is from the
carboxyl oxygen from the protein backbone, at distances of 2.7 and 3.2 A, and a further contact
of the side chain with DNA of 5.2 A. D-F. The closest contacts of the two omega nitrogens of
R29 is 2.5, 3.2 and 3.4 A with the bases. The closest contacts of the two omega nitrogens of R30
is 2.9, 3.0, and 4.4 A with the DNA backbone and bases. The closest contacts of the two omega

nitrogens of R33 are 2.9, 3.5, 3.7 and 4.2 A from the DNA backbone and bases.
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Homo sapiens

FIGURE 2. Electron cryomicroscopy structure of human histone H2B in complex with
DNA shows arginine residues of interest interacting with DNA. Pymol representations are
shown of histone H2B and DNA from a modified nucleosome cyro-EM structure (PDB: 5KGF)
(10). (A-B). Two views of histone H2B (magenta), with arginine residues R29, R31 and R33
shown as sticks with blue nitrogen atoms. The DNA helix backbone is colored in orange with the

bases represented by grayish blue lines. Other histone proteins are colored in gray. (C-E).

129



Interactions of histone H2B R29/R31/R33 with the DNA, with atoms shown as stick figures in
CPK colors. The closest contacts of one omega-nitrogen atom of R29 with the DNA backbone
are 5.3 and 6.2 A. The closest contacts of the two omega-nitrogen atoms of R31 with the DNA
backbone and bases are 2.6, 2.8 and 3.7 A. The closest contacts of the two omega-nitrogen atoms

of R33 with the DNA backbone are 3.0, 3.1, and 5.3 A.
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Peptide Sequences:

(1) Ac-H2B(23-37) Ac-KKDGKKRKRSRKESY
(2) H2B(21-35) AQKKDGKKRKRSRKE
(3) L-isoAsp H2B(21-35) AQKKDGKKRKRSRKE
(4) Ac-H2B(21-31)(~ARGC-NH>) Ac-AQKKDGKKRKRARGC-NH,

(5) D-isoAsp Ac-H2B(21-31) ((ARGC-NH,) Ac-AQKKDGKKRKRARGC-NH,
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FIGURE 3. The presence of an isoaspartyl residue affects methylation activity of human
PRMT7 on synthetic peptides. A. Alignment of sequences of peptides used in this study.
Peptide 1 was described in Chapters 3 and 4 (5, 6); Peptides 2 and 3 were described in Doyle et

al. (8); Peptides 4 and 5 were described in Qin et al. (9). The L-isoaspartyl residue shown in red,
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the D-isoaspartyl residue is shown in green. B. PCMT]1 assay to identify L-isoaspartyl residues
as described in the "Materials and Methods" section. Here, we incubated peptides for 1h in
triplicate and each point is represented here as different shapes. C. Cation exchange analysis of
methylated amino acids from hydrolysates of in vitro methylation reactions were done with a
nominal 12.5 uM final concentration of peptide, with 2 pg of GST-PRMT7 enzyme as described
in “Materials and Methods,” in a reaction buffer of 50 mM potassium HEPES, 10 mM NaCl, pH
8.0, containing 1| mM DTT for 22 h at 15 °C. Reactions were quenched by the addition of 3 ul of
25% TCA, peptides were purified using OMIX C18 Zip-Tip pipette tips, acid hydrolyzed and
analyzed by cation exchange chromatography as described in “Materials and Methods.” D.
Radioactivity in the MMA peak from the experiments shown in Panel C were normalized for the
small differences in the peptide concentration used. The counts of the peak for MMA were
added up, and normalized to the calculated relative concentration of each peptide as determined
by a reverse phase HPLC o-phthalaldehyde (OPA) amino acid analysis as described in
Hadjikyriacou et al. (18). The HPLC elution gradient was optimized for the separation of the
amino acids found in these specific peptides. We measured the relative concentrations of the
aspartic acid, glutamic acid, and serine OPA derivatives and normalized the fluorescence of the
amino acids of each peptide to the value for peptide 1. In short, 1000 pmol of each peptide (as
determined by weight) was acid hydrolyzed, dried, and brought up in 10 pl. Amino acids were
separated on a ZORBAX Eclipse AAA analytical 4.6 x 150 mm 5 micron reverse phase HPLC
column using a gradient consisting of 50 mM sodium acetate pH 5.4 and a buffer consisting of
80% methanol : 20% 50 mM sodium acetate pH 5.4. The total MMA peak counts were
multiplied by a factor equal to the average OPA fluorescence of a group of Asp, Glu and Ser

amino acids in the peptide 1 hydrolysate divided by the average OPA fluorescence of the same
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amino acids in peptides 2-5, respectively. Normalized total counts (cpm) for the MMA peak
plotted in panel D are as follows: Peptide 1, 49,825 cpm; Peptide 2, 182,006 cpm; Peptide 3,

359,847 cpm; Peptide 4, 63,463 cpm; and Peptide 5, 67,169 cpm.
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FIGURE 4. L-isoaspartyl damage on synthetic histone H2B peptide affects methylation
activity. A. Synthetic histone H2B peptides consisting of residues 23-37 were aged at 55 °C for
42 days to form isoaspartyl residues. L-isoaspartyl residue assay on aged and unaged histone
H2B peptides was done as described in "Materials and Methods" with duplicate incubations for 2
h. Each point is representative of the replicate. B. Amino acid analysis of reactions with 2 ug of

GST-PRMTY7 reacted with 12.5 uM of unaged or aged H2B (23-37) peptide, in the same reaction
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conditions described in Figure 2 and “Materials and Methods.” Reactions were incubated at

15 °C for 20 h, quenched and zip-tipped as described above, and methylated arginine derivatives
separated on high resolution cation exchange chromatography. The total sum of counts of the
MMA peak for the unaged peptide was approximately 110,000 cpm, whereas the aged/damaged

peptide sum was approximately 145,000 cpm.
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FIGURE 5. Histones purified from PcmtI” mouse nucleosomes accumulate isoaspartyl
damage and are methylated by PRMT7. A. Coomassie Blue stain of histones purified from

mouse nucleosomes from wild type (WT) and Pemtl”™ mouse brain tissue, as described in
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"Materials and Methods", on a 4-20% Bis-Tris gel (Genscript, Inc., M42015). In each lane, 30 pl
was loaded of each purification step as labeled for both the wild type and Pem#I™ knock out,
including the brain homogenate, homogenate after needle passage (passage), acid extraction,
TCA precipitation, acetone wash, histones after washes, and histones after high speed (HS) spin.
Bracket indicates location of histones on migration on SDS-PAGE. Molecular weight standards
are indicated from 2 pg of a Broad Range ladder (BioRad, Cat. No. 161-0317). B. Assay for L-
isoaspartyl residues comparing wild type and Pcmt] " purified histones. In short, 5 ng of His-
PCMT1 enzyme was reacted with approximately 6.25 pg of histones purified from nucleosomes
in the same buffer and conditions as described in “Materials and Methods” and in Figure 2, and
incubated for 2 h at 37 °C. Reactions were done in duplicate for wild type and triplicate for
Pcemt]™, and the background radioactivity was subtracted. Data is represented as pmol [*H]-
methyl groups transferred per pg substrate and replicate points are shown. C. Methylation of
purified histones was assayed using in vitro methylation reactions that consisted of
approximately 6.25 pg of purified histones, 2 pg GST-PRMT7, 0.7 uM [*H]AdoMet in 50 mM
potassium HEPES buffer, 10 mM NaCl, pH 8.0, 1 mM DTT in a final volume of 60 ul at 15 °C
for 20 h. Reactions were then loaded and proteins separated on a 12% Bis-Tris gel, and prepared
for fluorography as described in “Materials and Methods.” Dried gel was exposed to film for 14
days at -80 °C. Experiment was replicated once. Arrows indicate purified full length PRMT7 and

recombinant histone H2B, and bracket indicates purified histones from nucleosomes.
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FIGURE 6. Intracellular loops of dopamine receptors are relatively poor substrates for
human PRMT?7 but are better substrates for C. elegans PRMT-7. A. Sequences of GST-
tagged peptides of intracellular loop of dopamine receptors human D2 (UniProt ID: P14416,

amino acids 211-232) and C. elegans DOP-3 (UniProt ID: Q6RYS9, amino acids 202-232) (12).
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Two arginine residues in RXR motif methylated by PRMTS5 in Likhite et al. (12) are shown in
red. B. Amino acid analysis of in vitro methylation reactions consisting of 5 ug of GST-tagged
substrate and 2 pg of enzyme, in a methylation buffer as described above, 50 mM potassium
HEPES, 10 mM NaCl, pH 8.0, with the addition of ] mM DTT or no DTT (as indicated in
panels). Reactions with no DTT were incubated at 25 °C for 20 h, and reactions with DTT were
incubated at 15 °C for 20 h. C. Amino acid analysis of in vitro methylation reactions of 5 pug of
GST- tagged dopamine receptor (D2 or DOP-3) with 2 pg of C. elegans GST-PRMT-7 enzyme,

under the same reaction conditions described above, at 15 °C for 20 h, with 1 mM DTT.
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CHAPTER 10

Future Goals and Perspectives
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My thesis work has extensively biochemically characterized the activity types of two
members of the protein arginine methyltransferase family, PRMT7 and PRMT9. Previous work
had identified the PRMT7 enzyme and its activity type, but PRMT9 had remained an elusive
enzyme, as no activity had been previously detected with any of the substrates tested. Crucial
routes | took to characterize these enzymes included the optimization of the reaction conditions,
as I found that temperature and reducing agents in the buffer are very important, in addition to
using various methods to identify potential physiological substrates. Within the last few years,
progress in the PRMT field has greatly accelerated, uncovering physiological roles of the more
minor PRMTSs in mammals as well as PRMTs in lower organisms like nematodes. Generation of
PRMT knockout organisms like mice and worms have provided a wealth of information as far as
phenotypes and give significant clues to potential physiological roles that can be further explored.
The results presented in this dissertation provide a strong biochemical foundation for PRMT7
and PRMTO9 for which further biological and physiological studies can be based. I will now
address my thoughts and suggestions for further topics to be studied to advance the

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

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

In Chapters 3, 4, 8 and 9, significant work has been done to characterize the PRMT7
enzyme activity and I attempted to determine the physiological substrate by testing other usual
PRMT substrates. The best in vitro substrate thus far has been histone H2B, however it has not
been possible yet to show that this is a physiological substrate in vivo. In addition, it is not clear

whether PRMT7 may work as a part of a complex in vivo. To address these concerns and to
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identify the physiological substrate, the enzyme needs to be expressed and purified after
generation of a stable cell line in mammalian cells. Previous lab members have tried transient
induction and purification from mammalian cells, with no evidence found for potential partner
proteins associated with PRMT?7. In addition, collaborators have tried biotinylation assays, where
any surrounding or interacting proteins would be biotinylated using a system in which the
biotinylation enzyme BirA was coexpressed with the enzyme in hopes to biotinylate/tag any
potential interacting cofactors or substrate proteins; this proved to not be successful and would
have to be optimized. The interactions between PRMT7 and any cofactors may be transient,
which may make it difficult to capture. Additionally, PRMT7 seems to be highly expressed in
certain tissues, such as in the endocrine, immune system, liver, lung, gastrointestinal and
reproductive tissues (1). Furthermore, expression studies show PRMT7 is localized to the
nucleoplasm (1), indicating potential important roles in modifying nucleosome machinery. These
factors are very important to consider when studying PRMT7, and may make a difference when
identifying potential substrates and cofactors. Other lab mates and collaborators have attempted
to identify substrates using tissues from PRMT?7 knock out mice, but this has proven to be more
difficult than expected. It may be helpful to use RNAseq analysis to see what processes and
systems are affected when PRMT7 is depleted, similarly to what was done in Chapter 5 for

PRMTO affecting alternative splicing events.

What is the physiological substrate(s) of Caenorhabditis elegans enzymes PRMT-7 and PRMT-
9?
My work in Chapter 8 biochemically characterizes the C. elegans orthologs PRMT-7 and

PRMT-9, and while they are conserved, they seem to have different functions. In this chapter I
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showed that C. elegans PRMT-7 has a broader substrate preference than its mammalian ortholog,
while C. elegans PRMT-9 seems to be indistinguishable from the human enzyme. Whether
PRMT-9 methylation of the splicing factor in C. elegans plays a role on modulating alternative
splicing like we have seen with human PRMT9 (Chapter 5; (2)) still needs to be investigated.
Further work exploring and identifying the physiological substrate(s) for PRMT-7 and PRMT-9
in C. elegans could implicate potential new roles for the mammalian enzymes. What we learn
from these future studies identifying new substrates can tell us more about these enzymes’

evolutionary conservation and divergence.

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

My preliminary work in Chapter 9 shows that PRMT7 methylates a synthetic peptide of
histone H2B with an isoaspartyl residue close to the RXR motif. It would be rather interesting to
age intact histone H2B proteins, reconstitute the nucleosome, and see if there are differences in
methylation of the unaged versus aged nucleosome. In addition, it would be interesting to
determine the extent of isoaspartyl formation on endogenous histones, and see if we can detect

this modification in vivo.

Does the PRMT9 C431H substitution occur physiologically in disease models, and does the
mutation generating primarily MMA affect the recruitment of SMN?

In Chapters 5 and 6 of this dissertation, I identified the activity type and substrate of
mammalian PRMT9 and also delved into the biochemical characterization of this enzyme,
uncovering what makes it unique from the other enzymes in the family. These discoveries were

crucial, as they uncovered the role of PRMT?9 in the cell as specific and specialized to affecting
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alternative splicing. In Chapter 7, along with mutations in the 7. brucei PRMT7, I uncovered a
specific mutation in human PRMT9 (mutation of Cys to His in the THW loop) that made the
enzyme much more able to methylate its substrate, and also only produced MMA. Since we
showed in Chapter 5 that PRMTY activity and methylation was necessary for the correct
assembly of spliceosomal subunits and the regulation of alternative splicing, it would be
interesting to see if the production of MMA only affects the recruitment of SMN, a
methylarginine reader protein and mediator of spliceosomal assembly. This could potentially be
a system that cancer cells hijack, in order to destroy the correct assembly of the spliceosome, and
ultimately, correct splicing and production of functional genes and proteins. It would be
particularly interesting to look at various disease alleles and see if this specific mutation is

common in certain diseases and cancers.

Does loss of PRMT9 in mammals lead to any significant phenotype? Does PRMT9Y have any
other roles or substrates in mammals, and are there any other substrates in C. elegans?

Our collaborators at MD Anderson have been able to successfully produce PRMT9
knockdown HelLa cells, but we have not seen a knockout organism. A PRMT9 knockout mouse
would be very useful in determining any explicit phenotypes and aid in discovery of any other
potential substrates by in vitro tissue analysis. We have preliminarily tested PRMT-9 knockdown
in the nematode C. elegans using siRNA, but no significant phenotypes were detected. It would
be useful to use CRISPR-cas9 to delete the gene and study any explicit phenotypes, as well as
using a lysate of these knock out worms to do in vitro methylation assays for any other possible
substrates. A PRMT9 knockout organism can provide a wealth of information on any other

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

PRMTO9 contains three tetratricopeptide repeats (TPR) at its N-terminus (2—4). My work
in Chapters 5 and 6 showed that an intact, full-length protein containing the TPR motif was
necessary for methyltransferase activity and binding of the substrate SF3B2. TPR motif is a
degenerate sequence consisting of 34 amino acids in a repeat that gives a helix-turn-helix
structural motif, and is usually found in 3-16 repeats in natural proteins, with the most common
amount of repeats being 3 (5). A wide range of proteins contain TPR motifs and have varying
functions, for example, in cell cycle control, transcription, protein transport, splicing, and
chaperones (6). Determination of the co-crystal structure of PRMT9 with SF3B2 would tell
much about the interaction of the substrate with the enzyme, and could potentially give

information on other potential interacting proteins.
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