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ABSTRACT OF THE DISSERTATION

Protein Arginine Methyltransferases: Catalytic Mechanisms and Crosstalk in Epigenetics

by

Kanishk Jain
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2018

Professor Steven G. Clarke, Chair

Over the last decade, protein arginine methyltransferases (PRMTs) have emerged as key
regulators in epigenetic processes and have been shown to be crucial targets for drug therapies
in various types of cancers. As drug-development is progressing, however, it is vital to understand
the biochemical nature of these enzymes and what makes them different from other
posttranslational modifiers in the epigenetic landscape. To that end, the studies conducted in this
work provide novel insights into how PRMTs specify the products they make, how one of the
mammalian PRMTs—PRMT7—exhibits a peculiar preference for sub-physiological
temperatures, and the first evidence of positive cooperativity observed in PRMTs and potential
crosstalk among them. Specifically, a model has been developed which describes the unique
aspects of PRMT active sites in way that highlights the role of sterics and overall volume
differences between the different types of PRMTs and allows them to produce different
methylarginine derivates. Secondly, biophysical techniques in this work show that human PRMT7

preference for colder, sub-physiological temperatures may be caused due to incredibly minute
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structural changes that need to be more finely measured in vivo and replicated in vitro. Finally,
as the field of epigenetic research expanded and the general knowledge of enzymes in this area
has grown, more and more evidence for the regulation of these regulators in the way of enzyme
crosstalk has been documented. In the case of PRMTs, however, this work shows for the first
time that both PRMT1 and PRMTS5 display positive cooperativity when methylating histone H4 N-
terminal peptides; furthermore, PRMT5’s ability to methylate histone H4 R3 seems to be greatly

affected by a prior methylation of H4 R17—a maodification carried out by PRMT?7.
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Chapter 1

Plan of the Dissertation



Through biochemical and biophysical techniques, the research in this dissertation aims to
increase our understanding of the catalytic mechanisms of the major protein arginine
methyltransferases (PRMTs) and how their functions are regulated biochemically. To these ends,
| utilized the combined power of enzyme kinetics and structural biology to probe the fundamental
properties of PRMTSs.

Chapter 2 contains a concise summary of what is known about PRMTs to date and
reviews, briefly, how the work in this dissertation has contributed to our knowledge of PRMTSs.

The focus of Chapters 3 and 4 is on PRMT product specificity and its determinants. The
nine mammalian PRMTs can be grouped into three categories based on the type of
methylarginine derivative they produce—type | for asymmetric dimethylarginine (ADMA) and
monomethylarginine (MMA), type Il for symmetric dimethylarginine (SDMA) and MMA, and type
Il for only MMA. Until recently, the factors that determined how each PRMT was able to
specifically produce one derivative over the other was not well understood. The publications in
Chapters 3 and 4, with the collaboration of Dr. Erik W. Debler, Dr. Peter Stavropoulos, and Dr.
Gunter Blobel at the Rockefeller University, and Dr. You Feng, Rebeccah A. Warmack, and Dr.
Andrea Hadjikyriacou at UCLA, | was able to come with a steric/volume-centric model for the
architectural determinants of PRMT product specificity. This model suggests that the active-site
architectures of type [, I, and Ill enzymes differ in specific ways to allow for volume changes in
regions which select for the production of specific methylarginine derivates.

Chapter 5 focuses on trying to understand the peculiar temperature preference for activity
by mammalian PRMT7. Previous work done in the lab has shown that mammalian PRMT?7 is
almost inactive at physiological temperatures (37°C) while being optimally active between 15-
25°C (1, 2). In order to understand why this occurs in vitro, | used a series of biochemical and
biophysical approaches including circular dichroism and analytical ultracentrifugation. With the

aid of Troy Lowe and Dr. Martin L. Phillips, | was able to observe that while enzymologically



PRMT7 displays a strong preference for colder temperatures, structural changes in the enzyme
as a function of temperature are miniscule. This suggests that structural changes which may be
affecting PRMT7’s activity at different temperatures are fairly small relative to the large changes
that are detectable using methods such as circular dichroism (CD) spectroscopy and analytical
ultracentrifugation (AUC).

In Chapter 6, | explore the possibility for crosstalk and regulation among different PRMTSs.
Itis known that many PRMTs methylate similar or the same residues on histones and these PTMs
have different epigenetic outcomes (1-4). Specifically, in the case of PRMT5 and PRMT7, recent
biological studies have suggested a possible avenue for PRMT7-regulated PRMT5 activity by
way of methylating residue Arg-3 on histone H4 (3, 5-7). By analyzing the kinetics of PRMT5
activity on histone H4 unmethylated and methylated peptides and with the help of Cyrus Y. Jin, |
was able to determine that PRMT5-mediated methylation of Arg-3 is regulated by the methylation
of Arg-17 on the same peptide by PRMT7. Additionally, | discovered that both PRMT5 and
PRMT1, the major PRMTs in the cell, exhibit positive cooperativity in methylating histone H4
peptides, something hitherto unknown.

Finally, Chapter 7 contains my concluding remarks and thoughts on future experiments to

expand our understanding of PRMT biochemistry.
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Chapter 2

Introduction to Protein Arginine Methyltransferases (PRMTs)



Protein arginine methyltransferases

Recent cancer research has implicated various methyliransferases and their
posttranslational methylation of proteins in the genesis and proliferation of tumors (1, 2). A
prominent group of these enzymes are protein arginine methyltransferases (PRMTs), which
include a family of nine related enzymes in mammals (1, 3). These enzymes are grouped together
as members of the seven-B strand methyltransferases due to their characteristic seven

consecutive B-strand fold. Using the cofactor S-adenosylmethionine (AdoMet), PRMTs methylate
Peptidyl L-arginine

J,i o| terminal nitrogen atoms on
H NW‘ arginine  residue  side
HNVLL‘
’, . .
e chains of their substrates.
AdoMet s~ < | Type I, 11, and
TENTA Il (PRMT?)
PRMTs Arginine methylation of

HyC

TS 0

M)\N/\/\H“% histones, carried out by
NNV“L]

Type Il PRMTs - Type | PRMTs PRMTs, has been shown
(PRMTS and PRMT9) w-monomethylarginine (MMA) (PRMT1-4,6,and 8)

- . to regulate transcription
symmetric dimethylarginine (SDMA) asymmetric dimethylarginine (ADMA)

HiC . .

S 0 SN o and epigenetic processes
N,c\/lk/\/ﬁitu )\ ‘
N N .
oo N (2, 4-7). The nine
HN\,‘,H HN%

Figure 1. Scheme of arginine methylation carried out by PRMTs. ADMA and mammalian PRMTs are

MMA produced by type | (PRMT1-4, 6, and 8), SDMA and MMA produced by type
II (PRMT5 and 9), and only MMA produced by type Il (PRMT7) enzymes. divided into three types

(Figure 1) based on the types of methylation they perform: type | PRMTs generate monomethyl
and asymmetric dimethylarginine (MMA and ADMA respectively), type Il enzymes generate MMA
and symmetric dimethylarginine (SDMA), and type Il enzymes generate only MMA products.
Catalytic activity

Methylation can drastically change the local chemical environment in a protein by
introducing a degree of hydrophobicity and extra electron density, potentially shielding the
guanidino group’s positive charge (5). Additionally, methyl groups can change the pattern of

hydrogen bonding between an arginine and its bonding partners. The popular view in this area is
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that methylation decreases the number of potential H-bonds which can be formed by replacing
the guanidine protons (5). However, computational and structural studies have shown the
emergence of a new type of H-bond: the CH---O bond (8, 9). CHO bonds are weaker than the
conventional H-bond, but in the case of arginine methylation, the addition of a single methyl group
may actually increase the number of possible H-bonds by two rather than lower that number. So
far, the exact contribution methyl groups on arginine residues have on hydrogen bonding patterns
is not clearly understood in the realm of biochemistry.

The catalytic seven-f3 strand fold of the PRMTs contains AdoMet-binding motifs and a
substrate binding loop referred to as the “double E loop” due to the glutamates flanking a series
of well conserved residues (1, 6, 10) (Figure 2). These glutamate residues are important in
attracting and sustaining substrate-enzyme binding interactions since the substrates for PRMTs
(i.,e. histones, splicing
factors, etc.) usually AdoHcy
contain positively

charged regions. Recent

studies have shown the @W

second of these

glutamate residues to be \ J

a crucial determinant of VIS . R3

type | versus type |lli @ substrate

Figure 2. Active site of PRMT7 from Trypanosoma brucei. Major structural
product specificity (11) features of the PRMT active site are shown in this image of PRMT7 (PDB 4M38).
The green moiety represents the AdoMet/AdoHcy binding domain, the pink region
represents the double E loop substrate binding motif, the purple region represents
the “THW” loop (present as MQW in this protein), and the yellow peptide represents
the structure of a histone H4 N-terminal peptide with residue Arg-3 as the substrate

Additionally, the “THW” residue.

(see Chapter 3).

loop, composed of a threonine-histidine-tryptophan segment in type | PRMTs, and with a
conserved tryptophan residue in the other PRMTs, aids in the stabilization of the positively

charged arginine guanidino group through cation-r and hydrogen-bonding interactions. The
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“THW” loop has been shown to contribute in the type Il SDMA producing activity of PRMTs; when
this loop was mutated in a type lll PRMT to mimic the sterics of a type Il enzyme, the mutated
enzyme was able to produce SDMA (12) (see Chapter 4). Taken together, these results have
allowed for the development of a model for understanding PRMT product specificity that reveals
active site sterics as well as total volume parameters to be major players.

Structural biology of PRMTs

A. Homodimer HsPRMT1 B.
(PDB: 10RI) Heterotetramer A Heterotetramer B

Monomer MmPRMT7 $ p .
(PDB: 4C4A) etero-octamer

HsPRMT5/MEP50 (PDB:4GQB)

Figure 3. Oligomerized structures of the three main PRMT types. A) Human PRMT1 (PDB:10RI) is shown here
as a homodimer with one protomer in wheat and the other in brown. The dimerization arms are represented by black
boxes. B) Human PRMT5/MEPS50 (PDB: 4GQB) complexes are shown as heterotetramers (top) and a hetero-
octamer (bottom). All MEP50 subunits are colored gray, each of the four individual PRMT5 subunits is colored green,
wheat, cyan, and purple. The dimerization arms are represented by black boxes. C) Mouse PRMT7 (PDB: 4C4A) is
shown here in the monomeric “homodimer-like” representation, with the N-terminal domain colored in wheat and the
C-terminal domain colored in brown. The Zn-finger like domain around which the N and C-terminal domains hinge is
shown in the red box with the Zn ion as purple sphere. All images were analyzed and processed in PyMOL
(Schrodinger, LLC).

Type | PRMTs, classified as ADMA and MMA producers, consist of PRMT1-4, 6, and 8.
Structural studies done on type | PRMTs have revealed them to exist in catalytically active

homodimers in solution (13—-15) (Figure 3A). Of these enzymes, PRMT1 is responsible for the



majority of asymmetric dimethylation of arginine residues on proteins in the cell (16) and as such,
has been used as an exemplary type | enzyme in this work.

PRMTS5 is the predominant type Il enzyme, producing the bulk of SDMA modifications in
the cell—particularly on histones and proteins required in transcriptional regulation (2, 17-21).
Like type | PRMTs, PRMT5 also oligomerizes. However, unlike the former group of PRMTs,
PRMT5 forms a homotetramer in solution and further associates with binding partners such as
MEP50. (methylosome protein 50) to form a hetero-octameric functionally active structure that
catalyzes the production of SDMA and MMA (18) (Figure 3B).

In the group of the nine mammalian PRMT family members, only one known type Ill PRMT
exists —PRMT7. Mammalian PRMT?7 is distinct from the major dimethylating enzymes in its
family because it does not dimerize. However, the PRMT7 gene contains a gene duplication
which results in two tandem methyltransferase domains that fold together around a central Zn-
finger-like domain to resemble the tertiary configuration of a homodimer (22) (Figure 3C); it
should be noted here that PRMT9 also has similar gene duplication and is a demethylating
enzyme, though little is known about its structure (23). Furthermore, mutational studies show the
C-terminal domain to be catalytically inactive but crucial for overall activity of the enzyme (22, 24).
Interestingly, in vitro methylation studies with mammalian PRMT7 have shown the enzyme to
prefer colder, non-physiological temperatures (25, 26).

PRMTs and disease

A number of studies have shown that PRMTs are highly overexpressed in various cancer
tissues (1, 27-29) (Table 1). Specifically, overexpression of PRMT5 and PRMT7 has been
associated with cancer metastasis (3, 27, 30, 31). PRMT7 has been linked to breast cancer
progression (27, 30) and appears to be involved in cell-proliferating processes such as
maintaining pluripotency (32) and response to DNA damage (31).

Overexpression of PRMT5 has been shown to promote tumor cell growth and has already

been identified as a potential therapeutic target for glioblastoma (3, 33). Symmetric dimethylation
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of arginine-3 of histone H4 by PRMT5 represses gene expression (34-36). For example, a plant
homeodomain (PHD4.6) recognizes and binds the unmethylated and ADMA versions of histone
H4 at arginine 3 but not the SDMA version. The lack of binding to the SDMA version leads to
repression of several MLL4-related genes (Mixed Lineage Leukemia 4). PRMT5’s role in gene
regulation has been highlighted in several works on embryonic stem cells (ESCs) of both the
human and mouse variety. In both cases, PRMT5 is required for proliferation, and in the case of
MESCs, it is needed for pluripotency as well (37, 38).

Table 1. Aberrant expression of PRMTs in various human cancers. Material adapted from
Poulard and colleagues (39).

PRMTs Aberrant expression in human cancers
PRMT1 breast, bladder, leukemia, lung, and colon cancers

PRMT2 breast and colon cancers

PRMT3 breast cancer

PRMT4 prostate and lung cancer

PRMT5 prostate, colorectal, lung, liver, and breast cancer

PRMT6 bladder, lung, and breast cancer

PRMT7 breast cancer and leukemia

PRMTS breast, ovarian, and gastric

PRMT9 Not determined

Emergence of crosstalk among PRMTs

PRMT7 and PRMT5 stand out among the other PRMTs for very different reasons. PRMT7
is uniquely able to produce only MMA (7, 8) whereas all other mammalian PRMTs produce either
ADMA or SDMA. Dimethylated arginine residues can be recognized by a variety of reader proteins
(36) and the production of only MMA by PRMTY7 indicates that additional reader proteins may
exist that specifically recognize the singly methylated species. This novel mode of cellular
recognition would dramatically change our understanding of regulation by methylation.

Additionally, PRMT5 and PRMT7 share histone and ribonucleoprotein substrates such as
splicing complexes (i.e. U2 snRNP assembly) (8), indicating the possibility of crosstalk between
the two enzymes via methylation. Many histone tails contain multiple sites of methylation and by

performing amino acid analysis, we have determined that PRMT5 and PRMT7 methylate different
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arginine residues on the same protein (i.e. Arg-3 on histone H4 for PRMT5 and Arg-17 and Arg-
19 on histone H4 for PRMT7) (25, 26). This biochemical observation has been replicated
consistently in vivo and in various disease models (2, 31, 35, 36, 40—42). Given that mammalian
PRMT7 methylates distinctly different residues on the same histone tails that PRMT5 methylates,
we have sought to understand how these enzymes could potentially engage in indirect regulation
through their methylation activity (43) (see Chapter 6). What has remained unclear for a long time
is whether PRMT7 regulates the activity of PRMT5 by methylating the same exact residue or
some other region of the same substrate; in other words, does PRMT?7 activity directly or indirectly
control PRMT5 activity? Work described in Chapter 6 seeks to provide insight into how PRMTs
interact with one another enzymologically in order to simulate the cellular environment where
many other PRMTs are present and many post-translational modifications and regulatory
procedures are occurring. The potential for PRMT interplay in vivo could lead to new perspectives

on how methylation modulates biomolecular function.
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Chapter 3

A glutamate/aspartate switch controls product specificity in a protein arginine methyltransferase
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ABSTRACT

Trypanosoma brucei PRMT7 is a protein arginine methyltransferase that strictly
monomethylates various substrates, thus classifying it as a type Il PRMT. Yet, the molecular
basis of its unique product specificity has remained elusive. Here we present the structure of
TbPRMT7 in complex with its cofactor product S-adenosyl-L-homocysteine (AdoHcy) at 2.8A
resolution and identify a glutamate residue critical for its monomethylation behavior. TOPRMT7 is
comprised of the conserved methyltransferase and B-barrel domains, an N-terminal extension,
and a dimerization arm. The active site at the interface of the N-terminal extension,
methyltransferase and B-barrel domains is stabilized by the dimerization arm of the neighboring
protomer, providing a structural basis for dimerization as a prerequisite for catalytic activity.
Mutagenesis of active-site residues highlights the importance of Glu181, the second of the two
invariant glutamate residues of the double E loop that coordinate the target arginine in substrate
peptides/proteins and increase its nucleophilicity. Strikingly, mutation of Glu181 to aspartate
converts TbPRMT7 into a type | PRMT producing asymmetric dimethylarginine (ADMA).
Isothermal titration calorimetry (ITC) using a histone H4 peptide showed that the Glu181Asp
mutant has markedly increased affinity for monomethylated peptide with respect to the wild type,
suggesting that the enlarged active site can favorably accommodate monomethylated peptide
and provide sufficient space for ADMA formation. In conclusion, these findings yield valuable
insights into the product specificity and the catalytic mechanism of protein arginine

methyltransferases and have important implications for the rational (re)design of PRMTs.
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SIGNIFICANCE STATEMENT

Posttranslational modifications in proteins profoundly modulate their function, and enzymes that
generate these modifications therefore have key regulatory roles in a wide array of biological
processes. Protein arginine methyltransferases (PRMTs) attach methyl group(s) to arginines and
differ in their product specificity, as they form either monomethyl arginine (MMA), asymmetric
(ADMA) or symmetric dimethyl arginine (SDMA), which each relay specific biological signals.
Although the members of the PRMT family are structurally highly homologous, the precise
molecular basis of their product specificity has not been determined. Based on our structure of
TbPRMT7, which explicitly forms MMA, we identified a glutamate residue as a key determinant
of its product specificity and we were able to engineer a PRMT7 mutant capable of ADMA

formation.
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INTRODUCTION

Posttranslational modifications of proteins can affect their structure, catalytic activity, and
molecular interactions (1). Methylation of the guanidino group of arginine residues represents a
prominent subset of these reactions (2). Histone arginine methylation is associated with gene
silencing and activation (3); the modification of arginine residues in a variety of non-histone
proteins including splicing and transcription factors can regulate their activity (4, 5).

Most of the enzymes that catalyze arginine methylation are designated PRMTs (protein
arginine methyltransferases) and require the cofactor S-adenosyl-L-methionine (AdoMet) as the
methyl donor (6). Four types of arginine methylation products have been described: w-N°-
monomethylarginine (MMA), asymmetric w-N°-N€ dimethylarginine (ADMA), symmetric w-N°-
N€ dimethylarginine (SDMA) and &-N°-methylarginine (6, 7). Accordingly, PRMTs can be
categorized into four groups: Type | PRMTs catalyze ADMA formation, type || PRMTs catalyze
SDMA formation, type Ill PRMTs catalyze MMA formation and type IV PRMTs catalyze &-N°-
methylarginine formation. Type [, Il, and Il PRMTs are widely distributed in nature, while type IV
PRMTs appear to be limited to yeasts and plants (8). Interestingly, while type | and Il enzymes
catalyze MMA production in addition to their dimethyl products, type Ill enzymes are the only
PRMTs that produce MMA alone. To date, only one methyltransferase, PRMT7, has been
reported to have type lll activity in mice, humans, and trypanosomes (9-13). The function of
PRMT7 has been linked to cancer metastasis (4, 14, 15), DNA damage (16), pluripotency (17),
and parasite infection (18).

All PRMTs that have been structurally characterized to date share a conserved catalytic
core of about 300-350 residues comprising an AdoMet-binding methyltransferase and a p-barrel
domain. Another common feature of PRMTs is the dimerization of the catalytic core that is realized
in most cases by non-covalent association of two protomers. Covalent linkage of two PRMT

modules has also been observed (19-22). Although representative structures of type I, II, and 11l
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enzymes have been determined (13, 19, 20, 23-25), our understanding of product specificity in
these enzymes remains fragmentary. In order to unravel the molecular basis of the strict MMA
activity of PRMT7 enzymes, we determined the x-ray crystal structure of Trypanosoma brucei
PRMT7, which was recently reported in two different crystal forms (13). While this former study
established its dimeric state in solution (13), we generated a dimerization-deficient mutant where
active-site residues remain intact and demonstrated that dimerization is necessary for catalysis.
Importantly, we performed extensive mutational analysis and identified and proved for the first
time that Glu181 is a key residue for monomethylation by TbPRMT7. We carried out isothermal
titration calorimetry to characterize peptide binding to wild-type and mutant proteins and assayed
product formation. Collectively, these studies provide new insights into the catalytic mechanism

and product specificity of this class of enzymes.
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RESULTS
TbPRMTTY is a type Ill PRMT that forms only monomethylarginine

TbPRMT7 exclusively produces MMA with protein substrates including histones and the
trypanosomal RNA binding protein 16 (TbRBP16) (12). TOPRMT7 also effectively methylates a
peptide corresponding to the amino acid sequence of the N-terminal 21 residues of human histone
H4; however, when the arginine residue at position 3 was replaced by an MMA residue, little or
no methylation was observed (13), suggesting that Arg-3 was the prominent site of methylation in
this peptide and that the enzyme was unable to catalyze the addition of a second methyl group
on this residue to form SDMA or ADMA. However, the sensitivity of the latter assay was low.

In order to rule out any possible dimethylation, we used TbRBP16 and human histone H4
peptides (residues 1-21) as substrates in an amino acid analysis method that could detect specific
dimethylated substrates on a sub-femtomole level. We were able to demonstrate the complete
inability of TBPRMT7 to produce dimethylarginine species with TbRBP16 under conditions where
0.01% of such methylated species would be detected (Fig. 1A); sensitivity is based on the ratio
of the background radioactivity to the MMA peak radioactivity. We next demonstrated that a
histone H4'2" peptide acetylated at its N-terminus is also an excellent substrate for TOPRMT7
and yields only MMA where 0.02% of a dimethylated product would be detected (Fig. 1B). Finally,
we were able to directly test for dimethylation using the corresponding peptide that had MMA
substituted for arginine at position 3 (H4'' R3MMA); the presence of only monomethylated H4
peptide provides a direct substrate for any dimethylation reaction and limits any competition for
methylation between unmethylated and monomethylated species. Again, no production of
dimethylated arginine species was detected under conditions where 0.5% would be readily
detected (Fig. 1C). Only a small increase in MMA over the background of automethylation was
observed (perhaps due to methylation at arginine-17 and/or arginine-19), indicating that the major

site of methylation on this peptide is at arginine-3 (Fig. 1C).
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Overall structure of TOPRMT7

In order to obtain a detailed picture of the active site at atomic resolution, we set out to
determine the x-ray crystal structure of TOPRMT?7. Limited proteolysis on the full-length protein
identified a stable, N-terminally truncated fragment spanning residues 32-390, referred to as
TbPRMT7 in the remainder of the manuscript for convenience. Notably, its catalytic activity is
comparable to that of full-length protein. In order to obtain phase information for the de novo
structure determination, the protein was derivatized with seleno-methionine. The 2.8A crystal
structure was solved using the single anomalous dispersion (SAD) phasing technique and refined
to an Rsee/Rwork = 26.1/ 22.1%. For details of the data collection and refinement statistics, see
Supporting Informtation (Sl), Table S1.

In an independent study, Wang et al. identified a similar core fragment of TOPRMT7
(residues 36-378) and determined its crystal structure in two different crystal forms (13). Despite
the alternative crystal packing, TbPRMT7 adopts the same compact, roughly rhombus-shaped
homodimer, in which two protomers are arranged in an antiparallel fashion with a twofold
symmetry axis perpendicular to the rhombus (Fig. 2B) (13). Since the dimeric ThBPRMT7-AdoHcy
complexes are essentially identical in the different crystal forms with an RMSD of 0.5A for 670 Co.
atoms, confirming the validity of the dimeric structure, only key features of the overall structure
are recapitulated below.

The structured core of a TOPRMT7 protomer resembles that of other PRMTs and consists
of four modules: An N-terminal extension (residues 32-77), the AdoHcy-containing
methyltransferase domain (residues 78-202), and the B-barrel domain (residues 203-390) that
contains a protruding dimerization arm (residues 224-238) (Fig. 2B) (13, 23, 24). The two active
sites that would bind the methyl donor AdoMet and the target arginine of the substrate are located
~36A apart on the same face of the homodimer. The total buried surface area between the two
protomers amounts to 7,560 A? as calculated by the PISA server (26) and is primarily formed by

25



the N-terminal extension and the dimerization arm and to a smaller degree by helices aE, aH’,
and oK at the center of the dimer (Fig. 2B).
Dimerization is necessary for TOPRMT7 catalytic activity

Using multi angle-light scattering, we confirmed that TOPRMT7 exists as a dimer in
solution (SI/, Fig. S1), consistent with the large interface observed in the crystal structure and
consistent with previous results from small-angle x-ray scattering (13). In order to assess the
importance of dimerization for catalysis, we created a mutant that is deficient in dimerization while
keeping the active site intact. To this end, we replaced residues 224 to 235 of the dimerization
arm with glycines. This dimerization arm mutant was exclusively monomeric in solution, indicating
that the mutant is still properly folded, while its catalytic activity was greatly reduced (Table 1).
These data strongly suggest a requirement of dimerization for efficient catalysis. We confirmed
this correlation with a second mutant, in which the N-terminal extension (residues 1-77 including
helix oY) was truncated (TbPRMT7AN mutant). Again, dimerization is abolished with a
concomitant loss in catalytic activity (Table 1). However, since helix aY of the N-terminal
extension directly contributes several residues to the active site (see below), the effect of helix
oY removal cannot be solely ascribed to the dimerization deficiency.
Active site of TOPRMT7

The active site of TOPRMT7 is formed by the methyltransferase domain, helix oY in the
N-terminal extension, and a short motif of the p-barrel (Fig. 3). The cofactor product AdoHcy is
well defined in the electron density map, adopts its canonical conformation observed in AdoMet-
dependent methyltransferases, and engages in highly conserved interactions with the
methyltransferase domain (24). AdoHcy sits in the lower part of the binding pocket with the
methionine moiety at the bottom, while the upper part of the cavity is poised for accommodating
the incoming arginine of the substrate. The strongly negative electrostatic surface potential of the

binding pocket is complementary to a substrate harboring a positively charged arginine residue
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(S/, Fig. S2). Since the methyl group of AdoMet is transferred from its sulfur atom to a terminal
nitrogen atom of the target arginine during catalysis, the residues adjacent to the sulfur atom of
AdoHcy are expected to be most relevant for governing product specificity in TOPRMT7. The two
conserved eponymous glutamate residues Glu172 and Glu181 as well as lle173 of the double E
loop in the methyltransferase domain form one side of the binding pocket (27), opposed by Phe71
and His72 of helix oY in the N-terminal extension on the other side. The bottom of the pocket is
formed by Met75 of helix aY, while GIn329 and Trp330 of helix oK in the pB-barrel domain are
wedged between the methyltransferase and B-barrel domains. The latter two residues are part of
the THW motif termed after the threonine, histidine, and tryptophan residues predominantly found
in type | PRMTs. In PRMT7 enzymes, however, methionine and glutamine substitute for the
threonine and histidine residues. Comparison with the TbPRMT7-AdoHcy complex of the other
crystal form (PDB code 4M37) reveals that almost all active-site residues adopt identical positions
and rotamers, with slight deviations observed for Met75, Glu172, Glu181, and GIn329.
Active-site mutations decrease type Ill methylation activity

In order to investigate the impact of individual residues on the methylation activity,
mutations were made at key residues in the active site, e.g. the double E loop and THW motif
(27). Using TbRBP16 as a substrate, MMA production was assayed by amino acid analysis (Table
1). Several of the mutants displayed similar levels of MMA as wild-type TbPRMT?7, including
mutants for three residues in the double E loop (lle173Val, lle173Leu/Phe174Leu, and
Gly180Tyr), a mutant of the THW motif (GIn329His), and two mutants in helix aY (Phe71Ala and
Met75Phe). While these mutations did not markedly affect activity, the remaining mutants
displayed severe losses in activity, highlighting the significance of these amino acids in catalysis.
Notably, no ADMA or SDMA product was formed in any of these mutants under conditions where

0.02% would have been detected.

27



A mutation in the double E loop converts TOPRMT7 into an ADMA-producing enzyme

The ability of PRMTs to dimethylate arginines to form either SDMA or ADMA relies on
sufficient space within the active site to accommodate not only the unmodified, but also the larger
monomethylated arginine residue for subsequent dimethylation (28). Notably, none of the mutants
yielded any ADMA or SDMA with TbRBP16 or the H4'?! peptide. Many of these mutants showed
significantly decreased activity, making it difficult to observe any level of possible dimethylarginine
products. In order to overcome this limitation, the activity of certain mutants was tested with an
already methylated H4 peptide at Arg3 (H4'2'R3MMA). When H4"™?'R3MMA is used as a
substrate with mutant Glu181Asp, we demonstrated production of both MMA and ADMA (Fig.
4C). The MMA formed here presumably results from the methylation of the unmodified arginine-
17 and/or arginine-19 residues. With the unmodified H4'2' peptide, the Glu181Asp mutant shows
strictly type Ill activity (Fig. 4 A and B).

A similar mutational study of the first glutamate in TOPRMT7’s double E loop (Glu172Asp)
did not reveal any production of dimethylated arginine species. The side chain carboxyl atoms of
the first glutamate residue in the TOPRMT7 double E loop (Glu172) have lower B-values than
those of the second glutamate (Glu181), consistent with the deeper burial of Glu172 in the protein
interior and its larger number of interactions with neighboring residues than the more solvent-
exposed Glu181. A similar situation occurs for the first and second glutamate residues in the
double E loop of other PRMTs (S/, Table S2). To further confirm the production of ADMA, thin
layer chromatography (TLC) was performed with acid hydrolysates of the methylation reaction
and methylarginine standards. Radioactivity from TLC slices confirms that the Glu181Asp mutant

does produce both MMA and ADMA with the H4"2'R3MMA peptide (Fig. 4D).
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The TbPRMT7 Glu181Asp mutant has a higher affinity for the monomethylated peptide
than wild-type TbPRMT7

In order to analyze peptide binding to the wild-type and mutant Glu181Asp enzymes, we
performed isothermal titration calorimetry (ITC) with H4"?' and H4'2'R3MMA peptides (Fig. 5).
Consistent with a strong electrostatic interaction, binding of the H4'?" peptide to TOPRMT7 is
highly dependent on ionic strength, with relatively strong binding (Ko = 2.7 uM) at low salt
concentration (20 mM NacCl) and essentially no binding at 300 mM NaCl (Ko = 0.4 M) (S/, Table
S3). The wild-type TOPRMT7 enzyme binds its substrate H4"?" with higher affinity (Kq = 2.7 pM)
than its monomethylation product H4'2'R3MM (K4 = 9.0 pM), thermodynamically favoring product
release. While the affinity for the unmodified H4"%' peptide (K4 = 2.0 uM) is essentially unchanged
in the Glu181Asp mutant with respect to the wild-type enzyme, this mutant strikingly has
increased binding affinity for the methylated peptide (K4 = 1.5 vs. 9.0 uM of the wild-type). Thus,
the Glu181Asp mutant favors binding of the bulkier H4"2'R3MM peptide, which can be
rationalized by providing a more spacious binding pocket, stabilizing the MMA substrate-enzyme

interactions and enabling dimethylation.
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DISCUSSION

We determined the crystal structure of a protein arginine methyltransferase, PRMT7 from
T. brucei, in complex with the methyl donor product AdoHcy and performed biochemical and
mutational analyses to elucidate its catalytic mechanism and the structural basis of its exquisite
product specificity. Although various suggestions have been made for the role of specific residues
in the active site of PRMTs and although a constricted active site has recently been suggested
as the basis for MMA activity in different crystal forms of TOPRMT7 (13, 27), little is known
experimentally about key residues that direct which methylarginine derivative is produced. This
product specificity is crucial to the function of these enzymes, because proteins that bind
methylated substrates (so-called “methyl readers”) differentially recognize ADMA and SDMA (3,
29), and potentially MMA. Thus, defining the exact components of catalysis and product specificity
for this class of enzymes has become increasingly important. Although it has not been established
that the mammalian and trypanosomal PRMT7 enzymes have the same function, the degree of
sequence identity (28% over the full-length TOPRMT7 protein compared to human PRMT?7), its
strict monomethylating behavior, and its robust enzymatic activity make the protozoan enzyme a
facile system to study the biochemistry of type Il PRMTs.

Notably, TbBPRMT7 and mammalian PRMT7 have a distinct structural organization (9, 10,
13, 20). While the mammalian enzymes contain two PRMT cores in tandem, the trypanosomal
enzyme contains only one PRMT core. However, our light scattering analysis (S/, Fig. S1) as well
as previous small-angle x-ray scattering studies (13) showed that TOPRMT7 forms a homodimer
in solution. The juxtaposition of the two tandem PRMT cores in mouse and roundworm PRMT7
crystal structures recapitulates the dimeric TOPRMT7 architecture, sharing a similar overall
quaternary structure (19, 20). Although only one PRMT module is catalytically active in

MmPRMT7 and CePRMT7 (19, 20), our data (Table 1) as well as those of others suggest that

30



dimerization of PRMT7 cores — either by a non-covalent assembly or by juxtaposition of two units
as part of one polypeptide — is a prerequisite for catalytic activity (19, 20).

Another difference between mammalian and trypanosomal PRMT7 enzymes pertains to
their substrate specificity (9, 10, 13, 20). Human PRMT7, for example, has a substrate specificity
for RXR motifs surrounded by basic residues, such as Arg17 and Arg19 in H4'2" (9, 10), while
our experiments with wild-type TbPRMT7 and the H4'?' peptide demonstrate that arginine
methylation does not occur at this motif. By contrast, Arg3 is the major site of methylation in this
peptide by TOPRMT7 (Fig. 1), as indicated by the lack of MMA production above automethylation
levels with the H4"?' peptide monomethylated at Arg3. Furthermore, the absence of any
additional methylated species confirms the inability of TOPRMT7 to catalyze dimethylation
reactions.

Site-directed mutagenesis experiments involving residues of the TOPRMT7 active site
have given insight into key structural players of this enzyme’s function. Several of the mutations
are located in known PRMT motifs — including GIn329Ala in the THW motif as well as Glu172GIn
and Glu181Gin in the double E loop (13, 27). The importance of the double E loop in determining
PRMT activity has been widely reported (27), as the methylated nitrogen atoms of the arginine(s)
in substrate proteins are coordinated through these two glutamate residues (13, 24, 25). These
results demonstrate the importance of these residues on the activity of the TOPRMT7 enzyme.

By analyzing the effects certain residues have on TbPRMT7 in a biochemical and
structural context, we have identified Glu181 as a crucial molecular component of this enzyme’s
unique catalysis (Fig. 4). In so doing, we have also expanded the current understanding of how
type | and type Il enzymes behave and why their methylation behavior differs from one another.
A comparison of the distance between the two glutamate residues of the double E loop shows
that the glutamates of the type Ill PRMTs are generally closer together (8.4A on average for

TbPRMT7, PDB codes 4M36, 4M37, 4M38, 5EKU; 6.8A for CePRMT7, 3WST, 3X0D; 8.7A for
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MmPRMT7, 4C4A) than those in type | PRMTs (e.g. 12.5A in RnPRMT1, 10RI; 13.2A in
MmPRMT6, 4C07; 8.5A in HsPRMT4, 4IKP) (SI, Fig. S3), consistent with the previous finding
that TOPRMT7 features a smaller guanidine binding pocket with respect to type | and type Il
PRMTs (13). The Glu181Asp mutation effectively shortens the side chain at that position by one
carbon-carbon bond, increasing the distance between the flanking residues of the double E loop.
An enlarged cavity would resemble the larger type | enzyme cavities more closely and allow for
the recognition of an already methylated species, resulting in subsequent dimethylation. Indeed,
our binding studies show a marked increase in affinity in the Glu181Asp mutant for a methylated
substrate (H4?'R3MMA) with respect to the wild-type enzyme (Fig. 5). The Glu181Asp mutation
still maintains the same charge at that position, allowing for similar interactions between the
enzyme and the substrate’s arginine, albeit at a weaker level. These findings provide a model for
predicting the structural determinants of type | methylation, mediated by enzymes with longer
distances between glutamates of the double E loop, versus type Il methylation, mediated by
enzymes with relatively shorter distances between the glutamates of the double E loop (about 1-
2 A shorter).

Product specificity plays also an important role in histone lysine methyltransferases
(HKMTs), as mono-, di-, and trimethylation of lysines relay different biological signals and hence
must be strictly controlled. A comparison between the structures of the lysine
monomethyltransferase SET7/9 and the trimethyltransferase DIM-5 revealed that the different
product specificity can be ascribed to a switch between a tyrosine in SET7/9 for a phenylalanine
residue in DIM-5 (30, 31). In detail, DIM-5 contains Phe281 in close proximity to the e-amino group
of the target lysine. In SET7/9, Tyr305 occupies the equivalent position of Phe281 in DIM-5. The
addition of the hydroxyl group in Tyr305 narrows the substrate channel and sterically hinders the
insertion of a dimethylated e-amino group at the target lysine, resulting in strict monomethylation

activity of SET7/9. Strikingly, the Phe281Tyr mutation in DIM-5 results in the alteration of product
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specificity from a trimethylated lysine to a mono- and dimethylated product, whereas the reverse
mutation of Tyr305Phe in SET7/9 abolished the strict monomethylation activity and allowed for
the formation of di- and trimethylated product. This tyrosine/phenylalanine switch in HKMTs
depicts the importance of the absence or presence of a single non-hydrogen atom in the active
site for product specificity and recapitulates our finding of an analogous glutamate/aspartate
switch that controls product specificity in PRMTs.

In conclusion, our biochemical and structural analyses have defined the components that
restrict type [ll PRMTs to only monomethylate its target arginines and, more generally, provided
insights into the attributes that direct PRMT-mediated catalysis. This knowledge will not only be
useful for the prediction of the methylation behavior of novel, thus far uncharacterized members

of this family, but will also prove valuable in the rational (re)design of other PRMTs.
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SHORT METHODS

The details of molecular cloning, expression, purification, crystallization, x-ray diffraction data
collection, structure determination, isothermal titration calorimetry, multiangle light scattering, and
amino acid analysis of protein and peptide substrates are described in the SI. In short, TOPRMT7
was expressed in E. coli with a N-terminal His-tag. Recombinant proteins were purified using
several chromatographic techniques. The structure was solved by SAD from seleno-L-

methionine-labeled crystals.

ACKNOWLEDGEMENTS

We thank H. Rust (The Scripps Research Institute) and P. Thompson (UMass Medical School)
for providing the H4"?" and H4'?'R3MMA peptides, L. Read (SUNY Buffalo) for providing the
expression vector for TORBP16, M. Dzialo (UCLA) for help with amino acid analysis, D. Berman
(Rockefeller University) for help with protein expression and purification, D. King (UC Berkeley)
for mass spectrometry analysis, M. Becker and R. Fischetti (APS) and W. Shi (NSLS) for support
during data collection, and the Structural Biology and the High-Throughput Screening and
Spectroscopy Resource Centers at Rockefeller University for support. X-ray data were measured
at the GM/CA beamline 23ID-D at APS, supported by funds from NCI (ACB-12002) and NIGMS
(AGM-12006), and at beamline X29 at NSLS, supported by NIH grants P41GM103473 and P30-
EB-00998. EWD was a Frey Fellow of the Damon Runyon Cancer Research Foundation (DRG-
1977-08). This work was also supported by grants from NIH including GM026020 (SGC) and a

Ruth L. Kirschstein National Service Award GM007185 (KJ and RAW).

34



TABLES AND FIGURES

Table 1. Type Il enzymatic activity of WT and mutant TboPRMT7 enzymes

Enzyme Percegt;?‘zt;ype ]|
Wild-Type 100
Automethylation 1.3
Dimerization mutants
224-235 mutated to 12 Glycines 0.16
1-74 deletion 0.0055
Double EE loop mutants
G180Y 119
[173L F174L 109
1173V 102
G180N 58
E172D 21
E181D 14.2
[173A 8.6
173G 1.9
E181Q 1.1
E172D E181D 0.32
E172Q 0.17
[173P F174M 0.04
G175D M177E 0.02
THW loop mutants
Q329H 99.6
Q329F 90.1
Q329A 14.1
W330A 46
Helix oY mutants
F71A 96.1
M75F 94.5
M75A 5.2
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Fig. 1. TbPRMT7 displays Type Ill PRMT activity. ToPRMT7 was incubated with [methyl->H]-
AdoMet and (A) TbRBP16; (B) an N-acetyl peptide corresponding to residues 1-21 of human
histone H4 (H4'2"); or (C) the H4'2! peptide with MMA substituted for arginine at position 3 (H4"
2IR3MMA). Protein or peptides from the incubation were hydrolyzed and mixed with amino acid
standards of ADMA, SDMA, and MMA and then analyzed via high-resolution cation-exchange
chromatography. The red lines indicate the radioactivity of *H-methyl groups for complete
reactions. The green lines indicate the radioactivity from a single control reaction where the
enzyme alone was incubated with [methyl-*H]-AdoMet as an automethylation control and is shown
in each panel. The elution of the amino acid standards was determined by ninhydrin reactivity and
is shown as a black dashed line. In each case, the lower panel represents an enlargement to
show lower levels of methylation. Isotopically labeled ADMA, SDMA, and MMA elute about a
minute earlier than the non-isotopically labeled standards due to the effect of tritium on the pKa’s
of the methylarginine species (11, 32). The asterisked small radioactive peak in the lower panel
of panel 1B migrates about 1 min earlier than expected for [PHJADMA — the identity of this material

is unknown.
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Fig. 2. Overview of TODPRMT7 in complex with AdoHcy. (A) Domain organization of TOPRMT7.
Domain boundaries are indicated by residue numbers. The bar above the domain structure
denotes the crystallized fragment. DIM; dimerization arm. (B) Ribbon representation of the
TbPRMT7 dimer, using the same color code for the domains as in panel (A). The second protomer
of the TOPRMT7 dimer is shown in grey. AdoHcy is displayed in yellow stick representation. A
90° rotated view is shown below. Labeling of a-helices and B-strands follows the convention of

earlier structures (23, 24).
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Fig. 3. Active site of TOPRMT7. Electron density of AdoHcy and key residues in the active site

are shown.
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Fig. 4. An active-site mutation in the double E loop of TbPRMT7 produces ADMA. TbPRMT7
Glu181Asp was incubated with [methyl-*H]-AdoMet and (A, B) the H4"2" peptide or (C, D) the H4'-
'R3MMA peptide. Hydrolysates of the peptide products were mixed with amino acid standards
of ADMA, SDMA, and MMA and were analyzed via high-resolution cation exchange
chromatography (A-C) or thin layer chromatography (TLC) (D). Red lines in panels (A-C) indicate
the radioactivity of *H-methyl groups for complete reactions. The green lines indicate the
radioactivity from a single control reaction where the enzyme alone was incubated with [methyl-
®H]-AdoMet as an automethylation control and is shown in each panel. (B) An enlargement of the
radioactive data in panel (A). The elution of the amino acid standards was determined by ninhydrin
reaction, shown in black dashes. Isotopically labeled ADMA and MMA elute about a minute earlier

than the non-isotopically labeled standards. (D) TLC for hydrolysates of the reaction mixture and
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individual and mixed standards of ADMA, MMA, and SDMA. The upper portion shows the
radioactivity corresponding to the TLC slices of the reaction mixture lane; the lower portion shows

the ninhydrin staining of the TLC plate.
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Fig. 5. Isothermal titration calorimetry of TOPRMT7 wild type (A,B) and Glu181Asp mutant (C,D)

with H4'2" and H4"2'R3MMA, respectively.
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SUPPORTING INFORMATION (SI)
S| Methods
Peptide substrates

Histone H4'?' (Ac-SGRGKGGKGLGKGGAKRHRKY) and histone H4'?'R3MMA (Ac-
SGR[mMe]GKGGKGLGKGGAKRHRKYV) peptides were kind gifts from Drs. Heather Rust and Paul
Thompson (The Scripps Research Institute and University of Massachusetts Medical School,
respectively). The plasmid for expression of TbDRBP16 (UniProt: Q9XY40) was a kind gift from Dr.
Laurie Read (SUNY Buffalo).
Protein expression and purification

DNA fragments of TbOPRMT7 were amplified by PCR from genomic DNA, cloned into a
pET28a vector (Novagen) containing an N-terminal PreScission protease (GE Healthcare)
cleavable Hise-tag, overexpressed in E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene), and
grown in LB media containing appropriate antibiotics. Mutations in TOPRMT7 were introduced by
overlap extension PCR mutagenesis. Protein expression was induced at ODggo ~ 0.6 with 0.5 mM
isopropyl-pB-D-thiogalactoside at 18 °C for 16 h. The cells were harvested by centrifugation at
7,500 x g and 4 °C and lysed with a cell disrupter (Avestin) in a buffer containing 20 mM Tris, pH
8.0, 300 mM NaCl, 5 mM B-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride (Sigma), 2
uM bovine lung aprotinin (Sigma), and complete EDTA-free protease inhibitor cocktail (Roche).
After centrifugation at 35,000 x g for 45 min, the cleared lysate was loaded onto a Ni-NTA column
(Qiagen) and eluted with an imidazole gradient. Protein-containing fractions were pooled, dialyzed
against a buffer containing 20 mM Tris, pH 8.0, 100 mM NacCl, and 5 mM dithiothreitol (DTT), and
subjected to cleavage with PreScission protease (GE Healthcare) for 12 h at 4 °C. Following Hiss-
tag removal, the cleaved protein was bound to a heparin column (GE Healthcare) and eluted with

a NaCl gradient. Protein-containing fractions were pooled, concentrated, and purified on a HiLoad
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Superdex 200 16/60 gel filtration column (GE Healthcare) in a buffer containing 20 mM Hepes,
pH 7.5, 150 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). His-tagged TbRBP16
was expressed and purified as previously described (33), but the His-tag was removed.
Crystallization, data collection, structure determination, and refinement

For formation of the complex with the AdoHcy, 20 mg/ml of purified TOPRMT7 was mixed
in a 1:2 molar ratio with AdoHcy and incubated for 1 h on ice. The crystallization solution consisted
of 30% PEG 400, 0.2 M MgClz, and 0.1 M Tris, pH 8.0. Crystals grew in space group P3;21 at
room temperature within two weeks. X-ray diffraction data were collected at the X29 beamline at
the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory (BNL).
Diffraction data were processed in HKL2000 (34). The structure was solved by the single
anomalous dispersion (SAD) phasing technique in the program AutoSol of the PHENIX package
(35), using data obtained from seleno-L-methionine-labeled crystals. The asymmetric unit
contained one dimer. Model building was performed in O (36) and Coot (37). The final model
spanning residues 38-384 was refined in Phenix (35) to an Rsee Of 26.1 % with excellent
stereochemistry as assessed by MolProbity (38). Details for data collection and refinement
statistics are summarized in Table S1. Figures were generated using PyMOL (Schrédinger, LLC),
the electrostatic potential was calculated with APBS (39). Atomic coordinates and structure
factors have been deposited with the Protein Data Bank under PDB code 5EKU.
Multi-angle light scattering

Purified proteins were characterized by multi-angle light scattering following size-
exclusion chromatography (40). Protein at 50 uM was injected onto a Superdex 200 10/300 GL
size-exclusion chromatography column (GE Healthcare) equilibrated in a buffer containing 20 mM
HEPES pH 7.5, 150 mM NaCl, and 0.5 mM TCEP. The chromatography system was connected

in series with an 18-angle light scattering detector (DAWN HELEOS) and refractive index detector
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(OptilabrEX) (Wyatt Technology). Data were collected every second at a flow rate of 0.25 mL/min
at 25 °C. Data analysis was carried out using the program ASTRA, yielding the molar mass and
mass distribution (polydispersity) of the sample.
Isothermal titration calorimetry

ITC measurements were performed at 15°C using a MicroCal auto-iTC200 calorimeter
(MicroCal, LLC). Protein was incubated with twofold 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 mM NacCl, and 0.5 mM TCEP. 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

Unless otherwise described, 5 pug of the TbRBP16 protein or 10 uM of the peptide
substrates were methylated with 1.2 ug of wild-type TbPRMT7 or the indicated amount of mutant
TbPRMT7 by incubating the mixture with 0.7 uM of S-adenosyl-[methyl-*H]-L-methionine
(Imethyl-*H]-AdoMet) (PerkinElmer Life Sciences; stock solution of 7 uM (78.2 Ci/mmol) in 10 mM
H2SO4/EtOH (9:1, v/v)) in 50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT, and 5% glycerol at
25 °C for 16 h in a total volume of 60 pl. When TbRBP16 was used as the substrate, 60 uL 25%
trichloroacetic acid (w/v) and 20 pg bovine serum albumin were added to the reaction after
completion and the mixture was incubated at 25 °C for 30 min, followed by centrifugation at 4000
x g for 30 min at 25 °C. The resulting pellet was washed with -20 °C acetone before acid
hydrolysis. Alternatively, when peptides were used as substrates, the reactions were quenched
with 4 pL 25% trichloroacetic acid (w/v). For reactions that were used for thin layer
chromatography (TLC), the peptides were purified via RP-HPLC. For reactions that were used for
cation exchange chromatography, peptides were purified using OMIX C18 Zip-Tips® with elution
in 15 pL of trifluoroacetic acid/acetonitrile/water (0.1:50:50). In both cases, elution solvent was
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removed by vacuum centrifugation. Acid hydrolysis of all samples was performed with 50 yL 6 M
HCl at 110 °C for 20 h in vacuo. Once the acid was removed via vacuum centrifugation, the dried
sample pellets were dissolved in 50 yL of water.

For samples analyzed by cation exchange chromatography, 1 pmol each of w-MMA
(acetate salt; Sigma, M7033), SDMA (di-(p-hydroxyazobenzene)-p-sulfonate salt; Sigma, D0390),
and ADMA (hydrochloride salt; Sigma, D4268) were added as internal standards and
chromatography was then performed as previously described but using a buffer at pH 5.21 instead
of 5.27 (10). The positions of the non-radioactive methylarginine standards were determined by
detecting the absorbance of 50 pL fraction aliquots at 570 nm after being reacted with ninhydrin,
and radioactivity of the remaining 950 pL from each fraction was determined through liquid
scintillation, using the average of three 5- to 20-min counting cycles, as described (10). For
samples analyzed by TLC, 10 ymol each of w-MMA, SDMA, and ADMA were added to the peptide
pellets. This mixture was dried via vacuum centrifugation and acid hydrolyzed as described
above. 10 umol of the three standards were also acid hydrolyzed individually and as a group. The
dried hydrolysates were resuspended in 10 pL of water. Each reaction hydrolysate and individual
standard hydrolysate was spotted onto silica plates (Polygram Sil G/UVa2s4; Macherey-Nagel,
805203) in 1-pL aliquots. Once the spots were dried, each plate was run in a 3:1 ethanol:water
solvent mixture for about 8 h. After air-drying, the plate was dipped momentarily in a ninhydrin
solution (15 mg/ml ninhydrin dissolved in 97% butanol, 3% glacial acetic acid). The plate was
again allowed to air dry and then heated at 90 °C for 15 s. Visible ninhydrin spots were outlined
and the plate was sectioned into 5 mm wide slices. The silica from each slice was mixed with
500 uL water and vortexed for 2 h. This material was added to 5 mL of scintillation fluid to detect

radioactivity using the average of three 20-min cycles.
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S| TABLES AND FIGURES

Table S1. Data collection and refinement statistics.

Data collection

Synchrotron
Beamline
Space group
Cell dimensions
a,b,c(A)
o, B,y (%)
Wavelength (A)

Resolution (A)°

No. of unique reflections
Rsym (%)°

CcC1/2

cc*

<l cl>®

Completeness (%)°

Redundancy®

Refinement

Resolution (A)

No. of reflections
Test set
Rwork / Rfree (%)

No. of atoms

R.m.s deviations
Bond lengths (A)
Bond angles (°)

<B-Value>

Protein (A?)
AdoHcy (A?)

MolProbity Score/Percentile

Ramachandran plot®
Favored (%)
Allowed (%)
Outliers (%)

NSLS?
X29

P3221

a=b=157.6,¢c=97.4
a=p=90, y=120
1.072

50.0-2.80 (2.90-2.80)
34,624 (3,417)

0.096 (88.6)

0.997 (0.716)

0.999 (0.914)

12.1 (1.8)

100.0 (99.7)

5.8 (5.8)

50.0 —2.80

34,586
3380
22.1/261

5,564

0.004
0.9

80.0
1101
1.68/100

96.33

3.52
0.15

a8NSLS, National Synchrotron Light Source, Brookhaven National Laboratory
Highest-resolution shell is shown in parentheses.

°As determined by MolProbity.
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Table S2. B-values of side-chain carboxyl groups from the glutamates of the double E loops in
PRMTs indicate the first glutamate to be more rigid than the last one. “15* glutamate” and “2"™
glutamate” refer to the first and last glutamates in the double E loop, respectively. CD, OE1, and
OE2 refer to the delta carbon and terminal epsilon oxygen atoms of the glutamates, respectively.
Rn: Rattus norvegicus; Hs: Homo sapiens; Mm: Mus musculus; Tb: Trypanosoma brucei; Ce:

Caenorhabditis elegans.

B-values (A?
Carboxylate carbon Carboxylate oxygens
CcD OE1 OE2
Enzymes 1st 2nd 1st 2nd 1st 2nd
glutamate | glutamate | glutamate | glutamate | glutamate | glutamate
TbPRMT7 23.84 29.06 2219 36.35 27.89 33.01
(Type 1l
PDB 4M38)
MmPRMT7 37.39 46.01 40.03 47.35 25.11 47.83
(Type Il
PDB 4C4A)
CePRMT7 51.31 98.59 54.21 87.5 52.8 104.58
(Type Il
PDB 3X0D)
RnPRMT1 46.41 54.71 46.7 54.98 48.97 57.55
(Type |,
PDB 10RI)
RnPRMT4 33.2 37.81 31.63 41.91 34.66 38.35
(Type |,
PDB 3B3F)
MmPRMT4 40.67 4413 41.76 44 47 39.65 44 .44
(Type |,
PDB 2V7E)
HsPRMT4 37.45 37.69 38.11 38.29 37.28 38.34
(Type |,
PDB 4IKP)
HsPRMT6 29.46 46.09 30.96 48.51 39.56 49.09
(Type |,
PDB 4HC4)
MmPRMT6 11.17 23.02 19.55 23.96 16.78 25.63
(Type |,
PDB 4CQ7)
HsPRMT5 68.06 56.21 55.82 57.61 52.32 50.64

(Type I,
PDB
4GQB)
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Table S3. Summary of ITC results. The dissociation constant (Kp), binding enthalpy (AH), and

the stoichiometry (N) were derived by curve fitting using a single-site model, while the entropy

(AS) was calculated from these values.

[NaCl] AS
Protein Peptide Kb (uM) AH (kcal/mol) N (cal/mol/
(mM) "
WT Ha 121 20 27402 3594003 1.000.01  37.9
WT Ha 12! 150 50 +3 141003 1.004002 246
WT Ha 12! 300 400,000 ha. 1.00 (fixed)  n.a.
WT H4'-21 500 no binding n.a. n.a. n.a.
WT HA™'R3MMA 20 91+03 470002 1.00%0.01 394
Glu181Asp Ha 12! 20 2034005 5524001 1.000.01 452
mutant
G';LSt;nAtSp HA"'R3MMA 20 1504003 5554001 0.99+0.01 459
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Fig. S1. Dimerization of TOPRMT7. Molecular mass determination and Rayleigh ratio of
wild-type TbBPRMT?7 (light and dark grey, respectively) and of the dimerization arm mutant
(light and dark red, respectively) by multi-angle light scattering (MALS) coupled to size
exclusion chromatography (Superdex 200 10/300 column, GE Healthcare). Wild-type

TbPRMT7 forms a dimer, while the dimerization arm mutant is monomeric.
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Fig. S2. Electrostatic surface potential of the active site shown between -20 kT/e (red)

and +20kT/e (blue).
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Fig. S3. TbPRMT7’s active site is generally smaller than that of type | enzymes. A
structural alignment of the double E loops of TOPRMT7 (PDB 5EKU, chainA) and type |
PRMTs with RnPRMT1 (PDB 10RI, chainA), HsPRMT4 (PDB 4IKP, chain A), and
MmPRMTG6 (PDB 4CO07, chain A) is shown with indicated coloring to match each E loop
to its organism and enzyme. Distances between the glutamates of each E loop are given
in Angstréms. Dashed lines are colored to match the pairs of glutamate residues in each

enzyme.
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Chapter 4

Protein arginine methyltransferase product specificity is mediated by distinct active-site

architectures
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ABSTRACT

In the family of protein arginine methyltransferases (PRMTS) that predominantly generate
either asymmetric or symmetric dimethylarginine (ADMA or SDMA), PRMT7 is unique in
producing solely monomethylarginine (MMA) products. The type of methylation 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 desighed 26 single and double mutations in the active site,
including residues in the Glu-Xs-Glu (double E) loop and the Met-GIn-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
subregions in the active site determines PRMT7 product specificity. A dual mutation of Glu181 to
Asp in the double E loop and GIn329 to Ala in the canonical THW loop enables the enzyme to
produce SDMA. Consistent with our model, the mutation of Cys431 to His in the THW loop of
human PRMT9 shifts its product specificity from SDMA towards 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.
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INTRODUCTION

Methylation of proteins is a major type of posttranslational 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 infection (9, 10). Catalysis of arginine methylation
on the terminal nitrogen atoms of the guanidine group is mediated by a family of enzymes
designated as protein arginine methyltransferases (PRMTs). Most of these enzymes harbor a
conserved ~310-residue core that comprises the methyltransferase domain conserved in S-
adenosylmethionine (AdoMet)-dependent methyltransferases and a B-barrel domain unique to
the PRMT family. These enzymes can be further categorized based on which methylarginine
product they catalyze: type | PRMTs catalyze the production of w-N®-monomethylarginine (MMA)
and asymmetric w-N®-N¢-dimethylarginine (ADMA), type Il PRMTs catalyze the production of
MMA and symmetric w-N©-NC-dimethylarginine (SDMA), type Il PRMTs catalyze the production
of only MMA, and type IV PRMTs catalyze 8-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 presence of free 5-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 downstream 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 | and Il 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 suggested
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that small variations in the structure of the active site of these enzymes govern the methylation
activity type (2, 3, 20-23). While 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 PRMT5 (24), but have not put forth a general model for the 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 a PRMT7 from Trypanosoma
brucei (TbPRMT7) from an enzyme that strictly produces MMA to one also forming ADMA by
replacing a glutamate residue in the double E loop (E181) with an aspartate residue (25) (Fig 1).
The double E loop is a conserved feature of PRMTs that has been shown to directly interact with
the methyl-accepting arginine residue (2, 11). TOPRMT7 had been initially characterized for a
possible role in the transcriptional control of gene expression in this organism (26). Here, we have
focused on TbPRMT7 because it displays robust type lll 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 enzymatic activity of TOPRMT7 through mutagenesis and highly sensitive amino
acid analysis techniques to demonstrate the importance of the THW loop (MQW for TbOPRMT?7)
(2) (Fig. 1). Complementary studies with PRMT9 from Homo sapiens, previously characterized
as atype Il enzyme (28, 29), corroborate our PRMT7 results. Based on this evidence, we propose

a structural model for how PRMTs can limit their activities to type I, type Il, or type Il methylation.
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RESULTS
A TbPRMT7 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 TOPRMT7 to alter the methylation
type (25), six TOPRMT7 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 (25) (Table 1). The additional substitutions in the six
new double mutants comprised M75A, Q329A, Q329N, W330A, F71A, and 1173G, 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 products of arginine
methylation with high-resolution cation exchange chromatography. Four of these double mutants
showed little or no activity towards either the H4'2! peptide, comprised of the acetylated 21 N-
terminal residues of the human histone H4 protein (data not shown), or the acetylated H4!2!
R3MMA peptide, w-monomethylated at the third arginine (Table 1). The H4'2 R3MMA peptide
was used in order to enhance the detection of dimethylarginine derivatives by providing a
substrate where a single methylation 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 with the H4? RBMMA peptide (Fig. 2A and B). The small amount of MMA
produced in the reaction of the E181D/Q329A mutant with the H4121 RSMMA peptide is most likely
due to methylation of the secondary R17 and R19 sites on the histone peptide since the level of
radioactivity here is higher than the level recorded for the enzyme alone (Fig. 2B). Importantly,
while 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 TOPRMT7 does not produce
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any dimethylarginine products with either H4?! or H42 RSMMA peptide (Fig. 3). The single
Q329A mutant shows no evidence of dimethylarginine formation (Table 1).
TbPRMT7 E181D/Q329A shows higher binding affinity for the monomethylated histone H4*
21 peptide than for the unmethylated peptide

Using isothermal titration calorimetry (ITC) with H412 and H4!?1 R3MMA peptides, we
previously demonstrated that the wild-type TOPRMT7 enzyme binds its substrate H4!?! with
higher affinity than its monomethylated product, H41?'* R3MMA, while the ADMA-producing
TbPRMT7 E181D mutant has markedly increased affinity for H4-2 RSMMA that even surpasses
that for H412t (25). Similarly, we measured the affinity of the SDMA-producing ToPRMT7
E181D/Q329A enzyme and found that this mutant displays higher affinity for H412 RSMMA (Kp =
46.7 uM) vs. its unmethylated counterpart H4!?! (Kp = 80.6 uM) (Fig. 4). Thus, the two mutant
enzymes capable of dimethylation consistently favor binding of the bulkier H412!1R3MMA peptide,
which can be rationalized by providing a more spacious binding pocket, stabilizing the MMA
substrate-enzyme interactions and enabling dimethylation.
Active-site mutations lead to decreases in type Ill PRMT7 activity and shifts in recognition
site specificity

Overall, we have reacted 26 single and double mutants of TOPRMT7 with the H4!??
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 TOPRMT7, 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 R17 and R19 on the substrate
peptide is occurring, as R3 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
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residues in basic regions (26, 30). Notably, the THW (MQW) loop mutant Q329H showed
significant increases in MMA production. Most remarkably, the double mutant E181D/Q329A
produced both MMA and SDMA, as described above.
A mutation in the THW loop of human PRMTY9, a type Il PRMT, shifts product specificity
from SDMA towards MMA

The human PRMT9 has recently been characterized as a type || PRMT, joining PRMT5
as an enzyme that catalyzes SDMA production (28, 29). This methyltransferase contains a Thr-
Cys-Trp (TCW) sequence in place of the canonical Thr-His-Trp (THW) residues (28). In order to
further investigate the role of spatial restrictions conferred by key active-site residues, the cysteine
residue was mutated to a bulkier histidine residue in order to mimic type | and type Il 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 eight-fold increase in MMA production and almost complete elimination of SDMA
production (<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 Met48, a residue conserved in
the oY 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 | PRMT, as determined by o-
phthalaldehyde-derivatized RPLC and LC-MS analysis. However, it appeared that the degree of
dimethylarginine formation was quite different when analyzed by these two methods. In our
studies with TOPRMT7, the homologous mutation, M75F, showed no change in PRMT7’s type Il
activity with substrates including RBP16 (25) and the H42 RBMMA peptide (Table 1). To validate
the PRMT1 mutant activity (24), we compared the product specificity of the wild-type human
PRMT1 (Fig. 6A) with the H4?! and H4?! RSMMA peptides to that of the rat PRMT1 Met48Phe

enzyme (Fig. 6B). We chose these peptides because H4'?! has been shown to be a robust
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PRMTL1 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-resolution cation exchange
chromatography (Fig. 6). With both enzymes, only MMA and ADMA were formed under conditions
where we could detect SDMA at a level of less than 0.4% of the radioactivity in ADMA.
Significantly, in the presence of an already methylated substrate such as H4!?! R3MMA, the rat
PRMT1 M48F was still unable to produce any SDMA (Fig. 6B). Additionally, there is MMA
production above automethylation levels for wild-type human PRMT1 and rat PRMT1 M48F when
given H4"2! RSMMA as a substrate. The MMA being produced with this peptide would be
expected to occur at positions R17 and R19. These results indicate that the residue M48 may not

be involved in mediating product specificity in mammalian PRMT1.
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DISCUSSION

Different methylarginine marks can be recognized by distinct 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 TOPRMT?7, a strictly MMA producing type Ill enzyme, into a type
| enzyme forming ADMA by mutation (25), we now present another TOPRMT7 mutant that is
capable of producing SDMA, exhibiting the product specificity of type Il 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 PRMT7, 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 RSMMA with a higher affinity 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 Il 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
homologous mutation in TOPRMT7 (M75F; Table 1) and its mutation to alanine (M75A; Table 1)
(25), our work did not confirm any role of M48 in affecting PRMT1 product specificity in the
mammalian enzyme. It should be noted that the H4 peptide substrates used in our study differ
from the GGRGGFGGRGGFGGRGGFG peptide used previously (24). Additionally, 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 dimethylation of human histone H4 (14). It would
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be interesting to examine these mutants with our more sensitive amino acid analysis techniques
in order to determine any changes in product specificity 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 substrate 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 |
PRMTs contain an open subregion A and a spatially restricted subregion B (Fig. 7A). The nature
of these subregions in type Il active sites is reversed with respect to type | PRMTSs, with an open
subregion B and a restricted subregion A (Fig. 7B). PRMT7’s active site by contrast contains two
restricted subregions, combining the restraining 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 lll PRMT enzyme.

The E181D mutation of TOPRMT7 increases the space within subregion A of the active
site by a single carbon-carbon 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 glutamates of human PRMT5, the major SDMA producer in the cell, are
actually closer together than even those in TOPRMT7 (Fig. 7B and C). The methylation type
alteration can be largely attributed 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, suggesting that the THW
loop may not be the sole contributor in determining type Il methylation. Human PRMT5 has a

serine residue in place of the corresponding glutamine residue in TOPRMT?7 that is located at a
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greater distance (5.2 A vs. 3.0 A; Fig. 8) from the substrate arginine than the glutamine of
TbPRMT7 and is also pointed away from the active site (Fig. 7). In our TOPRMT7 E181D/Q329A
construct, the glutamine to alanine substitution removes an acetamide moiety in subregion B. This
active-site alteration now allows for methylated 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 specificity was first suggested in two recent reviews
from the Thompson group (2, 20).

In support of the importance of the THW loop in determining type Il PRMT product
specificity, the mutation of C431H in human PRMT9 shows a significant decrease in SDMA
production 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 concomitant marked increase in MMA production of the PRMT9 is consistent with
a partially processive methylation mechanism, a characteristic of type | PRMTs (33).

Structural alignments of known type |, Il, and Il PRMTs show that the geometries of the
active sites are highly conserved within each PRMT type (Fig. 9 and Table 2). While 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 methylarginine
species that may differentially mediate various biological 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 finding bisubstrate analogs that mimic the cofactor and the substrate arginine have the

disadvantages of promiscuity and additionally, due to their highly charged nature, limited
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bioavailability precluding their administration as oral drugs (37). In light of such obstacles in the
development of small-molecule inhibitors of PRMTs 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.
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EXPERIMENTAL PROCEDURES
Peptide substrates

Histone H4'?! (Ac-SGRGKGGKGLGKGGAKRHRKY) and histone H4?' R3MMA (Ac-
SGR[Me]GKGGKGLGKGGAKRHRKY) peptides were kind gifts from Heather Rust (The Scripps
Research Institute, Jupiter, FL) and Paul Thompson (University of Massachusetts Medical Schoal,
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
previously described (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 Medical School,
Worcester, MA) (38). Rat PRMT1 (RnPRMT1) 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 containing
kanamycin at 37 °C to an ODeoo Of ~ 0.6. Expression was induced with 1 mM isopropyl-B-D-
thiogalactoside (IPTG; GoldBio) at 18 °C for 16 h. The cells were then harvested by centrifugation
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 NacCl, 0.5 mM phenylmethylsulfonyl 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-HCI (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% (M, ~ 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).
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Isothermal titration calorimetry

ITC measurements were performed at 15 °C using a MicroCal auto-iTC200 calorimeter
(MicroCal, LLC). Protein was incubated with two-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 mM NaCl, and 0.5 mM TCEP. 2 pL 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 previously described (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 pL. Assays and amino acid
analysis using human PRMT9 were also carried out as previously described (28, 29). For
methylation assays with PRMT1, human and rat PRMT1 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 H42! or H41?1 R3MMA peptide were incubated at 37
°C for 3 h in a mixture containing 0.7 uM of S-adenosyl-[methyl-*H]-L-methionine ([methyl-3H]-
AdoMet) (PerkinElmer Life Sciences; stock solution of 7 uM (78.2 Ci/mmol) in 10 mM H2SO4/EtOH
(9:1, viv)), 50 mM HEPES pH 8.0, 10 mM NaCl, 1 mM DTT, and 5% glycerol in a final volume of
60 pL. Reactions were stopped, acid hydrolyzed, and analyzed with cation exchange
chromatography as previously described (25). Given the specific radioactivity of the [methyl-3H]-
AdoMet of 78.2 Ci/mmol and a counting efficiency of 50%, one fmol of methyl groups corresponds

to 86 cpm.
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TABLES AND FIGURES
Table 1. Product analyses of wild-type and mutant TOPRMT7 enzymes with the H4!?* RSMMA
peptide. The number of experiments is indicated in parenthesis. As shown in the "Experimental

Procedures" section, 86 cpm corresponds to 1 fmol of methyl groups.

3 3H-mt's-thyl 3
H-methyl group group H-methyl group
radioactivity in radioactivity in radioactivity in
MMA (average ADMA (average | SDMA (average
TbPRMT7 enzyme cpm) cpm) cpm)
Wild-type (n=4) 11,093 0 0
Automethylation (n=4) 122 0 0
Double E loop mutants
G180N (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 F174M (n=1) 0 0 0
1173L F174L (n=1) 29,487 0 0
G175D M177E (n=1) 0 0 0
E172D E181D (n=1) 0 0 0
E181D 1173G (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 aY 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 (n=1) 0 0 0
Double E loop and
Helix a¥ double
mutants
E181D M75A (n=1) 65 0 0
E181D F71A (n=1) 143 0 0
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Table 2. Root mean square deviation (RMSD) values for structural alignments of the active-site
double E loop, the THW loop, and AdoHcy made in PyMOL for type I, Il, and Il PRMTs from the

indicated crystal structures.

RMSD (A)
PRMTs
Ca all atoms
Rn PRMT1 (LORI) 0 0
Hs PRMT3 (4QQN) 05 12
Type Hs PRMT4
| (5DWO) 06 13
Hs PRMT6 (SEGS) 07 12
Hs PRMTS (5DST) 0.6 11
Hs PRMTS5 (4GQB) 0 0
Tﬁlpe Ce PRMTS5 (3UA3) 03 0.6
XI PRMTS5 (4G56) 0.4 16
Tb PRMT7 (4M38) 0 0
Type
| ce PRMT7 (3X0D) 0.7 1.0
Mm PRMT7 (4C4A) 0.7 11
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/
DoubleE loop

M75

Helix aY

kTHW loop

Figure 1. Active site of Trypanosoma brucei PRMT7. Residue E181, 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, 1173G). The
double mutant E172D/E181D was previously analyzed and E172 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 (PDB

4M38) in gray.
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Figure 2. TOPRMT7 E181D/Q329A double mutant produces SDMA with the H42! RSMMA
peptide. The specificity of this mutant was determined using cation exchange chromatography
and TLC as described in the "Experimental Procedures"” section. TOPRMT7 E181D/Q329A (4.8
ug protein) was incubated with the H4!'?! or H4?! R3MMA peptide (10 uM) and [methyl-
3H]AdoMet in a final volume of 60 pL. A. TOPRMT7 E181D/Q329A double mutant with the H412!
peptide. B. TOPRMT7 E181D/Q329A with the H4!?! 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 one minute earlier than their non-radioactive
counterparts due to the isotope effect (39, 40). As given in the "Experimental Procedures" section,
86 cpm corresponds 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
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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 TbPRMT7 displays no dimethylarginine production with H4*?! and H4%2!
R3MMA peptides. In vitro methylation and cation exchange chromatography were used as
described in the “Experimental Procedures” section to assess wild-type TOPRMT7 activity and
product specificity with H412! (blue), H4*?! RSMMA 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 in
the "Experimental Procedures" section, 86 cpm corresponds 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 TOPRMT7 E181D/Q329A mutant with H4121 (A)

and H4121 R3MMA (B), respectively. Each titration was performed twice.
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Figure 5. HsSPRMT9 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 in
"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 in the "Experimental Procedures” section, 86 cpm corresponds to 1 fmol of

methyl groups. This experiment is one of two biological replicates.
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Figure 6. RNnPRMT1 M48F mutant enzyme does not produce SDMA with histone H4 peptides. In
vitro methylation and cation exchange chromatography was used as described in the
“Experimental Procedures” section to assess PRMT1 activity and product specificity with H41-2
(blue), H42 RSMMA (red), and the enzyme alone (green). Dashed black lines indicate elution
profile of non-radioactive methylarginine species as measured by a ninhydrin assay (see
“Experimental 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

in the "Experimental Procedures"” section, 86 cpm corresponds to 1 fmol of methyl groups. This
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A I Rn PRMT1 (10RI, type ) B

Restraining active
site features

subregion A

’7 =4 °°45
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s

AdoHcy
from 4M38

C

Figure 7. PRMT active sites display distinct spatial architectures. The active site (Double E loop,
THW loop, and AdoHcy) from A. RnPRMT1 (1ORI, Chain A; dark grey), B. HSPRMT5 (4GQB,
Chain A; cyan), and C. TbPRMT7 (4M38, Chain A; wheat) are shown. Crowded subregions of the
active sites are highlighted in light blue and open subregions are highlighted in orange. In B and
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).
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Tb PRMT7
(4M38, type lll)

AdoHcy
from 4M38

substrate R3 substrate R3

Figure 8. The THW loop of PRMTS5 is farther away from the substrate arginine than the THW loop
of PRMTY7. (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.
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Figure 9. Structural alignment of PRMT active sites. Active sites of all three types of PRMTs are

shown.
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Mammalian PRMT7’s preference for sub-physiological temperatures is not due to gross
structural changes

Kanishk Jain, Martin L. Phillips, Troy L. Lowe, and Steven G. Clarke

ABSTRACT

Mammalian PRMT7’s role as a regulator of crucial cellular functions including
transcription, cell differentiation, and cancer metastasis has made it increasingly vital to
thoroughly understand its biochemistry. Since PRMT7 appears to be emerging as a viable target
for potential anti-cancer therapeutics, knowing the intricacies of how this enzyme works may help
lead to the development of effective small-molecule inhibitors. One of the less well understood
features of this enzyme is its preference for cold, sub-physiological temperatures in terms of
methylating activity. In order to elucidate whether certain structural elements of human PRMT7
are being affected by changes in temperature, causing the enzyme to become relatively inactive
at 37 °C, we employed biophysical techniques including analytical ultracentrifugation (AUC) and
circular dichroism (CD) spectroscopy. Through AUC we determined that while temperature did
not affect the overall sedimentation rate of human PRMT7, the enzyme did show a small but
significant change in its rate of sedimentation in the presence of its product AdoHcy, implying a
structural change occurring as a result of enzyme-cofactor binding. CD experiments revealed
that the secondary structure of human PRMT7 does not change at different temperatures, unlike
ThbPRMT7 and HsPRMT1—enzymes most active at 37°C—highlighting new structural information

on human PRMT?7.
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INTRODUCTION

PRMT7 has been somewhat of an oddball in the PRMT family for a number of reasons. In
the first place, PRMT7 is the only enzyme in its family that is restricted to monomethylating
arginine residues (1—4). Secondly, the mammalian PRMT7 enzymes seem to recognize distinctly
different substrate motifs than their dimethylating cousins, implying that PRMT7 is not just a
redundant monomethylating enzyme (5, 6). Finally, a truly peculiar trait of mammalian PRMT7 is
its relative inactivity at temperatures that are physiologically relevant to mammals, namely 37°C
(5). Most enzymes in mammalian systems optimally function in a narrow range around 37°C (7),
but human and mouse PRMT7 seem to display activity over a wide range of temperatures that
are significantly below physiological temperatures in vitro (5, 8).

Over the years, literature implicating mammalian PRMT7 as a crucial player in cellular
regulation has been growing (9-14). Given the emerging biological significance of this protein,
we have set out to understand how human PRMT7’s enzymatic activity may be controlled through
temperature. lItis possible that in vitro experiments done thus far to assay human PRMT7 activity
have lacked a certain element which is present in the cellular environment—an element
necessary to activate the enzyme at 37 °C. We explored this possibility through the structural
techniques of analytical ultracentrifugation (AUC) and circular dichroism (CD) spectroscopy to
find out whether PRMT7 structure was affected by changing temperature. Structural elements
often display instability at various temperatures in vitro where they might otherwise be stable in
vivo due to protein-protein interactions, hydrogen bonds, and/or other molecular interactions.
Through various biophysical methods, we report that while human PRMT7’s structure does not
seem to change drastically as a function of temperature, suggesting that structural dynamics that
may be affecting this enzyme’s activity are occurring at a very minute level and cannot be

measured well with ensemble methods AUC and CD. However, the experiments in our current
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study highlight these findings as yet another group of features that set mammalian PRMT7 apart

from the rest of the PRMTSs.
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RESULTS
Isolation of recombinantly expressed human PRMT7-His at high purity

Previous in vitro studies on human PRMT7 have used an N-terminal glutathione S-
transferase (GST)- PRMTY7 fusion protein recombinant protein expressed in E. coli and purified
on an affinity column with covalently-linked glutathione (1, 2, 5, 8). However, SDS gel analysis of
this preparation indicated additional polypeptide bands in addition to the expected 105 kDa fusion
polypeptide, possibly including the cleaved GST protein, nicked PRMT7, and E. coli
contaminants. Creating a new human PRMT7 construct with a cleavable N-terminal maltose
binding protein (MBP) tag and a C-terminal His-tag, along with a three-step purification of anion
exchange chromatography (anlEC), immobilized metal affinity chromatography (IMAC), and gel
filtration (GF) resulted in an enzyme preparation with no discernable degradation products
(Figure 1).
Maximal enzymatic activity of HsSPRMT7-His at sub-physiological temperature

Previous studies in the lab have shown that GST-HsPRMT?7 is highly active between 10
°C to 25 °C and almost completely inactive at the physiological temperature of 37 °C (5). With a
new, more robust method for purifying human PRMT7, it was necessary to re-examine whether
the enzyme still showed the same temperature preference. By testing the activity of human
PRMT7 with H2B (23-37) at two different temperatures and varying times, a linear range of 30
min to 3 h was determined (Figure 2A). Following this, with a reaction time of 1 h, PRMT7-
mediated methylation of H2B (23-37) was measured at 5 °C, 15 °C, 23 °C, 30 °C, and 37 °C.
Consistent with previous results (5), the His-tagged preparation of PRMT7 is most active at sub-
37 °C temperatures (Figure 2B); additionally the methylation rate seems to be higher at 15 °C
versus 37 °C (Figure 2A). Interestingly, unlike the almost complete lack of PRMT7 activity
observed in previous work (5), the construct used in this study retains about 23% of its maximal

activity at 37 °C.
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HsPRMT7-His sediments primarily as a monomer regardless of temperature

One hypothesis for mammalian PRMT7’s low temperature-high activity behavior is that
some structural changes due to temperature may cause the enzyme to change its quaternary
interactions (i.e. oligomerize or aggregate). Analytical ultracentrifugation was conducted with
human PRMT7 at 4 °C, 20 °C, and 37 °C with or without a two-fold molar excess of AdoHcy over
enzyme —used to mimic AdoMet-related effects without inducing automethylation. Observed
sedimentation coefficients were corrected with density and viscosity factors to facilitate
comparison of any temperature (15, 16). PRMT7 primarily sedimented as a monomeric species,
irrespective of temperature, around 4.8 S (Table 1; Figure 3A and 3B). Additionally, because
there was no significant difference in sedimentation of PRMT7 in terms of temperature, one can
assume those data to be degenerate and analyze the differences between the average
sedimentation of PRMT7 with or without AdoHcy (Table 1). When comparing these average
values, the sedimentation coefficient for PRMT7 with AdoHcy is significantly higher (p = 0.0082)
than the coefficient for PRMT7 without AdoHcy (Figure 3C): 4.96 versus 4.84. It is important to
note that though this difference exists, there is no significant change in the oligomerization or
aggregation of PRMT7 and it primarily exists as a monomer regardless of the presence of
AdoHcy.
Human PRMT7 secondary structure is unaffected by changes in temperature

Further investigation into the effects of temperature on PRMT7 was done through circular
dichroism (CD) spectroscopy. By measuring the CD signal of human PRMT7 at far-UV
wavelengths (195-260), we noted that there was no significant change as a function of
temperature from 10 °C to 37 °C (Figure 4A and 4B). Each spectrum represented and average
of nine scans at each temperature. We similarly analyzed the secondary structure of two PRMTs

known to be most active at 37 °C—TbPRMT7 (17) and HsPRMT1 (18). Interestingly, these
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enzymes did seem to show some loosening of secondary structure, as evidenced by the slight
decrease in CD signal between 205-225 nm (Figure 4C-F); this change is especially evident when
comparing the lowest temperature to the highest one (Figure 4D and 4F). It is unclear why
human PRMT7 secondary structure remains unchanged by temperature changes, while
TbPRMT7 and human PRMT1 show some flexibility in structure as temperatures approach 37

°C.
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DISCUSSION

Most biological reactions, particularly those catalyzed by human enzymes, occur in a
temperature range with maximal activity usually around 37 °C (19). As such, most of the
mammalian PRMTs, including the primary dimethylating enzymes PRMT1 and PRMTS, are most
active at physiological temperatures (18, 20). This made it difficult to initially characterize human
PRMT7 activity, as it did not seem to be very active at 37 °C. Further analysis of enzymatic
activity at different temperatures revealed that mammalian PRMT7 was highly active from 10 °C
to 25 °C, but almost completely inactive around 37 °C (5). The discovery of human and mouse
PRMT7’s preference for sub-physiological temperatures was quite unexpected since the other
members of the PRMT family seemed to be active at 37 °C (18, 20-26). Given the various studies
which implicate PRMT7 as an important player in the regulation of vital cellular processes such
as transcription and DNA damage repair (14), as well as the regulation of diseases such as cancer
(9, 12, 27), it became crucial to understand how this enzyme’s activity was being affected by
temperature. Biophysical experiments require highly purified protein preparations, and so a new
human PRMT7-his construct was prepared and purified to the required specifications (Figure 1).
After confirming that a new human PRMT7 construct also exhibited similar behavior in terms of
temperature relative to previous studies (Figure 2), we approached this question from a structural
stand point and probed the effects of changing temperatures on human PRMT7’s ability to
oligomerize and aggregate through AUC and on its secondary structure through CD
spectroscopy.

Analytical ultracentrifugation showed that human PRMT7 mainly exists as a monomer in
solution, with or without AdoHcy. There does not seem to be any change in the way human
PRMT7 aggregates as temperatures change from 4 °C to 37 °C (Figure 3). The first interesting
thing we noted was that the sedimentation coefficient of about 4.8-4.9S (Table 1) was somewhat

lower than would be expected of a spherical, hydrated protein with a similar molecular weight of
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around 79.5 kDa. Using the Svedberg equations (28), we calculated the theoretical coefficient to
be about 5.6 S with a hydration value of 0.5 g water/g protein, implying that the human PRMT7
particle was traveling slower than it would if it was a similarly hydrated, spherical protein. The
PRMT7 monomer particle may have a rigid asymmetric shape, resulting in slower sedimentation;
it may even have regions of disordered structure which create drag. The experimental
sedimentation coefficients correspond to a calculated axial ratio of 3.6 assuming a prolate
ellipsoid shape (using Perrin factors (29)); this correlates well with the toroidal shape observed in
the crystal structure of mouse PRMT7 (30). Additionally, the presence of the AdoHcy cofactor
appeared to increase the sedimentation coefficient from 4.84S to 4.96S—a statistically significant
difference. This suggests that AdoHcy binding may have ordered certain regions of the enzyme,
allowing it to achieve a more compact shape that could sediment faster.

Though there were no observable changes in the quaternary structure of human PRMT7
at different temperatures, more minute changes at the secondary structure level were probed for
with CD spectroscopy. As with AUC, CD experiments showed little change in human PRMT7’s
structure—the secondary structural elements—when the enzyme was incubated at temperatures
from 10 °C to 37 °C (Figure 4A and 4B). This further implies that if structural changes are indeed
the cause of PRMT7’s inactivity in vitro at 37 °C, such structural changes are indistinguishable
from the overall dynamics of the protein where helices, sheets, and random coils are concerned.
CD scans with AdoHcy were not conducted due to potential interference from the absorbance of
the adenosine of AdoHcy in the far-UV range. We conducted similar experiments on similar
PRMT enzymes known to be active at 37 °C (TbPRMT7 and HsPRMT1). Interestingly, both
enzymes displayed slight changes in the far-UV CD spectra as temperatures went from 10 °C to
37 °C (Figure 4C-F). The data suggests that for these two enzymes, there is a slight loss in
secondary structure, though it is difficult to say whether these differences are significant due to

the relatively small changes in signal observed. Perhaps this means that a level of flexibility is
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required for PRMTs to operate at 37 °C and human PRMT?7 lacks that flexibility by itself. However,
this would then mean that human PRMT7 would have similarly low activity at all temperatures by
itself. Since thatis clearly not the case (Figure 2), one may surmise that there are distinct features
of the enzyme, both structurally and catalytically, which could be more finely manipulated in the
cell and are indistinguishable through in vitro techniques. Through our series of biochemical and
biophysical experiments, we have come closer to understanding this peculiar enzymatic behavior
of human PRMT7, but further in vivo structural analysis may be necessary to get a complete

picture of this enzyme’s activity.
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METHODS
Recombinant expression and protein purification

Human PRMT7 was cloned into a pMAPLE3 vector (31) as a maltose binding protein
(MBP)-PRMT7-hexahistidine tag construct from a pGEX2T vector (5). This plasmid coexpresses
TEV protease, which cleaves between MBP and PRMT7 to yield a PRMT7-hexahistidine
(PRMT7-His) construct in vivo. The cleaved PRMT7-His construct contains an extra Ser residue
on the N-terminus, and the hexahistidine tag is comprised of THHHHHH on the C-terminus. This
plasmid was obtained from Dr. Mark Arbing in the Protein Expression Technology Center (UCLA).

PRMT7-His was expressed in Escherichia coli (E. coli) BL21(DE3) cells (Invitrogen) and
grown in LB media with kanamycin (50 mg/L) at 37 °C and 225 rpm until an ODego of ~0.6 was
reached. Then expression was induced with the addition of 1 mM isopropyl-B-D-thiogalactoside
(GoldBio) at 18 °C and 225 rpm for 20 h. The cells were then harvested through centrifugation at
5,000 x g at 4 °C. These cells were frozen at -20 °C for at least 24 h before being thawed and
resuspended in a lysis buffer containing 50 mM HEPES-K (pH 8.0), 50 mM NaCl, 5 mM -
mercaptoethanol (B-ME; MP Biomedicals, Inc), 0.2 mM phenylmethylsulfonyl fluoride (Sigma),
complete EDTA-free protease inhibitor mixture (1 tablet/50 mL of lysis buffer; Pierce A32965),
and 0.2 mg/mL chicken egg-white lysozyme (Alfa Aesar). Resuspended cells were lysed in an
EmulsiFlex homogenizer (Avestin) by passaging cells three times through the chamber at a
pressure of 40 psi and the lysed cells were centrifuged at 15,000 rpm for 50 min at 4 °C.

The supernatant of the lysate was loaded onto a 20-mL DEAE FF anion exchange
chromatography column at 4 °C (GE Healthcare). The column was washed with 10 column
volumes of the lysis buffer before the protein was eluted with a 50-500 mM NaCl gradient. The
eluted protein was dialyzed against 50 mM HEPES-K (pH 8.0), 300 mM NaCl, 20 mM imidazole-
HCI (pH 8.0), and 5 mM B-ME at 4 °C overnight. Three 5-mL HisTrap HP Ni?* columns (GE

Healthcare) were joined in tandem and the dialyzed protein was applied to these columns—
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equilibrated with 60 mL of the previous dialysis buffer—at room temperature. The column was
then washed with 150 mL of 50 mM HEPES-K (pH 8.0), 300 mM NaCl, 40 mM imidazole-HCI (pH
8.0), and 5 mM B-ME before PRMT7-His was eluted in a 40-500 mM imidazole gradient (175 mL).
The eluted PRMT7-His was further dialyzed against a buffer of identical composition to the wash
buffer but lacking imidazole at 4 °C overnight. Finally, the protein was concentrated to about 500
uL using Amicon Millipore Centrifugal units (MWCO 10 kDa; Thermo Fisher Scientific) and purified
on a Superdex 75pg (GE Healthcare) gel filtration column. Protein purity was assessed to be >
95% through SDS-PAGE.

Following this final purification step, PRMT7-His was buffer exchanged into three different
solutions, depending on the experiments being carried out. For circular dichroism (CD)
spectroscopy experiments, the protein was dialyzed into 0.5 X PBS (0.95 mM NaH>PQO4, 4.05 mM
NazHPO., and 77 mM NaCl at pH 7.4) and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP; VWR).
For analytical ultracentrifugation (AUC), the protein was buffer exchanged into 50 mM HEPES-K
(pH 8.0), 150 mM NaCl, and 1 mM TCEP. For enzymatic assays and storage purposes, the
enzyme was buffer exchanged into 50 mM HEPES-K (pH 8.0), 15% (v/v) glycerol, and 1 mM
dithiothreitol (DTT; GoldBio).

Human PRMT1 (HsPRMT1) was expressed and purified as described previously (3).
PRMT7 from Trypanosoma brucei (TbPRMT7) was obtained from Dr. Erik W. Debler (Thomas
Jefferson University, Philadelphia, PA) as a generous gift and purified as described earlier (4).
Phosphocellulose-81 filter binding assays for PRMT7-His enzymatic assays

In order to determine optimal reaction times for initial velocities with human PRMT7-His
and a histone H2B peptide from residues 23-37 of the human sequence: Ac-
KKDGKKRKRSRKESY (H2B (23-37), GenScript), methylation was measured at 15 °C and 37 °C
from 0 to 3 h. Specifically, the reaction mixtures contained 0.28 uM PRMT7-His, 10 uM H2B (23-

37), a 5 uM mixture of S-adenosyl-L-methionine p-toluenesulfonate salt (AdoMet) (Sigma A2408;
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>80% purity) and S-adenosyl-L-[methyl->H]-methionine ([methyl->H]-AdoMet) (stock solution of 7
MM (78.2 Ci/mmol) in 10 mM H.SO4/EtOH (9:1, v/v)) with a specific activity of 10.7 cpm/fmol, 50
mM HEPES-K (pH 8.0), 10 mM NaCl, and 1 mM DTT. The reactions were incubated at the stated
temperatures from 0 to 3 h and were quenched with 0.5 uL of 100% TFA. These reactions were
done in triplicate and background reactions lacking 10 uM H2B (23-37) were done once. These
reactions were bound to phosphocellulose-81 (P81) filter paper (Reaction Biology Corp.) and the
assays were conducted as described previously (6) with the exception that the P81 papers were
dried for 1.5 h after being washed instead of 0.75 h.

Once a linear range was determined for PRMT7-His activity, the same reactions were
done for 1 h at 5 °C, 15 °C, 23 °C, 30 °C, and 37 °C. These reactions were done in triplicate.
Reactions lacking substrate were also done in triplicate and the amount methylation observed in
these reactions was subtracted from the methylation amount measured in reactions with H2B (23-
37). The radioactivity was analyzed via P81 filter binding assays, as described earlier.
Analytical ultracentrifugation of PRMT7-His at varying temperatures

Sedimentation velocity runs were performed at 4 °C, 20 °C, and 37 °C in a Beckman
Optima XL-A analytical ultracentrifuge in 12 mm pathlength double sector cells using absorption
optics at 280 nm and a rotor speed of 52,000 rom. Samples were in 50 mM HEPES-K (pH 8.0),
150 mM NaCl, and 1 mM TCEP at a protein concentration of about 0.5 mg/mL. For experiments
containing S-adenosyl-L-homocysteine (AdoHcy, Cayman Chemicals), a two-fold molar excess
of the small molecule over the enzyme was used at 16 uM. Partial specific volumes of 0.723 (4°C),
0.730 (20°C) and 0.737 (37°C) for PRMT7-His calculated from the amino acid composition and
corrected for temperature were used (15, 16).

Apparent sedimentation coefficient distributions, uncorrected for diffusion, were determined as
g(s) plots using the Beckman Origin based software (Version 3.01) and the sedimentation

coefficients were determined from the main peak maximum. These plots display a function
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proportional to the weight fraction of material with a given sedimentation coefficient, s. The

function g(s) was calculated as

©) (dc><1) w?t? <r2>
gs)=\— I\l ——||—
dt/) \c Tm 2
i )
where s is the sedimentation coefficient, o is the angular velocity of the rotor, c, is the initial

concentration, r is the radius, rm, is the radius of the meniscus, and t is time.

The x-axis was converted to sedimentation coefficient by s = (ﬁ) <ﬁ> (32).
n (-

Far-UV circular dichroism spectroscopy of PRMTs at varying temperatures

Circular dichroism (CD) was conducted using a JASCO J-715 CD spectrophotometer and
a pathlength of 1 mm from 10 °C to 37 °C. CD in the far-UV range (195-260 nm) was collected
for HsSPRMT7-His, TOPRMT7, and HsPRMT1 at 0.2 mg/mL each in a solution of 0.5X PBS and

0.5 mM TCEP.
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TABLES AND FIGURES

Table 1. Sedimentation coefficients for human PRMT7 at various temperatures

Temperature Observed s s20, w? Average s20, w
(°C) (Svedbergs, S) (Svedbergs, S) + St. Dev.
(Svedbergs, S)
4 3 4.83
-AdoHcy 20 4.6 4.84 4.84 +0.01
37 6.6 4.85
4 3.05 4.91
+AdoHcy 20 4.7 4.94 4.96 +0.03
37 6.75 4.96

a The s20, w values represent sedimentation coefficients derived by correcting observed values

for viscosity and density changes relative to those of water at a temperature of 20 °C.
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Gel 1 Gel 2

Figure 1. Purification gel of human PRMT7-His. Two Coomassie Blue-stained SDS gels depict
the purity of the human PRMT7-construct at three different steps—after anion exchange
chromatography (Post anlEC), after immobilized metal affinity chromatography (Post IMAC), and
after gel filtration (Post GF). The red arrows indicate the increasingly pure PRMT7-his polypeptide
at a molecular weight of about 79.5 kDa. In the Post anlEC, the MBP tag (cleaved in vivo) is
indicated by a black arrow. The first two lanes on the left are on one gel (Gel 1) and the next
three lanes are on another (Gel 2); the samples on Gel 2 were run on non-consecutive lanes and
so are separated by black vertical lines. Note: lanes are not equally loaded in terms of amount of

protein.
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Figure 2. Human PRMT7-His displays a sub-physiological temperature preference. A)
Reactions with PRMT7 and H2B (23-37) done at 15 °C are represented by red circles and those
done at 37 °C are represented by black squares; these data were collected in triplicate and are
shown as individual data points at each time point. The no-substrate reactions at 15°C are
represented by “background-15°C” and blue squares, while those done at 37°C are represented
by “background-37°C” and olive-green triangles. B) Reactions were conducted for one hour at the
indicated temperatures in triplicate with human PRMT7 and H2B (23-37); reactions lacking H2B
(23-37) were also done in triplicate and the amount of methylation observed was subtracted as
background. Data was analyzed and graphed using GraphPad Prism 7.0. For reaction details,

see “Methods.”
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Figure 3. Human PRMT7 exists predominantly as a monomeric protein in solution
regardless of temperature and cofactors. A) Sedimentation profile of PRMT7 without AdoHcy
is shown at three temperatures: 4 °C (gray), 20 °C (blue), and 37 °C (red). B) Sedimentation
profile of PRMT7 with two-fold AdoHcy is shown at three temperatures: 4 °C (gray), 20 °C (blue),
and 37 °C (red). C) Corrected sedimentation coefficients of the monomer peak for PRMT7 with or
without AdoHcy are graphed with each of the three temperatures as individual replicates. A paired
t-test was used to determine statistical significance. Data was analyzed and graphed using

GraphPad Prism 7.0. For details on how the AUC was performed, see “Methods.”
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Figure 4. Circular Dichroism spectroscopy of various PRMTs shows no effect on human
PRMT7 secondary structure. A) Far-UV CD of human PRMT7 at 10 °C (black), 19 °C (red), 28
°C (green), and 37 °C (blue); spectra shown here are averages of 9 scans at each temperature. B)
a close-up of Panel A with human PRMT7 CD spectra at 10°C (black) and 37 °C (blue). C) Far-
UV CD of TbPRMT7 at 10 °C (black), 17 °C (red), 27.5 °C (green), and 36 °C (blue); spectra
shown here are averages of 9 scans at each temperature. D) a close-up of Panel C with human
PRMT7 CD spectra at 10 °C (black) and 36 °C (blue). E) Far-UV CD of human PRMT1 at 11°C
(black), 17 °C (red), 27.5 °C (green), and 37 °C (blue); spectra shown here are averages of 9 scans
at each temperature. F) a close-up of Panel E with human PRMT7 CD spectra at 11°C (black) and

37 °C (blue). For details on the how CD spectra were collected, see “Methods.”
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ABSTRACT

Arginine methylation on histones is a central player in epigenetics and in gene activation
and repression. Protein arginine methyltransferase (PRMT) activity has been implicated in stem
cell pluripotency, cancer metastasis, and tumorigenesis. The expression of one of the nine
mammalian PRMTs, PRMT5, affects the levels of symmetric dimethylarginine (SDMA) at Arg-3
on histone H4 leading to the repression of genes which are related to disease progression in
lymphoma and leukemia. Another PRMT, PRMT7, also affects SDMA levels at the same site in
spite of its unique monomethylating activity and the lack of any evidence for PRMT7-catalyzed
histone H4 Arg-3 methylation. We present evidence that PRMT7-mediated monomethylation of
histone H4 Arg-17 regulates PRMT5 activity at Arg-3 in the same protein. We analyzed the
kinetics of PRMT5 over a wide range of substrate concentrations. Significantly, we discovered
that PRMTS displays positive cooperativity in vitro, suggesting that this enzyme may be
allosterically regulated in vivo as well. Most interestingly, monomethylation at Arg-17 in histone
H4 not only raised the general activity of PRMT5 with this substrate, but also ameliorated the low
activity of PRMT5 at low substrate concentrations. These kinetic studies suggest a biochemical
explanation for the interplay between PRMT5 and PRMT7-mediated methylation of the same
substrate at different residues and also suggest a general model for regulation of PRMTs.
Elucidating the exact relationship between these two enzymes when they methylate two distinct
sites of the same substrate may aid in developing therapeutics aimed at reducing PRMT5/7

activity in cancer and other diseases.

115



SIGNIFICANCE STATEMENT

There is increasing literature that links the overexpression of protein arginine methyltransferases
PRMT5 and PRMT7 to cancer metastasis and tumorigenesis and that suggests these enzymes
may be good therapeutic targets. An important question remaining is how PRMT7 may control
PRMTS5 activity in mammalian cells. In this work, we demonstrate that PRMT7-dependent
monomethylation at one site in histone H4 can activate another site for methylation by PRMT5.
Such allosteric regulation has not been previously seen in this class of protein modification

enzymes.
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INTRODUCTION

Posttranslational modifications (PTMs) of proteins such as histones and transcription
factors have been shown to regulate gene expression and contribute to epigenetic control (1-4).
PTMs that occur on histones commonly include methylation marks on lysine and arginine
residues. Histone arginine methylation has been recently linked to stem cell pluripotency (5), DNA
damage repair (6), and cancer metastasis and tumorigenesis (7—10). As such, the enzymes that
catalyze these modifications have become popular targets for therapeutic treatments (11-14).

In mammals, there are nine enzymes in the seven-B-strand family of protein arginine
methyltransferase, designated PRMT1 — 9 (3, 4). These PRMTs are further divided into three
types based on the different methylarginine derivatives they produce: type | PRMTs (PRMT1-4,
6, and 8) catalyze the production of w-monomethylarginine (MMA) and asymmetric
dimethylarginine (ADMA), type Il PRMTs (PRMT5 and 9) catalyze MMA and symmetric
dimethylarginine (SDMA) production, and type Il enzymes (PRMT7) catalyze only the production
of MMA residues (3, 4).

PRMTS5, often in complex with methylosome protein 50 (MEP50), is the most prolific type
Il mammalian PRMT and is responsible for almost all of the SDMA marks in the cell (4, 15-18).
Studies of the symmetric dimethylation of arginine-3 in histone H4 indicate that this modification
is affected by the expression of PRMT5 (15, 16, 19-21). Since R3 SDMA is a repressive mark,
changes in this modification can lead to the loss of tumor suppressor proteins and contribute to
proliferative diseases such as lymphoma (8), mixed-lineage leukemia (MLL) (22), and acute
myeloid leukemia (AML) (20).

Recently, similar observations of a link between protein arginine symmetric dimethylation
of histone H4 at position 3 and a distinct enzyme, PRMT7, have been made (4, 6, 22-26). Initially,
PRMT7 was incorrectly identified as an SDMA catalyzing enzyme due to contamination with

PRMT5 (3, 10, 27, 28). As such, PRMT7 was reported to symmetrically dimethylate histone H4
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at R3 (29, 30). However, since those initial studies, it has been clearly shown that PRMT7 does
not catalyze dimethylarginine production and that it is only able to produce MMA (27, 31, 32). The
corrected characterization of PRMT7 as a type Il PRMT does not explain, however, why PRMT7
expression levels also seem to affect SDMA levels at R3 on histone H4 (4, 6, 22, 24, 26) and R2
on histone H3 (23). One hypothesis suggests that PRMT7 monomethylates substrates for
PRMTS5 to subsequently symmetrically dimethylate; thus, a depletion of PRMT7 may result in
fewer “primed” arginine residues, causing lower PRMT5-mediated SDMA (10). This hypothesis,
however, has not been experimentally supported (4, 26). In fact, it has been shown that PRMT7
has distinctly different substrate recognition from PRMT5 and specifically does not methylate R3
on histone H4 in vitro (27). Nevertheless, PRMT7 is able to monomethylate arginine-17 and 19
on the same histone H4 N-terminal tail (27). A recent proteomic study documented the presence
of monomethylation at R17 on histone H4 in mice testes (33). These observations lend
themselves to another hypothesis: monomethylation of R17 and/or R19 by PRMT7 may direct
PRMTS5 activity on R3 of histone H4.

Kinetic studies on PRMT5 and different forms of histone H4, including peptides with
variable numbers of residues and amino acid substitution and modifications, have demonstrated
the sensitivity of the enzyme activity to the residues downstream (distal site) of the methylatable
R3 site (15). Similar studies have been done with PRMT1 and they generally also demonstrate
the importance of residues, and their modifications, downstream from the primary methylation site
for PRMT-mediated activity (34—36). For example, lysine acetylation at K5, K8, K12, and K16 on
histone H4 significantly effects PRMT1 activity at residue R3 (36). Likewise, a study of C. elegans
PRMT5 revealed the importance of the chemical properties of residues downstream from R3 for
catalytic activity (15), indicating that a second or “distal” site on substrates and enzymes alike
might exist as a means for regulation of methylation activity. Interestingly, with one recent
exception (37), none of these studies reported effects of distal substrate recognition sites on the

type of kinetics displayed by PRMT5 and PRMT1 such as allostery (cooperativity). The
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experiments in our current study, however, demonstrate not only the allosteric nature of PRMT5
and PRMT1, key regulators of gene transcription, but also that downstream methylation of histone
H4 (R17MMA) can significantly affect the methylation by PRMT5 of R3, an important gene

repression marker, on the same protein.
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RESULTS
Histone H4 monomethylation at R17 affects methylation of R3 by HsPRMT5/MEP50

Symmetric dimethylation of histone H4 residue R3 in mammals has been reported to be
affected by the expression levels of PRMT7 (4, 6, 22—-26). However, in vitro assays of PRMT7
show that it monomethylates residues R17 and R19 in histone H4 and does not modify R3 (27,
31). Methylation of R17 and R19 in histone H4 from intact cells has not been observed with the
exception of monomethylation at R17 in one proteomic study of mouse testes (33). To resolve
this apparent paradox, we investigated the effect of the methylation state of histone H4 R17 in an
N-terminal peptide (H4 (1-21)) on the activity of HsPRMT5/MEP50. Cation exchange
chromatography on the acid hydrolysates of the methylation products of reactions with
HsPRMT5/MEP50 and the H4 (1-21) peptide, tested either with unmodified sequence (WT) or
with R17 monomethylated (R17MMA) (Fig. 1), was performed. When the R17MMA peptide was
used as a substrate, we found significantly higher MMA (~2-fold increase) and SDMA production
(~3-fold increase) than with the unmodified peptide (Fig. 1A-C). Additionally, the ratio of SDMA
to MMA was also significantly higher with the R17MMA peptide (Fig. 1D). These results suggest
that the methylation state of a distal residue can markedly affect the activity of PRMT5 on this
peptide.
HsPRMT5/MEP50 methylation displays positive cooperativity

To confirm that R3 and not R17/R19 is the site of methylation carried out by
HsPRMT5/MEP50, we demonstrated that no methylation by this enzyme was observed with the
R3K modified H4 (1-21) peptide (Fig. 2A). We then determined the kinetic parameters of
HsPRMT5/MEP50 with the cofactor AdoMet and the substrate H4 (1-21), finding that this enzyme
showed typical Michaelis-Menten kinetics as a function of AdoMet concentration with a Ky of 1.66
+ 0.37 uM (Fig. S1A and Table S1), a value that is consistent with previous measurements (15,
21). However, a different result was found when the peptide substrate concentration was varied.

Importantly, these kinetic data revealed that HsSPRMT5/MEP50 does not follow simple Michaelis-
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Menten kinetics but appears to show positive cooperativity with the H4 (1-21) WT substrate and
a Hill coefficient (n) > 1 (Fig. 2A and B). Cooperativity has not been observed for PRMT5 in
previous studies. These findings suggest a possible allosteric mechanism for the regulation of
PRMT5 via binding of second site arginine residues. The kinetic data best fits the Hill equation
(38) for positive cooperativity, with kcat, Kos, keat/Kos, and Hill coefficients shown in Table 1. We
note that the ket of the human enzyme measured here is about 10-fold lower than that of the C.
elegans enzyme (15), though its kea/Ko s is about 3-fold greater.

Monomethylation of histone H4 R17 has significant effects on the kinetics of HsPRMT5
and its allosteric enzymatic activity

Having observed the increase in methylation of H4 (1-21) in the presence of MMA at
position R17 (Fig. 1) and the cooperative nature of PRMT5 with the unmodified H4 (1-21) peptide
(Fig. 2), we then tested the effect of monomethylation at position R17 on the activity of
HsPRMT5/MEP50. We were able to determine kinetic parameters and characterize the activity of
HsPRMT5/MEP50 as a function of R17 methylation (Fig. 2; Table 1). When presented with the
H4 (1-21) peptide synthetically monomethylated at position 17 (H4 (1-21) R17MMA),
HsPRMT5/MEP50 exhibits about a two-fold increase in maximal activity relative to the WT peptide
and a much larger— five-fold or more — increase in activity at substrate concentrations below
0.5 uM (Fig. 2 brown v. blue; Table 1), consistent with the data from the cation exchange
experiments (Fig. 1). This methyltransferase also shows positive cooperativity with the modified
H4 (1-21) peptides described below (Fig. S2A and B; Table 1).

Given the positive cooperativity of PRMT5 with H4 (1-21) (Fig. 2), we characterized the
kinetics of this enzyme with the R17MMA modification and either alanine or lysine substitutions
at positions R17 and R19 on H4 (1-21) (Fig. S2A-B). To determine significant differences in
kinetic parameters with the H4 (1-21) peptides used, we compared the value of each parameter

relative to the WT peptide value (Fig. 2C-E). There was a significant decrease in Kgs relative to
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WT when H4 (1-21) R17MMA was used, indicating an increase in binding affinity (Fig. 2A-C;
Table 1); a similar effect was seen for the R17A derivative (Fig. 2C). The R19A peptide exhibited
a significant decrease in binding affinity while the other peptides did not have a significant effect
on the Kos. Enzymatic activity, kca, appeared to vary significantly for most of the H4 (1-21)
derivatives relative to WT; notably, the R17MMA peptide had the highest activity at 2.31 + 0.20
hr' and a p-value of 0.0001 (Fig. 2D; Table 1). The statistical analysis of Hill coefficients revealed
that PRMT5 had maximal cooperativity with H4 (1-21) WT with an n value of nearly 3. On the
other hand, the Hill coefficient for the R17MMA peptide was significantly lower (about 1.3),
indicating that the PRMT5 exhibited mostly non-cooperative (Michaelis-Menten) kinetics with this
peptide (Table 1).
HsPRMT1 also exhibits positive cooperativity

To see if the results observed with PRMT5 were unique for that enzyme, kinetics
experiments were conducted with HsPRMT1, an enzyme that also targets R3 on histone H4 for
ADMA formation (4, 39, 40), and the various H4 (1-21) peptides. Significantly, we also observed
positive cooperativity with this enzyme (Fig. 3). A comparison of PRMT1 kinetics with the WT H4
peptide and the R3K derivative shows similar results as with PRMT5; PRMT1 only methylates
residue R3 on the H4 (1-21) peptide (Fig. 3). HsPRMT1 also exhibits about a two-fold increase
in overall activity relative to the wild-type peptide with H4 (1-21) R17MMA as a substrate (Fig. 3
and Table 1), though there is no apparent increase in activity at the low substrate concentrations,
unlike PRMT5. Again, as with PRMT5, PRMT1 showed positive cooperativity with H4 (1-21) WT
(Fig. 3E and Table 1). While PRMT1 did display similar kinetics to PRMT5 with histone H4 (1-21)
WT, the difference between the degree of cooperativity for the R17MMA and WT peptide was
greater for PRMT5 than for PRMT1 (Fig. 2E and 3E; Table 1). In fact, none of the modified H4
peptides had a significant effect on PRMT1 cooperativity; this indicates that the R17MMA
modification may more selectively affect PRMT5 kinetics than those for PRMT1. Experiments to

assess kinetic parameters of PRMT1 with AdoMet as the varying substrate gave similar results
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as seen with PRMT5; no cooperativity was observed (Fig. S1B and Table S1). The results of
these kinetic studies indicate PRMT1 to be an allosteric enzyme as well, whose activity can be

modulated by binding downstream residues, albeit to a more minor degree than PRMTS.
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DISCUSSION

As the molecular mechanisms of PRMT5 and PRMT7 have become clearer and their
impact on the biological landscape of disease more pronounced, the need to understand how
these enzymes engage in crosstalk has become more important. Several studies have already
demonstrated that PRMT7 expression levels influence the amount of PRMT5-catalyzed
methylation of histone H4 R3 (4, 6, 22-26). Both of these enzymes are involved in major
biological functions such as DNA damage repair and cellular proliferation as well as being
dysregulated in diseases such as cancer (7-9). With the knowledge that PRMT7 prefers to
methylate histone H4 downstream from position R3 (27) and that chemical changes in such
regions—distal sites—can, in general, affect PRMT activity (15, 34-36), we set out to determine
if there was a link between PRMT5- and PRMT7-mediated methylation of different residues on
the same protein.

With the exception of on recent study of PRMT1 (37), previous studies have not reported
PRMT5 and PRMT1 to behave in a cooperative fashion (15, 16, 21, 34-36). Our experiments,
however, not only show that PRMT5 and PRMT1 each demonstrate positive cooperativity when
methylating one of their endogenous substrates, but that the allosteric activity of PRMT5—very
low enzyme activity at lower substrate concentrations—is alleviated when R17 on the same
peptide substrate is monomethylated (Fig. 2B and E; Table 1). For both enzymes, we found that
the degree of cooperativity, as well as the level of activity, is affected by the chemical make-up of
residues R17 and 19 on the histone H4 peptide. Intriguingly, monomethylation of R17 in histone
H4 had the largest effect on the activity of PRMT5 at low substrate concentrations (Fig. 2). Given
the fact that both PRMT1 and PRMT5 are highly active and promiscuous enzymes, there has
been surprisingly little uncovered about how their activity is regulated. Allosteric dependence on
“distal sites” of methylation substrates may help highlight a mode of regulation through which the

activity of PRMT5 and PRMT1 activity is modulated.
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We know from our previous work that PRMT7 does not methylate R3 on histone H4 and
instead catalyzes MMA production on R17 and/or R19 (27). Recent literature, however, links
changes in SDMA levels at R3 on histone H4 with expression of PRMT7 (4, 6, 22—-26), suggesting
that this enzyme may be responsible for aiding PRMT5-mediated methylation at this residue. We
thus propose that methylation of R17 by PRMT7 may be responsible for the indirect activation of
PRMT5-mediated methylation of R3 on histone H4 in mammals (Fig. 4). Because R17MMA
appears to be an allosteric regulator of PRMT5 activity, it is possible that this methylated residue
binds to PRMT5 at an allosteric site, causing conformational changes in the enzyme which
increase its activity towards its native substrate, residue R3. In fact, similar binding phenomena
have previously been suggested (35) for PRMT1, though not in the context of allosteric regulation.

By looking at the electrostatic potentials for PRMT5 and PRMT1 structures, it may be
possible to identify potential allosteric binding regions (Fig. S3 and S4, respectively). The
sequence around histone H4 R17 contains basic residues, so allosteric binding sites on the
enzyme would ideally be negatively charged. It is interesting, therefore, that PRMT5 appears to
have a negatively charged cavity on the face opposite to its active site (solid black enclosure in
Fig. S3A) and on part of the post-methyltransferase domain B-barrel (dashed black enclosure in
Fig. S3B); none such regions appear on the same face as the active site (Fig. S3). The large
negatively charged furrow illustrated in Fig. S3B is unlikely to be potential allosteric binding site
because the ~ 70 A distance from the active site greater that the ~ 50 A distance from R3 to R17
in the most extended conformation. PRMT1’s structure also reveals similar allosteric sites at
negatively charged regions after its methyltransferase domain (dashed black enclosures in Fig.
S4A). However, due to its simpler oligomeric structure, PRMT1 may have more surface area
accessible, making other allosteric sites possible as well (Fig. S4B).

Although both PRMT5 and PRMT1 exhibit positive cooperativity in the presence of the
unmodified histone H4 (1-21) peptide, it is unclear whether this occurs in a symmetrical/concerted

fashion, as theorized by the Monod-Wyman-Changeux (MWC) model (41), or in a sequential
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manner, as theorized by the Koshland-Nemethy-Filmer (KNF) model (42). However, our data
suggests that when residue R17 is monomethylated, there is likely to be an altered conformation
of PRMT5 which results not only in higher affinity binding of the substrate, but also higher maximal
velocity. Further structural studies must be undertaken to determine where in the
methyltransferase such allosteric sites are and the nature of the different conformational states.
Until recently, PRMTs were thought to behave like canonical Michaelis-Menten enzymes
(15, 21, 34-36), but our work has shown that at least PRMT1 and PRMT5 can catalyze
methylation via positive cooperativity. As these enzymes are key players in controlling gene
transcription, it is logical to assume that there are mechanisms to regulate their activity.
Furthermore, the PRMTs’ role in disease-related processes such as cancer metastasis and
tumorigenesis has been established. Recently there has been considerable work in the
development of small molecular inhibitors of these enzymes (11, 43). Regulation of
methyltransferase activity by crosstalk with other modifications has been seen in a number of
other systems (22, 44—-46), such as in the interactions between methylation on histone H3 K27
and K36 by PRC2 and Setd2/Ash1 respectively. Specifically, our studies show how positive
cooperativity can play an integral part in crosstalk between PRMTs. With this new understanding
of PRMT behavior and regulation, it may be possible to generate new and more selective types
of drugs which target a previously unexplored facet of arginine methyltransferases—their

allosteric kinetics.
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METHODS
Peptide substrates

H4 (1-21) WT and R17MMA peptides were purchased as trifluoroacetic acid (TFA) salts
from GenScript Inc. at >95% purity by HPLC. Histone H4 (1-21) R17A/K and R19A/K peptides
were generous gifts from Dr. Paul Thompson (University of Massachusetts Medical School,
Worcester, MA). All of the peptide masses were confirmed by MALDI-TOF mass spectrometry
(Table S1).
Protein expression and purification

His-tagged human PRMT1 (HsPRMT1) was obtained in a pET28b plasmid from Dr. Paul
Thompson (University of Massachusetts Medical School, Worcester, MA) and was expressed and
purified as previously described (47). Human PRMT5/MEP50 (HsPRMT5/MEP50) complex
protein was purchased from BioSciences as recombinantly co-expressed and purified proteins in
HEK293T cells (0.65 mg/mL, BPS Biosciences 51045, Lot 150126).
Phosphocellulose-81 paper kinetics assay

Methylation reactions were performed with 2.45 nM HsPRMT5/MEPS50 (calculated as the
tetramer complex) or 10 nM PRMT1 (calculated as the dimer) buffered with 50 mM HEPES (pH
8.0), 10 mM NacCl, and 1 mM DTT containing 20 uM of a 20:1 molar ratio of S-adenosyl-L-
methionine p-toluenesulfonate salt (AdoMet) (Sigma A2408; > 80% purity) to S-adenosyl-L-
[methyl-*H]-methionine ([methyl-*H]-AdoMet) (PerkinElmer Life Sciences; stock solution of 7 uM
(78.2 Ci/mmol) in 10 mM H.SO./EtOH (9:1, v/v)) as a methyl donor. A H4 (1-21) peptide substrate
concentration range of 0.05-2 yM was used in each reaction with PRMT5 and a concentration
range of 0.05-5 yM for PRMT1 reactions. When determining the kinetic parameters for the
enzymes with AdoMet as the varying substrate, a range of 0-3 yM AdoMet (20:1 molar ratio of
AdoMet to [methyl-*H]-AdoMet) and 10 uM H4 (1-21) WT were used. The reaction volume was

brought up to 30 yL with deionized water. Reactions were incubated for 1 h for HSPRMT5/MEP50
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and 1.5 h for HsSPRMT1 at 37°C, and then quenched with 0.5 yL 100 % (v/v) TFA. Each reaction
was run in triplicate.

25 pL of the reaction products were spotted onto 1.5 cm x 1.5 cm P81 phosphocellulose
ion exchange filter paper (Reaction Biology Corp IEP-01, Malvern, PA) and air dried for 30 min.
The papers were subsequently washed in 1 L of 50 mM NaHCO3; at pH 9.0 for 45 min. The papers
were placed in scintillation vials and allowed to further air dry for 45 minutes. Radioactivity was
counted with 5 mL of Safety-Solve scintillation mixture (Research Products International, 111177)
for three cycles of 5 minutes using a Beckman LS6500 instrument.

Amino acid analysis of protein and peptide substrates

In vitro methylation assays with 12.3 nM HsPRMTS5/MEP50 tetramer, 10 uM H4 (1-21)
peptide (WT and R17MMA), and 0.7 uM of [methyl-*H]-AdoMet were carried out in 50 mM K-
HEPES (pH 8.0), 10 mM NaCl, 1 mM DTT, and 5% glycerol at 37 °C for 2 h. Reactions were
quenched with 0.5 yL 100% TFA and peptides were purified via RP-HPLC and acid hydrolyzed
as described previously (47, 48). Acid hydrolysates were also analyzed through cation exchange
chromatography as previously described (47, 48).

Statistical analysis

All error bars indicate the standard deviation of triplicate measurements. Data was
analyzed using the GraphPad Prism 6.0 software. The one-way ANOVA test was used to
compare kinetic parameters with a Dunnett test for multiple comparisons (49). A two-tailed t-test

was used to compare MMA and SDMA levels from cation exchange chromatography.
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TABLES AND FIGURES

Table 1.
Initial Kinetic Parameters
HsPRMT5/MEP50 HsPRMT1
Kos (uM)  Keat (hr ") Kea/ Kos n (Hill Kos (uM)  Keat (hr ") kea/ Kos n (Hil

(hr - coefficient) (hr - coefficient)
Substrate puM-") puM-")
H4 (1-21) 0.39+ 5.63 £ 14.44 283+ 0.58 + 490+ 8.45 1.54 +0.29
WwTe 0.033 0.36 0.66 0.083 0.34
H4 (1-21) 011+ 6.80 + 61.82 117 122+ 311+ 2.55 1.85+0.44
R17A2 0.015 0.34 0.18 0.26 0.37
H4 (1-21) 0.48 £ 272+ 5.67 3.87 0.50 £ 3.26 £ 6.52 2.46 £ 0.56
R17K® 0.048 0.26 1.45 0.048 0.18
H4 (1-21) 0.13 ¢ 9.25 + 71.15 1.3+0.33 0.38 £ 7.85+ 20.66 1.98 £ 0.40
R17MMA® 0.029 0.79 0.040 0.39
H4 (1-21) 049+ 3.28 £ 6.69 3.86 £ 1.34 + 425+ 3.17 1.73+0.37
R19A2 0.065 0.41 1.87 0.29 0.53
H4 (1-21) 0.30 £ 7.02 £ 23.4 490+ 0.95+ 453+ 4.77 1.43+0.21
R19K® 0.034 0.57 2.28 0.15 0.35
H4 (1-21) nd® nd® nd® nd® nd® nd® ndP® ndP®
R3K®

a 20 uM AdoMet used (20:1 molar ratio of AdoMet: [methyl-*H]-AdoMet)

b amount of product formation was too low to accurately measure kinetic parameters

130



T 500 0.5 T 25 0.5
£ [A E
S 400; SOMA -~ MMA 04z 204 04 Z
=] =] =] =
© > © =3
> 3001 0.3 '§_ > 15 0.3 '§_
] 5 9 5
E 200 .23 E 10 025
o ‘B." ° g
£ 100, 0.1 E 0.5 0.1
[] ]
§ o 0.0 g 00 P N — .,
48 51 54 57 60 63 66 69 48 51 54 57 60 63 66 69
Retention time (min) Retention time (min)
*H4 (1-21) WT ®H4 (1-21) R17MMA *H4 (1-21) WT  =H4 (1-21) R17MMA
S 12007 0.008
£ 1000{ - ’— 0= 0.021 B 20 wn D. —1—
c 800 )
2 600] 5 0.006 _ol*
2 <
200- =
£ 20 S 0.004- %:_
.g § , p=0.028
a
= & 0.002
=]
[e]
g 0.000 T r
MMA SDMA H4 (1-21) WT  H4 (1-21) R17TMMA

Figure 1. Analysis of methylarginine production by HsPRMT5/MEP50 on histone H4 (1-21)
peptide. (A) A representative cation exchange chromatogram (n = 3) for hydrolysates of reactions
with H4 (1-21) WT (blue) and H4 (1-21) R17MMA (red) as substrates with [methyl-*H]-AdoMet.
Fractions (one minute) were collected and analyzed for the presence of non-radioactive
methylarginine standards and radioactivity. The black line indicates the retention profile of the
standards as determined by ninhydrin assays (47, 48). The colored lines represent radioactive
methylarginine derivatives which elute about one minute before the non-radioactive standards
due to the isotope effect (50). For details of the reaction and chromatography conditions, see
“Methods”. (B) An expanded view of panel A to emphasize the differences in SDMA levels. (C)
Data from three replicate experiments were used to show changes in *H-MMA and *H-SDMA
produced with H4 (1-21) WT (blue bars) or its R17MMA derivative (red bars); the p-values were

determined through two-tailed t-tests. The error bars represent standard deviations. (D) The
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SDMA/MMA ratio was calculated from the data in panel C. The p-value was determined as for

panel C and the error bars represent standard deviations.
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Figure 2. Monomethylation of H4 R17 affects the positive cooperativity exhibited by
HsPRMT5/MEP50. Initial kinetic measurements were made and the data was fit to the Hill
equation (38). (A) Enzyme activity of HSPRMT5/MEP50 with H4 (1-21) WT (blue), H4 (1-21)
R17MMA (brown), and H4 (1-21) R3K (black) is shown for triplicate assays (error bars represent
standard deviation). (B) An expanded view of panel A at the low substrate concentrations. Best
fit curves are shown for Ko s, keat, and Hill coefficient values for the H4 (1-21) WT substrate of 0.39
uM, 5.63 h™', and 2.83 respectively. For H4 (1-21) R17MMA, the parameters were 0.13 uM, 9.25
h™', and 1.3 respectively. For details about reaction conditions and concentrations, see “Methods.”
(C) statistical analysis of Ko s values, (D) statistical analysis of ket values, (E) statistical analysis
of the Hill coefficient values. The dashed line represents a Hill coefficient of 4. Data was taken
from the triplicate assays shown in Fig. 2A and B; error bars represent standard deviation. The
p-values were calculated using a one-way ANOVA test with a Dunnett test for multiple

comparisons using the GraphPad Prism 6.0 software.
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Figure 3. HsPRMT1 exhibits positive cooperativity. Initial kinetic measurements were made
and the data was fit to the Hill equation (38). (A) Enzyme activity of HsSPRMT1 with H4 (1-21) WT
(blue), H4 (1-21) R17MMA (brown), and H4 (1-21) R3K (black) is shown for triplicate assays (error
bars represent standard deviation). (B) An expanded view of panel A at the low substrate
concentrations. Best fit curves are shown for Ko s, keat, and Hill coefficient values for the H4 (1-21)
WT substrate of 0.58 uM, 4.90 h™', and 1.54 respectively. For H4 (1-21) R17MMA, the parameters
were 0.38 uM, 7.85 h™' and 1.98 respectively. For details about reaction conditions and
concentrations, see “Methods.” (C) statistical analysis of Ko 5 values, (D) statistical analysis of Kcat
values, (E) statistical analysis of the Hill coefficient values. The dashed line represents a Hill
coefficient of 2. Data was taken from the triplicate assays shown in Fig. 3A and B; error bars
represent standard deviation. The p-values were calculated using a one-way ANOVA test with a

Dunnett test for multiple comparisons using the GraphPad Prism 6.0 software.
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Figure 4. Model for allosteric regulation of PRMT5/MEP50 activity by PRMT7. The green
blocks represent residue R3 on histone H4 (1-21), while the red blocks represent residue R17.

PRMT5/MEP50 is shown in purple.
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SUPPORTING INFORMATION

Table S1.
Histone Peptide Derivatives
Peptide Sequence Expected Mass (Da) | Observed Mass (Da)?

H4 (1-21) WT Ac-SGRGKGGKGLGKGGAKRHRKY 2,133 2,133

H4 (1-21) R17A Ac-SGRGKGGKGLGKGGAKAHRKY 2,048 2,049
H4 (1-21) R17K Ac-SGRGKGGKGLGKGGAKRHRKY 2,105 2,106
H4 (1-21) R17MMA | Ac-SGRGKGGKGLGKGGAKR(me)HRKYV 2,147 2,148
H4 (1-21) R19A Ac-SGRGKGGKGLGKGGAKRHAKY 2,048 2,049
H4 (1-21) R19K Ac-SGRGKGGKGLGKGGAKRHKKY 2,105 2,106
H4 (1-21) R3K Ac-SGKGKGGKGLGKGGAKRHRKY 2,105 2,106

@ Data from MALDI-TOF analysis show monoisotopic M + 1 values; bold residues indicate the

modified positions in each peptide
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Figure S1. Binding affinity of AdoMet with HsPRMT5/MEP50 and HsPRMT1. Initial kinetic
measurements were made and the data was fit to the Michaelis-Menten equation. (A) Enzyme
activity of HsSPRMT5/MEP50 with varying [AdoMet] and 10 uM H4 (1-21) WT peptide in triplicate
(error bars represent standard deviation). The solid line was best fit to the Michaelis-Menten
equation with the following parameters: a Ky of 1.66 uM and a keat 0f 1.72 h™'. (B) Enzyme activity
of HsPRMT1 with varying [AdoMet] and 10 uM H4 (1-21) WT peptide in triplicate (error bars
represent standard deviation). The solid line was best fit to the Michaelis-Menten equation with
the following parameters: a Ku of 2.41 uM and a kcat of 3.11 h™1. For details about reaction

conditions and concentrations, see “Methods.”

137



HsPRMTS5/MEP50

A. B.
@ _ 10 :,','A 10
g ‘L 8' e ‘_h 8'
< o<
_— .  § -_— 6.
23 ° = z3
T 5 4 T 5 4
€& £ ¢
5 S 2 5 E 2
-] -
“6 0 r T T T T 1 E 0' T 1
= 0.5 1.0 1.5 2.0 2.5 0.2 04 0.6
-2 [Substrate] (uM) -2 [Substrate] (uM)
= R17A : R17K +* R19A R19K = R17A + R17K -~ R19A R19K
HsPRMT1
c. . D. |
2 @
S —4 S —~a
e v o
;: ;3' 27 53.
£ 9 Ze
T 2 0 5 2
€9 € %
"6 % 1' “6 % 1.
[ [
T 0 T &0 .
< 2 4 6 = 0.2 0l 0.6
-1 [Substrate] (uM) 14 [Substrate] (uM)
= R17A + R17K  R19A - R19K = R17A : R17K - R19A - R19K

Figure S2. HsPRMT5/MEP50 and HsPRMT1 exhibit positive cooperativity as a function of
modifications on the substrate H4 peptide. Initial kinetic measurements were made and the
data was fit to the Hill equation (37). (A) Enzyme activity of HsSPRMT5/MEP50 with H4 (1-21)
R17A (red), H4 (1-21) R17K (green), H4 (1-21) R19A (purple), and H4 (1-21) R19K (orange) in
triplicate assays (error bars represent standard deviation). (B) A close-up of the graph from panel
A to make differences at low [substrate] clearer. (C) Enzyme activity of HsSPRMT1 with H4 (1-21)
R17A (red), H4 (1-21) R17K (green), H4 (1-21) R19A (purple), and H4 (1-21) R19K (orange) in
triplicate assays (error bars represent standard deviation). (D) A close-up of the graph from panel
C to make differences at low [substrate] clearer. For details about reaction conditions and

concentrations, see “Methods.”
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HsPRMT5/MEP50 protomer

— activesite - -- putativeallostericsite

Figure S3. Electrostatic potential map of HsPRMT5/MEP50 protomer reveals potential
allosteric sites. A. The protomer of HsSPRMT5/MEP50 (PDB ID: 4GQB) is shown; the beige
subunit represents PRMT5, while the brown subunit represents MEP50. The active is highlighted
by a solid black enclosure. B. Dashed black enclosures on the opposite face of the structure in
panel A indicate negatively charged cavities as potential allosteric binding sites on the
electrostatic potential map, generated using APBS in PyMOL (red to blue corresponds to -5 kT/e

to 5 kT/e).
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A. HsPRMT1 protomer B. HsPRMT1 protomer

— activesite --- putativeallostericsite

Figure S4. Electrostatic potential map of HSPRMT1 homodimer reveals potential allosteric
sites. The protomer of HsSPRMT1 (PDB ID: 10RlI) is shown. A. The cartoon representation and
electrostatic map for the PRMT1 dimer with the active site (solid black enclosure) facing forward;
the dashed black enclosure indicates a negatively charged cavity as potential allosteric binding
site on the electrostatic potential map. B. A 180° rotation of the molecules in panel A about the
y-axis shows an additional putative allosteric site. Electrostatic potentials were generated using

APBS in PyMOL (red to blue corresponds to -5 kT/e to 5 kT/e).
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Chapter 7

Future Research and Concluding Remarks
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What are the physiological substrates of mammalian PRMT7?

The fact that histone proteins and peptides are good substrates for PRMT7 in in vitro
experiments has suggested that these proteins may also be the in vivo substrates (1-4).
Additionally, observations on the methylation status of histones in intact cells as a function of
PRMT7 expression have also indicated that mammalian PRMT7 may be methylating proteins
involved in transcriptional regulation (5, 6). In fact, it is becoming clearer that mammalian
PRMT7’s methylating activity may be crucial in the regulation of various types of cancers as well
(7-10). Taken together however, there is still a significant lack of understanding in terms of the
direct substrates that PRMT7 is methylating in the cell. In vitro experiments identify histone H2B
to be a robust substrate for this enzyme (3, 4), but so far, no direct studies of PRMT7 methylation
have been able to identify substrates in vivo. However, some proteomic evidence does suggest
that H4 R17, also an in vitro site of methylation (3), is monomethylated in mouse testes (11). The
issue in identifying PRMT7 substrates in intact cells may be largely because of PRMT7’s low
activity (4) relative to the major dimethylating enzymes, PRMT1 and PRMT5 (12); methods such
as mass spectrometry, which readily detect modifications at a stoichiometric level, may not be
sensitive enough to detect methylation catalyzed by PRMT7 at only a small sub-fraction of protein
sites. However, some studies show that even a 5% change in histone content can lead to the
onset of diseases such as chondroblastoma (13), suggesting that while PRMT7-mediated
methylation might be an uncommon event in cells, it may still occur to levels that can affect
epigenetic pathways involved in chromatin regulation. In fact, with some 19,000 human genes,
the modification of histones by PRMT7 in associated with chromatin from only a few genes may
be physiologically important while still resulting in the overall methylation of less than one histone
in a thousand.

There is also some evidence that PRMT7 may have non-histone substrates. The
methylation state of proteins such as Sm proteins and elongation factors have been shown to be

affected by the expression of PRMT7 (14, 15). Evidence associating PRMT?7 in the regulation of
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the function of skeletal muscles (5), stem cells (10, 16), and immune cells (17) also suggests the
possibility of non-histone PRMT7 substrates, although it is possible that these phenotypes may
be indirectly due to histone methylation. To approach the question of non-histone PRMT7
substrates, | conducted preliminary studies with collaborators Dr. Romeo S. Blanc and Dr. Stefane
Richard from McGill University (Montreal, Canada) to determine PRMT7-specific substrates from
mouse tissues. My collaborators were able to produce a PRMT7-knockout (PRMT7KO) mouse
line and harvest and fractionate cells from various organs. Since radioactivity is a highly sensitive
method to detect methylation, | conducted radioactive methylation assays with wild-type (WT) and
KO tissue lysates by adding recombinant human PRMT7 and S-adenosyl-[methyl-3H]-methionine
to the mixture. By running these reactions on a gel and analyzing the radioactivity through
fluorography, |1 was able to identify a unique radiolabelled polypeptide in cytoplasmic and nuclear
fraction around 35 kDa that only appeared in the PRMT7KO recombinant PRMT7 reaction
mixture, implicating this species as a unique non-histone PRMT7 substrate. This species,
however, was in significantly lower abundance than surrounding proteins around 35 kDa on the
Coomassie blue-stained gel. This made the identification of the novel substrate impossible
though MS techniques, as proteins higher in abundance, but not necessarily methylated by
PRMT7, in proximity to the species of interest obscured any relevant peptides from being seen in
the MS analysis.

Furthermore, mass spectrometry techniques have historically been difficult to use in order
to identify posttranslational modifications (PTMs) on histones due to their highly basic amino acid
content—leading proteases such as trypsin to digest peptides into individual amino acids,
dipeptides or other species too small for typical MS analyses—and have limited the understanding
of non-abundantly occurring PTMs. However, in the last few years, with the emergence of middle-
down proteomic techniques, the ability to leverage MS techniques to probe non-abundantly
occurring PTMs, particularly those occurring in basic regions, has gained significant momentum

(18). With a combination of biochemical and mass spectrometric approaches, it will vital to
148



elucidate the direct substrates of mammalian PRMT7 so that this enzyme’s exact role in the
epigenetic landscape may be more clearly understood.
Determination of the human PRMT7 structure and understanding the biophysical features
that affect PRMT7 activity

Over the last decade, a great deal of effort has been put into solving the structures of the
mammalian PRMTS, but structural studies on PRMT7 have really only emerged within the last
few years with solution of PRMT7 from Trypanosoma brucei (TbPRMT7) (19, 20), then the
Caenorhabditis elegans ortholog (CePRMT7) (21), followed by the mouse structure (MMPRMT7)
(22). Interestingly, all three PRMT?7 structures were published in 2014 and no other structural
studies on PRMT7, human or otherwise, have been done since. Obviously missing from this list
is the structure of human PRMT7. The mouse ortholog bears high sequence similarity (85.1%
identical) to human PRMT7 and contains a duplicated methyltransferase domain like human
PRMT7 but solving and uncovering the structural properties of HSPRMT7 are still crucial to
understanding the potentially distinct characteristics of this enzyme. Additionally, work described
in Chapter 5 highlights that human PRMT7’s peculiar preference for sub-physiological
temperatures in vitro are most likely not due to large ensemble changes in structure. This makes
it even more important to clearly outline what the structure of this enzyme is, as identifying
potential subtle protein-protein interactions through structural analysis may answer how human
PRMT7 works in the cell. Pull-down studies and co-crystallization studies should also be
undertaken to better understand the role of potential PRMT7-specific binding
partners/chaperones. Specifically, elucidating structures of human PRMT?7 in the presence of
AdoMet, AdoHcy, and/or substrate molecules like histone peptides will be highly illuminating.
Do other PRMTs exhibit cooperativity and/or engage in crosstalk?

Chapter 6 outlines experiments which highlight for the first time PRMT5’s and PRMT1’s
cooperative kinetic activity (12). Having established that these major dimethylating PRMTs

function through positive cooperativity and that PRMT5’s methylation of histone H4 R3 may be
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significantly affected by PRMT7-mediated methylation of histone H4 R17, it behooves us to ask
whether other members of the PRMT family participate in similar kinetic and regulatory behavior.
Substantial enzymatic analysis on some of the PRMTs has been done (3, 4, 23-30), but at
relatively high substrate and enzyme concentrations, suggesting that these studies may have
missed any evidence of cooperativity and allosteric behavior exhibited by these enzymes. If other
PRMTs do indeed display positive cooperativity, this will be a new avenue to target this class of
enzymes for therapeutics. Allostery is a hallmark of many oligomeric proteins (31), and since
most PRMTs functions as homo-oligomers (24-29, 32), it is also important to explore the role of
oligomerization in affecting potential cooperativity. Furthermore, the implication that PRMTs can
influence the activity of other PRMTs by indirect methylation of the same protein presents a

fascinating opportunity to study the regulation of arginine methyltransferase family.
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Concluding Remarks

Over the course of the last five years, | have worked to better understand the biochemical
nature of PRMT catalysis and how these enzymes can be regulated mechanistically in light of
their emerging relevance in the medical field. One of the major findings in my graduate years has
been the development of an active-site architecture-based model for PRMT product specificity.
In the landscape of burgeoning drug development, understanding the minute structural
differences that allow PRMTs to produce varying methylarginine derivatives will be crucial for the
synthesis of highly specific and potent therapies. Another exciting discovery from my research
was the observation that two major PRMTs—PRMT5 and PRMT1—exhibit positive cooperativity
and that PRMTS’s activity can be regulated by the activity of another arginine methyltransferase—
PRMT7. The epigenetic regulatory field is quite a complex and intricate one. As such, protein-
protein interactions and crosstalk among epigenetic readers, writers, and erasers have been a
popular subject of study. PRMTs, however, have largely remained untouched in this respect.
Thus, evidence for PRMT regulation through allostery may have exciting implications in our

knowledge of chromatin biochemistry.
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