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ABSTRACT OF THE DISSERTATION

Protein Arginine Methyltransferases: The Breakfast Club of Enzymes

by

Troy Lucas Lowe
Doctor of Philosophy in Biochemistry, Molecular and Structural Biology
University of California, Los Angeles, 2024

Professor Steven G. Clarke, Chair

Post translational modifications of proteins alter the biological landscape creating
functional diversity. One modification, arginine methylation, was first identified in 1968 from calf
thymus hydrolysates producing guanidino-methylated arginine derivatives. However, the
enzymes that produce these modifications were poorly characterized until 1996 when the genes
of the first protein arginine methyltransferases were cloned from yeast and mammalian cells. At
this time, a family of nine mammalian genes has been identified that encode protein arginine
methyltransferases (PRMTS). In vitro experiments identified three distinct types. Type | PRMTs
catalyze asymmetric dimethylarginine (ADMA) (PRMTs 1-4, 6 and 8), Type Il PRMTs catalyze
symmetric dimethylarginine (SDMA) (PRMT5 and 9), and the only type lll PRMT that catalyzes
monomethylarginine (MMA) (PRMT7). The active sites of each of the major enzymes that form
ADMA, SDMA and MMA have distinct structural architectures allowing for their specificity.

In this dissertation | have focused my work on the major type | enzyme, PRMT1, the major
type Il enzyme, PRMTS5, and the type Ill enzyme, PRMT7. | showed that each of these human
enzymes behave differently under physiological stress conditions associated with temperature,



pH, and ionic strength thus potentially leading to alterations in the proteomic arginine methylation
landscape. In particular, PRMT7 is maximally active at sub-physiological temperatures and at
nonphysiological pH and ionic strength, suggesting regulatory roles. | then characterized the
unusual substrate specificity of the PRMT7 enzyme with peptide substrates to demonstrate the
exquisite dependence upon variations of the Arg-X-Arg motif.

With the identification of a PRMT7 motif in the human Fhodl and Fhod3 actin binding
proteins, | characterized methylation reactions that were dependent upon the phosphorylation
state of an adjacent serine residue. These results pointed to the cross-talk that can occur between
phosphorylation and methylation reactions. Interestingly, | found little or no effect of methylation
on ROCKZ1 protein kinase activity.

PRMT enzymes have been identified to be oncogenic and closely associated with cancer
progression. Surprisingly, it was found that methionine-dependent malignant cancer cells had no
detectable alteration of protein arginine methylation than methionine-independent less malignant

cells, suggesting that the methionine effect maybe be regulated through alternative pathways.
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Chapter 1

Plan of Dissertation

In Chapter 2 | introduce protein arginine methyltransferases (PRMTs) including the common
techniques to test their activity. In particular | briefly explain the history of arginine methylation, as
well as introduce the major type | enzyme, PRMT1, the major type Il enzyme, PRMT5, and only
type 1l enzyme, PRMT7. As part of the common techniques to test PRMT activity, | highlight

personal experience of the pitfalls of the techniques used.

Chapter 3 will demonstrate the idea that PRMTs can be most optimal at nonphysiological
conditions. While the goal of this chapter was to initially establish parameters that govern PRMT
activity, it was ultimately discovered that the major enzymes of the individual subcategories are
all quite unique to some degree. Utilizing recombinant purified enzymes from E. coli and
purchased purified enzymes from HEK293 cells, in vitro characterization of temperature, pH and
ionic strength were performed. This chapter was sparked from an idea that was previously
established in the Clarke lab prior to me joining. Evidence was provided that PRMT7 activity was
most active at temperatures lower than the human body temperature, thus leading to the idea that

other intracellular conditions may have a profound effect on enzyme activity.

Chapter 4 examines why histone H2B is presently the best in vitro substrate known for PRMT?7.
Previously established research in the Clarke Lab identified histone H2B as an excellent substrate
for PRMT7, with monomethylation detected in vitro at arginine residues 29, 31, and 33, and
defined RXR motifs as substrate recognition elements. However, other groups have found that

H2B was not methylated by PRMT7 in higher oligomeric chromatin structures. This chapter



examines both H. sapiens and X. laevis histone H2B as substrates for PRMT7 while also
identifying how adjacent amino acid residues might affect PRMT7 activity utilizing some of the

conditions established in chapter 3.

In Chapter 5 we utilize findings from chapter 4 and further identify new potential substrates for
PRMT7 as well as to elaborate on how modifications of adjacent amino acids affect PRMT7
activity. Here we take advantage of a collaboration with the Margot Quinlan laboratory at UCLA
to study the interaction of methylation and phosphorylation on the actin binding Fhodl and Fhod3

proteins. In this chapter | examine how serine phosphorylation affects arginine methylation.

Chapter 6 investigates how arginine methylation might be involved in cancer. While protein
arginine methyltransferases have been identified to be overexpressed in cancer, little is still known
of the possible mechanisms linking arginine methylation to uncontrolled cellular growth. In this
chapter we explored the Hoffman effect where malignant cancer cells demonstrate enhanced
methionine usage and potential increases in protein arginine methylation. However, in this chapter
we found no evidence for this. We concluded that any linear relationship between cancer,
methionine, S-adenosylmethionine, and protein arginine methyltransferases is not

straightforward.

Chapter 7 highlights my contributions to a collaboration with the Sbardella Lab at the University

of Salerno in Italy that identified a novel dual inhibitor for PRMT7 and PRMT?9.

The final chapter of this thesis, Chapter 8, contains unpublished data from key experiments
performed throughout my graduate career. The purpose of this chapter is to present the

preliminary data collected and to aid future researchers of protein arginine methyltransferases.



Chapter 2

Introduction to Protein Arginine methyltransferases (PRMTSs)

In this chapter, | give a brief introduction to the three members of the mammalian PRMT
family that | have studied in this dissertation — PRMT1, PRMT5, and PRMT7. | also introduce the

major experimental methods that were used in these studies.

Introduction

The enzymatic post translational methylation of arginine residues was initially identified in
late 1960s by Sangduk Kim and Woon Ki Paik from Fels Research Institute at the Temple
University School of Medicine (Paik 2007). This modification results from a basic SN2 reaction
between S-adenosylmethionine and the nitrogens of the guanidino sidechain of arginine (Fulton
2018). While arginine methylation is considered as one of the most abundant post translational
modifications, with nearly 2% of all arginines to be methylated (Lee 2009), full knowledge of its
biological relevance is still lacking (Paik 2007). To date nine mammalian genes encoding distinct
protein arginine methyltransferase (PRMTs) have been identified (Bedford 2009). Isozymes have
been identified but are less studied (Bedford 2007). Additionally, PRMTs are often overexpressed
in cancer (Hwang 2021) and changes in arginine methylation have been identified in other disease
states (Aletta 2008). Type | PRMTs catalyze asymmetric dimethylarginine (ADMA) (PRMTs 1-4,
6 and 8), Type Il PRMTs catalyze symmetric dimethylarginine (SDMA) (PRMT5 and 9), and the

only type lll PRMT that catalyzes monomethylarginine (MMA) (PRMT7) (Holtz 2023).



PRMT1 the major Type | protein arginine methyltransferase

Protein arginine methyltransferase 1 (PRMT1) is the major type | enzyme of the family of
arginine methyltransferases and accounts for approximately 85% of all arginine methylation
(Zhang 2003). PRMT1 catalyzes asymmetric dimethylarginine ubiquitously throughout the human
body, with the highest mMRNA expression for its gene found in Epstein-Barr virus transformed
lymphocytes (GTEx Portal website, see reference 10). While PRMTL1 is known to methylate many
protein substrates, a specific amino acid motif has not been identified for enzyme recognition.
However, proteins containing sequences rich in glycine and arginine residues are generally good
PRMT1 substrates (Wang 2023). Asymmetric dimethylarginine formation of these proteins are
associated with transcriptional regulation, RNA processing, DNA damage repair, and signal
transduction (Thiebaut 2021). Knockouts of the PRMT1 gene are known to lead to embryonic
lethality in mice (Yu 2009). Additionally, PRMT1 knockout in HEK293T cells leads to growth arrest
in the G2/M phase, and promotion of apoptosis (Zhou 2022). Studies have also identified that
PRMT1 is not required for embryogenesis in Xenopus tropicalis but is important for growth and
development. (Shibata 2020). While it is unknown how PRMTL1 activity is regulated in the body,
structural and enzymological approaches have discovered the minimal requirements for activity
including oligomerization into either a heterodimer with other PRMTs, or homodimers (Morales

2015)(Pak 2011), low ionic strength, and homeostatic body temperature and pH (Lowe 2022).

PRMT5 the major Type Il protein arginine methyltransferase

Protein arginine methyltransferase 5 (PRMT5) is one of two type Il enzymes that catalyze
symmetric dimethylarginine, accounting for the bulk of SDMA formation in mammalian cells
(Bedford and Clarke 2009). PRMT5 is an important target for cancer therapeutics due to its
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overexpression in cancer (Lattouf 2019). Because PRMT5 is so heavily researched, many
inhibitors have been identified for PRMT5 that are highly selective (Gao 2023). The
methyltransferase activity of PRMT5 is enhanced when it is complexed with the MEP50 protein
(Antonysamy 2017), and knockouts of the PRMT5 gene lead to embryonic lethality (Stopa, 2015).
It has been noted PRMT5 binds to antibodies recognizing FLAG tags, leading to the potential

misidentification of other binding partners (Nishioka 2003).

PRMT7 the major Type lll protein arginine methyltransferase

Protein arginine methyltransferase 7 (PRMT7) is the only type Il PRMT to catalyze
monomethylarginine as a final product (Zurita 2012) and methylates proteins containing RXR
motifs (Feng 2013). PRMT7 has been studied much less intensively than PRMT1 and PRMT5.
To date there have been 141 published papers on PubMed that mention PRMT7, with the first
paper attempting to characterize D. melanogaster homologs, DARTs (Boulanger 2004). While
this initial study was the groundbreaking work to first characterize the PRMT7 gene, northern blot
analysis of the mRNA from varying stages and organs of Drosophila males and females resulted
in little to no PRMT7 mRNA (Boulanger 2004). Additionally, it wasn’t until 2006 when the first
binding partner, the testis specific factor CTCFL, of PRMT7 was reported (Jelinic 2006).
Unfortunately, there has been no reported evidence of CTCFL as a direct substrate for PRMT7
methylation. However, CTCFL does contain a sequence in its C-terminal region that may be
recognized by PRMT7, RTRKR. To date there are 51 reported human individuals containing
PRMT7 gene mutations, leading to loss of activity and neurodevelopmental disorders, skeletal
abnormalities, and endocrine abnormalities (Cali 2023). While mutations of PRMT7 cause such
issues, it is unknown if the cause of such phenotypes pertains to lack of function or alterations in

structure.



Techniques for identification of PRMT activity

2D chromatography followed by amino acid hydrolysis.

Prior to the isolation of the PRMT genes, methylated amino acids were identified after
protein hydrolysis. This approach led to the discovery of methylated lysine residues, using two-
dimensional chromatography to separate individual amino acids (Ambler 1959). It wasn’t until
1970 when methylated arginine residues were identified in hydrolysates of rat liver nuclei (Paik
1970). While this approach is powerful and still used today, the initial characterization of cell
lysates resulted only in the identification of the modified amino acid without any knowledge of
biological relevance or knowing which enzyme(s) was associated with each madification. To
better understand the specific modification in a biologically relevant context, purified proteins
identified from pulldowns are used with amino acid hydrolysis and methylarginine standards.
Results from these experiments have identified that methylarginine peptides could be
subcategorized into asymmetric dimethylarginine, symmetric dimethylarginine, and

monomethylarginine (Lin 1996)(Branscombe 2001)(Zurita-Lopez 2012).

Direct methylation assays using radioactive S-adenosylmethionine

While much of today’s research involves the identification of post translational
modifications with the use of high-throughput techniques like mass-spectrometry of cell lysates,
low-throughput techniques like direct modification of a substrate provides clearer evidence.
Through the use of oriented peptide array libraries (OPALs) and direct methylation assays
coupled with mass spectrometry, it was discovered that specific PRMTs recognize distinct amino
acid sequences. PRMT1 recognizes arginine and glycine rich motifs (GARS) with preference over
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strings of RGG (Herrmann 2005), PRMT5 also methylates GAR motifs but can also methylate
PGM motifs (Bedford 2009), and PRMT7 has preference for RXR motifs (Feng 2013).

Two distinct assays were performed in this thesis. While both use a direct methylation with
a [methyl-*H]-AdoMet molecule, each have their own pros and cons and will be outlined. The first
direct methylation assay involves a radioactive gel assay. PRMT, substrate, and [methyl-3H]-
AdoMet are mixed together and allowed to incubate. Post termination, the polypeptides are
separated using SDS-PAGE. The signal of the [methyl-*H]-AdoMet is enhanced by then soaking
the gel in a liquid autoradiography enhancer and then exposure to a silver halide autoradiograph
film where the radioactive source will exposure the film. Some pros with this technique include
not having to separate excess nonreacted [methyl-*H]-AdoMet prior to exposure. Additionally, the
separation of individual polypeptides helps to identify which proteins are methylated with the
subsequent step of mass spectrometry identification. Some cons involved with this technique
include the length of gel exposure to the autoradiograph film. The time needed to obtain a result
can vary with results being obtained between 1 day to 60 days. Another con involves the
identification of methylated peptides (Thomas 2014). | found that small peptides are not able to
stay within the polyacrylamide matrix in gel separation, leading to a loss of sample. The other
direct methylation assay involves a P81 phosphocellulose binding assay. Similar to the previous
assay, PRMT, substrate, and [methyl-*H]-AdoMet are mixed together and allowed to incubate.
Post termination, the samples are blotted onto a phosphocellulose paper, the proteins and
methylated proteins are bound to the paper while the excess [methyl-*H]-AdoMet can be washed
away. While this assay is quicker than a gel assay with results being obtained within a day, | found
that it was not without problems. These problems include the inconsistent commercial availability
and quality of the P81 phosphocellulose paper. Additionally, | found that the backgrounds for each
assay can vary heavily where you can get a range of 50-3000 counts per minute differences. |
postulate that the proteins that are blotted onto the paper can trap excess [methyl-H]-AdoMet
and that is not readily washed away from the paper.
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Chapter 3

Human Protein Arginine Methyltransferases (PRMTs) Can Be Optimally Active Under

Non-Physiological Conditions

The work described in this chapter has been reproduced from:

Lowe, T. L., and Clarke, S. G. (2022) “Human protein arginine methyltransferases (PRMTSs)

can be optimally active under nonphysiological conditions” J. Biol. Chem. 298, article

102290, pp. 1-10. (http://doi.org/10.1016/].jbc.2022.102290). PMCID: PMC9418908. PMID:

35868559.

Copyright 2024

Troy L. Lowe, and Steven. G. Clarke

Significance Statement

Understanding the relationship between an enzyme and its substrate can give insights to
an enzyme’s biological relevance. However, in some instances this is not the case. Protein
arginine methyltransferases catalyze methylarginine on a multitude of substrates that have been
identified using high throughput approaches. Because many of these high throughput approaches
have not been verified, correlation of these enzymes to a specific biological process has remained
difficult. Depending on these specific variables and circumstances, methylarginine marks have
been identified as a ubiquitous modification in cancer, epigenetic regulation, disease states, as

well as development.
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Enzyme families usually contain highly conserved structural motifs leading to similar
enzymatic catalysis. While the family of protein arginine methyltransferases are no different, the
final modification that each can produce differs to some degree. The major three enzymes that
catalyze the three types of methylated arginines include: PRMT1 catalyzing asymmetric
dimethylarginine, PRMT5 catalyzing symmetric dimethylarginine, and PRMT7 catalyzing
monomethylarginine (PRMT7). While all three of these enzymes have been identified to be
overexpressed in a variety of cancers, the importance and involvement of each enzyme remains
indistinguishable. Because the microenvironment of a cell is altered in a cancerous state, | was
curious as to how these three enzymes behave under non-physiological conditions. It was
determined that the conditions for PRMT1 and PRMTS5 optimal activity are very similar but differ
with pH. Additionally, the conditions that make PRMT7 most active are completely non-
physiological, allowing PRMT7 to be more discernible in activity compared to PRMT1 and
PRMTS.

The work provided in this study highlights that small differences in a cellular environment
can alter PRMT activity. While important to know, it is still unknown whether these small
differences translate to an in vivo system or are relevant due to the ever-changing landscape of

a cell.
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Protein arginine methylation is involved in many biological
processes and can be enhanced in cancer. In mammals, these
reactions are catalyzed on multiple substrates by a family of
nine protein arginine methyltransferases (PRMTs). However,
conditions that may regulate the activity of each enzyme and
that may help us understand the physiological role of PRMTs
have not been fully established. Previous studies had suggested
unexpected effects of temperature and ionic strength on
PRMT7 activity. Here we examine in detail the effects of
temperature, pH, and ionic strength on recombinant human
PRMT1, PRMTS5, and PRMT7. We confirmed the unusual
temperature dependence of PRMT7, where optimal activity
was observed at 15 °C. On the other hand, we found that
PRMT1 and PRMTS5 are most active near physiological tem-
peratures of 37 °C. However, we showed all three enzymes still
have significant activity at 0 °C, Furthermore, we determined
that PRMT1 is most active at a pH of about 7.7, while PRMT5
activity is not dependent on pH in the range of 6.5 to 8.5.
Significantly, PRMT7 is most active at an alkaline pH of 8.5 but
shows little activity at the physiological intracellular pH of
about 7.2. We also detected decreased activity at physiological
salt conditions for PRMT1, PRMT5, and PRMT7. We
demonstrate that the loss of activity is due to the increasing
ionic strength. Taken together, these results open the possi-
bility that PRMTSs respond in cells undergoing temperature,
salt, or pH stress and demonstrate the potential for in vive
regulation of protein arginine methylation.

Protein diversity heavily relies on many enzymes that modify
amino acid residues. A major site of protein posttranslational
modification is methylation at the guanidino group of arginine
residues. These modifications create distinct interactions be-
tween proteins and play a significant role in biology including
transcription of DNA, activation of enzyme activity, and protein
degradation (1-4). In mammals, nine specific enzymes (protein
arginine methyltransferases [PRMTs]) have been characterized
and are classified based on the specific reaction they catalyze (5—
7). While all PRMTSs can initially catalyze monomethylarginine
formation, type I PRMTs (PRMT]I, 2, 3, 4, 6, and 8) catalyze
asymmetric dimethylarginine formation and type II PRMTs
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(PRMT 5 and 9) catalyze symmetric dimethylarginine forma-
tion, while type III PRMTs (PRMT?7) only catalyzes mono-
methylarginine formation. Determination of the in vitro activity
of these purified PRMT enzymes can give important clues to
their substrate specificity and their possible regulation (8—12).

For intracellular cytosolic mammalian enzymes, the
assumption is usually made that activity will be at or near
optimum levels at the physiclogical pH of about 7.2 (13), an
ionic strength of about 120 mM (14), and a temperature of
37 °C (15). However, we were surprised to find that PRMT7
had little activity at 37 °C and maximum activity was noted at
colder temperatures (16, 17). Additionally, little activity was
found at the physiological salt concentrations that occur
within a cell (16). However, these measurements were gener-
ally not taken under initial velocity conditions and we were
thus interested in a more detailed picture of PRMT7 catalysis,
especially under nonphysiological conditions. We were also
interested in comparing the catalysis shown by PRMT7 with
that of PRMT1, the major type I enzyme, creating asymmetric
dimethylarginine, and PRMTS5, the major type Il enzyme,
creating symmetric dimethylarginine residues.

Here we show that human PRMT1, PRMTS5, and PRMT7
activity is optimal under varying conditions. Specifically,
PRMT7 activity is optimal at subphysiological temperatures in
an alkaline environment containing low salt concentrations.
We have also shown that PRMT1 and PRMT5 activities are
most optimal closer to physiological temperature and pH, but
where reaction mixtures contain little salt.

Results

GST-HsPRMT7 is active at physiological temperatures but has
optimal activity at subphysiological temperatures

Recent findings have demonstrated that human histone H2B
(HsH2B) is an excellent substrate for PRMT7, with methyl-
ation sites detected at arginine residues 29, 31, and 33 (10). A
synthetic peptide containing residues 23 to 37 (HsH2B
(23-37)) was also an excellent substrate (10). Significantly,
optimal PRMT7 activity was found at about 20 °C with very
little activity at 37 °C (16). Similar effects were found with the
bacterially expressed GST human enzyme fusion protein and
the insect-expressed untagged mouse enzyme (10). However,
because these activities were measured at long incubation
times, we wanted to determine the temperature dependence

J. Biol. Chemn. (2022) 298(9) 102290 1
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under initial rate conditions, We first determined that GST-
HsPRMT?7 activity is linear with time up to 1 h at both
20 °C and 37 °C with the HsH2B (23-37) peptide (Fig. 1). At
37 °C, we found only about 25% of the activity as found at
20 °C. We also showed no significant increase of activity when
the peptide concentration was raised from 10 pM to 50 pM,
indicating that enzyme was saturated with the peptide sub-
strate at the lower concentration. These results now clearly
show that PRMT?7 activity is not optimal at the physiclogical
temperature.

Similar results to those shown in Figure 1 with the HsH2B
(23-37) peptide substrate were found when we used the GST-
GAR protein substrate (Fig. 2). At the 60-min and 120-min
timepoints, only about 20 to 30% of the activity at 20 “C was
found at 37 °C, Using an alternate assay where the *H-meth-
ylated GST-GAR polypeptides formed in a 2-h assay were
fractionated by SDS-PAGE and analyzed by densitometry
following fluorimetry, we found 9.2% of the activity at 37 °C as
found at 20 “C (data not shown). We also used this latter assay
with a recombinant full-length human HsH2B protein and
found less than 11% of the activity at 37 °C as found at 20 °C
(data not shown).

In Figure 3, we measured GST-HsPRMT?7 activity at tem-
perature values between 0 “C and 45 “C with the HsH2B
(23-37) peptide using the P81 phosphocellulose assay. We
found the peak of activity at 15 “C with half activity at 0 °C and
at 20 to 25 °C. At the physiological temperature of 37 °C, only
about 20% of the activity was found compared to that of 15 °C.
These data clearly show that PRMT?7 is most active in the cold.

Decreased human PRMT7 activity at 37 °C is not due to
enzyme instability

To determine if incubation at 37 °C irreversibly denatured
PRMT7?, we performed the experiment in Figure 4. Here, we
preincubated the enzyme at 4 °C, 20 °C, and 37 “C for 2 h and
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Figure 1. Human PRMT? is more active at subphysiological tempera-
tures with histone H2B peptide as a substrate. P81 phosphocellulose
assay of GST-HsPRMT7 and HsH2B (23-37) was performed at 20 °C and 37
°C as described in the Experimental procedures section. Five micrograms of
GST-HsPRMT7 was incubated with peptide and 0.14 uM [H]AdoMet. Blue
lines represent reaction mixtures at 20 *C using 10 pM peptide (closed cir-
cles) or 50 UM peptide (open circles). The red line represents reaction mix-
tures at 37 “C using 10 pM peptide (closed squares) or 50 uM peptide (open
squares). HsH2B, histone H2B; PRMT, protein arginine methyltransferase.

2 Biol Chem. (2022} 298(9) 102290

then assayed activity at each of these temperatures. We found
little or no loss of activity when assayed at 4 “C, suggesting that
PRMT7 was not denatured at 37 °C. In all cases, similar ac-
tivities were found when each of the incubated samples was
assayed at the indicated temperature. Additionally, previous
work had shown that the circular dichroism spectrum of
PRMT7 was identical at 4 “C, 17 “C, and 37 “C, suggesting that
the enzyme is stable at these temperature ranges (18). Addi-
tionally, it was shown that the molecular weight of PRMT7 by
sedimentation equilibrium analysis was also identical at these
three temperatures (18).

His-HsPRMT1 and HsPRMT5/MEP50 are most active near
physiological temperatures

We then wanted to establish the generality of the methyl-
transferase activity at subphysiological temperatures with the
major type I enzyme PRMT1 and the major type II enzyme
PRMT5. We thus tested His-HsPRMT1 and HsPRMTS5/
MEP50 under similar conditions to those used above for GST-
HsPRMT?7 (Fig. 5). For PRMT1, we found a broad optimal
peak between 20 °C and 37 °C with half optimal activities at
about 15 °C and 45 °C. For PRMTS5, the temperature optimum
was found at 37 “C with half optimal activity of 25 °C and over
45 °C. Taken together, these results show that PRMT1 and
PRMTS5 have temperature optimums near physiclogical body
temperature and show distinct patterns from PRMT7. How-
ever, we did detect the activity of both enzymes throughout
this temperature range.

PRMT1, PRMT5, and PRMT7 are all active at 0 °C

We found that PRMT1, PRMT5, and PRMT?7 all displayed
activity at 0 °C. To confirm this surprising result, we per-
formed additional time course experiments in assays done
entirely on ice (Fig. 6). All of these enzymes were found to have
significant activity at 0 *°C. GST-HsPRMT?7 activity was almost
6-fold higher at 0 °C than at 37 °C, His-HsPRMT1 activity was
6-fold lower in activity at 0 °C than in reaction mixtures that
were performed at 37 °C, and HsPRMT5/MEP50 activity was
about 3-fold lower at 0 °C than at 37 *C.

PRMT7 is active at alkaline pH

Our finding that PRMT?7 is most active at nonphysiological
temperatures lead us to examine its activity as a function of
pH. As shown in Figure 7A, we were surprised to find little to
no activity at the physiological pH of 7.2. This enzyme was
found to be more active at alkaline pH values with a pH op-
timum of 8.4. We performed a control experiment showing
that changes in pH did not affect the P81 phosphocellulose
assay (Fig. 51). These results suggest that PRMT7 might
respond to changes in cellular pH that lead to alkalization.

We also performed pH studies using a substrate of GST-
GAR and an SDS-PAGE assay as described in the
Experimental procedures (Fig. 52). The results shown here are
very similar to those found in Figure 7A with the HsH2B
(23-37) peptide and the P81 phosphocellulose assay.

SASBMB
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Figure 2. Human PRMT7 is more active at subphysiological temperatures with GST-GAR as a substrate. A, P81 phosphocellulose assay of GST-
HsPRMT7 activity. GST-HsPRMT7, 62 pg GST-GAR, and 0.7 pM [*H]AdoMet was incubated at either 20 °C or 37 “C as described in Experimental
procedures. The blue line represents the averages of individual reactions at 20 °C (blue dots). The red line represents individual replicates of reaction
mixtures tested at 37 “C {red dots). B, ratios of reactions performed at 37 “C to 20 “C. The black line represents the averages of the individual ratios calculated

from A. PRMT, protein arginine methyltransferase.

PRMT1 and PRMT5 have distinct pH activity profiles from
PRMT7

To compare the activity of the major PRMT1 type I enzyme
and the major PRMT5 type II enzyme with PRMT7 as a
function of pH, we performed the assays shown in Figure 7, B
and C. We found that His-PRMT1 has a pH optimum of about
7.7 with good activity at the physiological pH of 7.2. Addi-
tionally, we found that PRMT5/MEP50 is equally active across
a wide range of pH values hetween 6.6 and 8.5. Here, PRMT1
and PRMT5 appeared to differ from PRMT7 in showing ac-
tivity at the physiological pH.

PRMT? is inhibited by the addition of salts

Previous studies have shown that GST-HsPRMT?7 activity
decreases with increasing NaCl concentrations with little
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Figure 3. Human PRMT7 is more active at lower temperatures under
steady-state kinetics. P81-based assay of GST-HsPRMT7, 10 uM HsH2B
(23-37), and 0.14 pM H]AdoMet was carried out as described in
Experimental procedures. Reaction mixtures were incubated for 30 min,
spotted on P81 phosphocellulose paper, and further assayed as described in
Experimental procedures. The data shown are from a single experiment:
similar results were seen in three additional replicated experiments. HsH28B,
histone H2B; PRMT, protein arginine methyltransferase.

SASBMB

activity seen at physiological salt concentrations, particularly
for the HsH2B (23-37) peptide (16). Additionally, a loss of
approximately 50% activity was found in 2 mM magnesium
and calcium salts (16), Given our results above that PRMT7
has optimal activity outside of the normal physiological range
of pH and temperature, we wanted to expand upon these
findings. In Figure 8, we show that GST-HsPRMT7 activity
decreases not only with NaCl but alse with KCI, To ask if this
effect is due to ionic strength, we also assayed the enzyme in
Na,50,. We found that the activity is dependent on the ionic
strength with half activity at about 50 mM and almost no
activity at 150 mM. Since typical intracellular ionic strength
values range from about 130 to 270 mM (14), these results
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suggest that PRMT7 activity is generally repressed under
physiological conditions. Control experiments showed that
changes in the ionic strength of the incubation mixture did not
affect the efficiency of the P81 phosphocellulose assay (Fig. S3).
We also performed assays on the effect of ionic strength using
GST-GAR as a substrate and the SDS-PAGE assay (Fig. 54).
We note that the loss of activity with ionic strength is less with
the GST-GAR substrate than with the HsH2B (23-37) peptide,
confirming the results of Feng et al. (16).

We then examined the effect of calcium and magnesium
ions on the activity of PRMT7. Here we found inhibition
greater than expected from the ionic strength. With calcium
ions, we found half inhibition at approximately 0.7 mM, and
with magnesium ions, we found half inhibition at about
1.6 mM (Fig. 8). Since intracellular calcium ion concentrations
are submicromolar, we might expect little effect on PRMT
activity except perhaps when cells undergo intracellular

SASBMB

calcium release. Intracellular free magnesium concentration
has been estimated in the cytosol of mammalian cells at about
0.5 mM (19), suggesting little inhibition of PRMT7 with
changes in magnesium ion concentration. Taking all of these
results together, it appears that PRMT7 may only be active
under conditions where intracellular temperature, pH, and
ionic conditions are disrupted.

PRMT1 and PRMT5 are also inhibited by the addition of salts

Finally, we sought to determine whether PRMT1 and
PRMTS5 activity was also affected by ionic strength or calcium
and magnesium ions (Fig. 9). For His-HsPRMT1 with the hu-
man histone H4 (1-21) peptide, we found half maximal inhi-
bitien by ionic strength at about 100 mM and half maximal
inhibition by calcium and magnesium ions at about 2 mM. For
HsPRMT5/MEP50 under similar conditions, we found half
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Figure 8. Human PRMT7 activity decreases with ionic strength. Five
micrograms of GST-HsPRMT7 was mixed with 10 uM HsH2B (23-37) and
0.7 uM [3H]AdoMet. All reaction mixtures contained 50 mM K-Hepes and
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averages when MgCl, was added to reaction mixtures. The blue line rep-
resents the averages when CaCl2 was added to the reaction mixtures. All
reactions were incubated for 10 min at 20 *C. HsH2B, histone H2B; PRMT,
protein arginine methyltransferase.

maximal inhibition by ionic strength at about 120 mM, half
maximal inhibition of calcium ions at about 5 mM, and half
maximal inhibition of magnesium ions at about 8 mM. Inter-
estingly, these enzymes are also inhibited in the physiological
ionic strength range, although the inhibition by calcium and
magnesium ions is less than that seen with PRMT7. It appears
that PRMT1 and PRMT5 would not be significantly inhibited
by physiological levels of calcium and magnesium.

Discussion

In this study, we were surprised to find that human PRMT1,
PRMTS5, and PRMT7 had optimal catalytic activities in vitro

under nonphysiological conditions. For example, all three
enzymes displayed markedly reduced activity at ionic strengths
comparable to the cytosol of mammalian cells, While PRMT1
and PRMT5 were active at a range of pH values, PRMT7 had
little activity at the expected intracellular pH of 7.2 and was
only fully active at alkaline pH values. Finally, all of the three
enzymes displayed a significant catalytic activity at low tem-
peratures, including 0 “C. Significantly, human PRMT7 had
markedly reduced activity at the physiolegical temperature of
37 °C, while PRMT1, PRMTS5, and PRMT9 (17) had near-
optimal activity at 37 “C. We note that the PRMT7 from the
soil nematode worm Caernorhabditis elegans has a distinct
temperature profile with optimal activity at about 20 °C near
that of its environment in nature (17).

We wanted to know if the optimal activity of PRMTs under
these nonphysiological conditions would mean that PRMTs
are responding to environmental stresses. We wanted to ask
under what conditions would PRMTs be exposed to temper-
atures lower than 37 °C, under what conditions would PRMTs
be exposed to pH values above 7.2, and under what conditions
would PRMTs be exposed to icnic strengths lower than what is
generally found in mammalian cells.

Humans generally maintain their temperature at 37 °C even
when exposed to environmental cold. However, skin cells and
cells lining the lungs can be significantly affected (20, 21). We
nete that mammalian cells have “cold shock” proteins that are
induced by a cold shock response (22-24). One example of
cold response is that optimal human sperm production is
maintained when the testis is 2 to 7 °C below body tempera-
ture (25). It has been suggested that the TRPMS sensor protein
is important for the cold shock response in testes (21).
Moderately reduced temperatures have also been found to
suppress apoptosis of neural stem cells although it is not clear
when such cells would be exposed to lower temperatures (26).

Interestingly, a comparison of genes has associated PRMT7,
along with a small group of other genes, to the adaptation of

T T T T T T T T
A 1004 B 100-1- . . . B
ey PRMT5
ey 804 ey 804 % Na,SO,
2 P i
= =
E 60 E 60 —
g \ . MgCl,
E 404 E 404 -
> >
~N N
& i
20 20 E
. .
0 T T T T 0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25

lonic Strength (M)

lonic Strength (M)

Figure 9. Human PRMT1 and PRMT5/MEP50 activities are reduced with increasing ionic strength, P81 phosphocellulose of His-HsPRMT1 or HsPRMT5/
MEP50 with HsH4 (1-21) was carried out as described in Experimental procedures. A, 40 nM of His-HsPRMT1, 10 uM HsH4 (1-21), and 0.7 pM PH]AdoMet
were incubated with 50 mM K-Hepes and 1 mM DTT at a final pH of 7.5. Reaction mixtures were incubated at 37 “C for 15 min. 8, 5.6 nM of HsPRMT5/MEP50,
10 UM HsH4 (1-21), and 0.7 uM [H]AdoMet were incubated with 50 mM K-Hepes and 1 mM DTT at a final pH of 7.5. Reaction mixtures were incubated at 37
°C for 30 min. The black line represents averages when Na;504 was added to reaction mixtures. The red line represents averages when NaCl was added to
reaction mixtures. The green line represents averages when KCl was added to reaction mixtures. The yellow line represents averages when MgCl; was added
to reaction mixtures. The blue fine represents the averages when CaCl, was added to the reaction mixtures. HsH4, human histone H4; PRMT, protein arginine

methyltransferase.
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elephantid species to cold environments, particularly of
mammoths to the arctic (27).

Many mammalian proteins have been shown to be dena-
tured at subphysiological temperatures (28). However, it is not
uncemmon for enzymes to adapt to low temperatures, espe-
cially those in fish and in bacteria exposed to cold environ-
ments (29).

To determine how common is cold activation of enzymes,
we searched the literature for publications reporting on the
temperature dependence of human or mammalian S-adenoc-
sylmethionine methyltransferases. While many of these en-
zymes show optimal activities around 37 °C as expected, we
were interested to find an example of an enzyme that displayed
cold activation similar to what we report here for PRMT7. This
enzyme is the NS5 RNA methyltransferase from the Dengue
virus 4. Optimal activity was found between 22 °C and 30 °C,
with less than 20% of this activity found at 37 *C (30). It is
presently unclear what the biological advantage is for PRMT7
or the RNA methyltransferase to be cold activated. Addition-
ally, it is unknown why PRMT1, PRMT5, and PRMT7 have
significant enzymatic activity at 0 °C.

PRMT7 was shown here to have very little activity at the
expected cytosolic pH of about 7.2 in mammalian cells (13,
31). The activity of PRMT?7 at pH 7.2 was found to be less than
5% of its optimal activity at pH 8.4. In comparison to pH 7.2,
human PRMT1 has abeut 30% of its optimal activity at pH 7.6,
while PRMTS5 has a broad optimal range between 6.5 and 8.5.
Interestingly, the Dengue virus 4 NS5 RNA methyltransferase
also shows enhanced activity at alkaline pH. Its activity at 7.2 is
only about 20% of its optimal activity at pH 9.0 (30). A similar
sitnation occurs with the PRDM9 histone H3 lysine 36
methyltransferase where the activity at pH 7.2 is only about
15% of the optimal activity at pH 8.5 (32). All of these results
suggest that PRMT?7, the NS5 RNA methyltransferase, the
histone lysine methyltransferase, and possibly PRMT1 may be
regulated by conditions resulting in the alkalization of cells.

PRMT1, PRMT5, and PRMT7 all show inhibition with
increasing ionic strength. For PRMT?7, this inhibition was
much more pronounced with the HsH2B (23-37) peptide than
for the GST-GAR substrate. We were intrigued to find that
Dengue virus-4 RNA methyltransferase and the PRDM9 his-
tone lysine methyltransferase also showed sensitivity to ionic
strength (30, 32). The physiological relevance of such sensi-
tivity is not clear although it has been suggested that cells can
respond to changes in ionic strength (14). Normal intracellular
ionic strength has been estimated at about 110 to 130 mM in
the human embryonic kidney cell line HEK293 reflecting the
known intracellular sodium ion and potassium ion levels (14).
At this ionic strength, PRMT7 (at least with the HsH2B
(23-37) peptide substrate) and the histone lysine methyl-
transferase PRDM9 have less than 10% activity, while PRMT1,
PRMTS5, and the Dengue-4 RNA methyltransferase have less
than 50% activity.

Finally, PRMT1, PRMT5, and PRMT?7 are all inhibited by
increasing concentrations of magnesium ions. PRMT7 was
found to be inhibited by magnesium icn concentration with
half activity found at 1.6 mM, while PRMT1 was half inhibited
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at 2 mM and PRMT5 was half inhibited at 8 mM. Since the
intracellular free magnesium ion cencentration has been
estimated at about 0.5 mM (19}, it appears that the inhibition
seen here would not be physiologically relevant. These meth-
yltransferases are also inhibited by calcium ions at levels much
greater than the levels found intracellularly.

At present, we do not understand the importance of the
subphysiological activities of PRMT1, PRMT5, and PRMT7
and the RNA and protein lysine methyltransferases as
described earlier in the study. The similarities in the re-
sponses to temperature, pH, and ionic strength are, however,
remarkable.

Evidence has been presented that physiological levels of
hydrogen peroxide can inhibit human PRMT1 and that this
inhibition can be reversed by reducing agents, suggesting a
possible regulation of PRMTL by redox reactions (33). It is
clear that PRMT?7 activity is dependent upon a reducing
environment as well (17, 34). In all of our experiments, we
performed incubations in 1 mM DTT (17).

It remains to be shown whether or not PRMTs, especially
PRMT7, are regulated iz vive by intracellular temperature, pH,
or ionic strength. Unfortunately, it has been challenging to
measure the individual activities of the nine family members of
mammalian PRMTs in cells cultured under normal or low
temperature conditions, or under conditions that would affect
their intracellular ionic strength or pH. This is particularly a
problem for PRMT7, whose activity appears to be generally
low in comparisen with the major type I PRMT1 enzyme or
the major type Il PRMT5 enzyme (5, 35). Although evidence
has been presented for a number of in vive sites of PRMT7
methylation (7, 10, 36-38), it is not clear so far that these are
specifically modified by PRMT7 alone and are not also sites for
methylation by other PRMTs (39). Additionally, PRMT7
methylation of Arg-17 of a histone H4 peptide has been shown
to allosterically activate PRMT5 methylation at the distinct
Arg-3 site (9). Such cross talk between PRMTs can complicate
the analysis of specific PRMT activity in cells. Finally, it is now
clear that reductions in the activity of one PRMT can result in
the methylation of its sites by other members of the PRMT
family (40, 41). The identification of specific substrates and the
generation of specific antibodies raised against their mono-
methylation site(s) will be important steps in quantitating
PRMT7 activity in cells and testing how this activity may
respond to changes in their intracellular environment.

Experimental procedures
Preparation of enzymes and protein substrates

Recombinant H. sapiens PRMT7 DNA was cloned into a
pGEX-2T plasmid and expressed in BL21 DE3 E. cofi. This
plasmid encodes the full sequence (residues 1-218) of gluta-
thione S-transferase from Schistosoma japonicum followed by
the linker SDLVPRGSST and the full sequence (residues
1-692) of human PRMT7 and was designated as GST-
HsPRMT?7. This plasmid is available from Addgene.org
#34693. Cells were grown in 2L of LB media at 37 °C to an
Agge nm of 0.6 to 0.8 in the presence of 100 pg/ml ampicillin.
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Isopropyl-beta-D-thiogalactoside (CAS # 367-93-1, GoldBio}
was then added to a final concentration of 1 mM, and the
culture was incubated for an additional 16 to 20 h at 20 °C.
Cells were harvested by centrifugation, and 0.5 g of cells was
resuspended in 40 ml of 140 mM NaCl, 2.7 mM KCl, 10 mM
NapHPO,, and 1.8 mM KH,PO,, pH = 7.5, supplemented with
an EDTA-free protease inhibitor tablet (Catalog No.
PIA32965, Thermo Scientific). The cell suspension was lysed
using a Fisher Scientific 550 Sonic Dismembrator with a
microtip attachment in four cycles on ice for 1 min, 0.5 s on
pulse, and 0.5 s off pulse at 25% amplitude. The lysate was then
centrifuged at 27000g for 1 h, and the supernatant was loaded
onto a manually packed column (ID 1.5 cm x 15 cm, 4 ml bed
volume) containing glutathione Sepharose 4B resin (Catalog
No. 17075601, GE Healthcare Life Sciences) equilibrated in the
aforementioned buffer at 22 °C. Enzyme was eluted with
10 mM glutathione and 50 mM Tris-HCl, pH 8.0.
Purified GST-HsPRMT7 was then dialyzed overnight in
50 mM K-Hepes, 1 mM DTT, pH 8.0, at 4 °C. GST-HsPRMT7
was then mixed with glycerol to a final concentration of 20%
and stored at -80 °C. The total GST-HsPRMT?7 concentration
was determined using a NanoDrop 2000c spectrophotometer
by the absorption at 280 nm, assuming that 1 mg/ml would
give 1 A.

An N-terminal His-tagged construct of human PRMT1
(designated His-HsPRMT1) was prepared as described previ-
ously and purified using a HisTrap Fast Flow (Cytiva
17-5255-01) as per the manufacturer’s protocol (4.2).

Human PRMT5/MEP50 (HsPRMT5/MEP50) FLAG-tag
His-tag complex protein was purchased from BioSciences as
recombinantly coexpressed and purified proteins in HEK293T
cells (0.64 mg/ml, Catalog No. 51045, Lot 170407A; BPS Bio-
sciences), formulated in 40 mM Tris-HCL, pH 8.0, 110 mM
Na(l, 2.2 mM KCl, 80 pg/ml FLAG peptide, 20% glycerol, and
3 mM DTT.

A fusion protein of glutathione S-transferase followed by the
linker SDLVPRGS and human fibrillarin residues 1 to 145 with
substitutions K2E and A145V (GST-GAR) was prepared by
expression of plasmid #34697 of Addgene.org. (17). The pro-
tein was purified as described for GST-HsPRM'T7 above.

Human HsH2B was purchased from NEB, Cat. No. M25055,
as a recombinant protein expressed in E. coli, stored in
300 mM NaCl, 1 mM EDTA, and 20 mM sodium phosphate at
pH7.

Peptides

Synthetic peptides HsH2B (23-37) (Ac-KKDGKKRKR
SRKESY, 98.6% purity, MW: 1936.23, Lot No. P17171304) and
human histone H4 (1-21) (Ac-SGRGKGGKGLGKGGAKR
HRKY, 96.2% purity, MW 2133.47, Lot No. 89488400001/
PE1586) were purchased from Genescript.

In vitro methylation reactions using P81 phosphocellulose

GST-HsPRMT?7, His-HsPRMT1, or PRMT5/MEP50 was
mixed with a peptide derived from residues 23 to 37 of HsH2B,
GST-GAR, or a peptide derived from the acetylated N-
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terminus of histone H4 (residues 1-21). Reactions were initi-
ated with S-adenosyl-L-[methyl-*H]methionine ((*H]AdoMet)
(81.9 Ci/mmol, 7 pM in 9:1 10 mM H,SOgethanol; Catalog
No. NET155H001MC, PerkinFlmer) in a final volume of 30 pl.
The reaction mixtures were equilibrated to the desired tem-
perature for 2 min prior to the addition of ["H]AdoMet and
incubation in a temperature-regulated water bath. Post incu-
bation, the reaction mixtures were terminated with 0.5 pl of
100% trifluoracetic acid and spun down for 10 s at 10,600g in
an Eppendorf microcentrifuge (Model 5415C). All reaction
mixtures contained 1 mM DTT and unless otherwise
described a final concentration of 50 mM K-HEPES at a final
pH of 8.5. To determine the final pH of reaction mixtures,
mock mixtures were created containing the appropriate vol-
umes of the enzyme buffer (50 mM K-Hepes, 1 mM DTT, pH
8.0), the [*H]AdoMet solvent (18 mM HC), and the reaction
buffer containing 1 mM DTT and 50 mM K-Hepes, 50 mM
glycine, or 50 mM Tris-HCL.

The extent of methylation was determined by a P81 phos-
phocellulose assay. Twenty-five microliters of reaction mixture
was spotted on to a 1 x 1-cm® of phosphocellulose P81 paper
(Catalog No. 05-717-2A, Lab Alley). Papers were dried for
90 min at room temperature and were then washed 3 times
with 300 ml of 50 mM sodium bicarbonate, pH = 9.0. The
papers were dried again for 90 min in 20-ml scintillation vials
(Catalog No. 66021-704, VWR), and 5 ml of scintillation fluid
(111177-CS, RPI) was added. Vials were counted in a Beckman
LS 6500 Liquid Scintillation Counter for four cycles at 5 min
per cycle. The sum of enzyme-only and substrate-only controls
was subtracted from individual replicates.

In vitro methylation gel assay

Recombinant GST-HsPRMT7 was incubated with either
GST-GAR as described earlier in the study or recombinant
human HsH2B expressed in E. coli (Catalog No. M2505S, New
England BioLabs) in a total volume of 30 pl. Post incubation,
the reaction mixtures were spun down for 10 s at 10,600g. The
reactions were then terminated with 5 pl of 5% sample buffer:
250 mM Tris-HC, 10% SDS, 30% glycerol, 500 mM DTT, and
0.05% bromophenol blue and heated for 1 min in a 95 °C sand
bath. The reaction mixtures were allowed to cool to room
temperature before loading either onto a 4 to 12% 15-well
ExpressPlus PAGE gel (Catalog No. NC1486979, Fisher Sci-
entific Co) or 4 to 20% 10-well Express PAGE gel (Catalog No.
NC0613877, Fisher Scientific Co). The gel was allowed to run
for 1 h at 140 V, 400 mA using a BioRad PowerPac 300
electrophoresis Power supply. The gels were stained for 1 h in
Coomassie stain: 50% methanol and 10% acetic acid, followed
by an overnight destain consisting of 15% methanol and 10%
acetic acid. The gels were then soaked in water for minimum
3 h prior to enhancing with En*Hance (Catalog No. 6NE9701,
PerkinFlmer) for 30 min. The gels were then put into water for
1 h post enhancement, wrapped in gel-drying film (Catalog
No. PR-V713, Promega), and dried in a Model 583 Gel Dryer,
Biorad for 2 h at 80 °C. The dried gel was placed in an auto-
radiography cassette, and an HyBlot CL autoradiography film
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(Catalog No. NC9556985, Thermo Scientific) was placed on
top of the gel. The film was exposed for 3 to 30 days at -80 °C
before development
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Human Protein Arginine Methyltransferases (PRMTs) Can Be Optimally Active Under
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Figure 1S: pH Does not affect the P81 methylation assay efficiency.
Figure 2S: pH dependence of human PRMT7 with a protein substrate.
Figure 3S: Salts do not affect the P81 methylation assay efficiency.

Figure 4S: Human PRMTY7 activity decreases with ionic strength with a GST-GAR substrate.
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Figure 1S: pH does not affect the P81 methylation assay efficiency. Replica reaction mixtures
in a final volume of 30 pL were prepared containing 5 pg GST-HsPRMT7, 10 uM HsH2B (23-37),
50 mM K-HEPES, 1 mM DTT, and 0.7 uM [*H]AdoMet at a final pH of 8.48, or a final pH of 6.72.
These reaction mixtures were incubated for 1 hr at 20 °C and were then terminated by the addition
of 0.5 pL of 100% TFA. At this point, either 3 uL of water or 3 puL of 500 mM K-HEPES, pH 8.48
or 6.72 were added and the assay performed as described in the “Experimental Procedures”
section. ANOVA analysis showed no significant difference between the activity with the addition

of water or buffer with a pH of 8.48 or 6.72.
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Figure 2S: pH dependence of human PRMT7 with a protein substrate. GST-HSPRMT7 5 pg
was incubated with 6.2 pg GST-GAR, 1 mM DTT, 50 mM of the indicated buffer, and 0.14 uM
[*H]AdoMet in a final volume of 30 pL. The reaction was performed for 1 h at 20 °C. The reaction
was than quenched by the addition of SDS sample buffer and the mixtures were fractionated by
SDS-PAGE as described in “Experimental Procedures.” Films were analyzed by densitometry
using ImageJ software after scanning. Blue open circles represent samples incubated in K-
HEPES at the indicated final pH values, while red open triangles represent samples incubated in

Tris-HCI, and green open squares represents samples incubated in a glycine buffer.
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Figure 3S: Salts do not affect the P81 methylation assay efficiency. Replica reaction mixtures
in a final volume of 30 pL were prepared containing 5 pg GST-HsPRMT7, 10 uM HsH2B (23-37),
50 mM K-HEPES, 1 mM DTT, and 0.7 uM [®*H]AdoMet at a final pH of 8.5. These reaction mixtures
were incubated for 1 hr at 25 °C and were then terminated by the addition of 0.5 pL of 100% TFA.
At this point, either no addition was made or 3 L of water, 3 uL of 300 mM MgCl,, Na;SOa, or
CacCly, or 3 pL of 900 mM NacCl, or 3 pL of 225 mM MgSO, were added and the assay performed
as described in the “Experimental Procedures” section. ANOVA analysis showed no significant

difference between the activity with no addition or with the water or salt additions.
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Figure 4S: Human PRMTY7 activity decreases with ionic strength with a GST-GAR substrate.
5 pg GST-HsPRMT7 was incubated with 6.2 ug GST-GAR, 1 mM DTT, 50 mM K-HEPES, and
0.14 uM [*H]AdoMet in a final volume of 30 pL and a final pH of 8.5. The ionic strength was
adjusted with sodium sulfate to the indicated level. The reaction was performed for 1 h at 20 °C.
The reaction was quenched by the addition of SDS sample buffer and the mixtures were
fractionated by SDS-PAGE as described in “Experimental Procedures.” Films were analyzed by

densitometry of the GST-GAR using ImageJ software after scanning.
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Chapter 4

The exquisite specificity of human protein arginine methyltransferase 7 (PRMT7) toward

Arg-X-Arg sites

The work described in this chapter has been reproduced from:

Bondoc, T. J., Lowe, T. L., and Clarke, S. G. (2023) “The exquisite specificity of human

protein arginine methyltransferase 7 (PRMT7) toward Arg-X-Arg sites” Plos one. 18, article

0285812, pp. 1-17. (http://doi.org/10.1371/journal.pone.0285812). PMCID: PMC10202292.

PMID: 37216364.

Copyright 2024

Timothy J. Bondoc, Troy L. Lowe, and Steven. G. Clarke

Significance Statement

PRMT?7 is the only enzyme in the family of nine that solely catalyzes monomethylarginine.
While all other PRMTs are able to catalyze monomethylarginine, the specificity of a
monomethylated substrate seems to remain exclusive to this particular enzyme. PRMT7
catalyzes monomethylation of RXR specific substrates, while PRMT1 and PRMT5 are known to
catalyze monomethylation of RGG specific substrates.

Histone H2B arginine residues 29, 31, and 33 were identified to be methylated by PRMT?7.
The N-terminal region of histone H2B is highly conserved across higher order species from
humans to mice. However, the sequence from 29-33 alters to some degree in lower order species
like frogs and fruit flies. In particular the histone H2B (29-33) sequence of X. laevis contains a

29
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switch of the arginine and lysine residues at positions 30 and 31, resulting in an RRKSR instead
of an RKRSR. Ideally in theory, this switch in amino acids should completely abolish PRMT7
activity since no RXR motif is present.

Findings demonstrate that the histone H2B of X. laevis is in fact not a substrate for PRMT?7,
however additional data suggests that the residues surrounding the arginines that can be
methylated by PRMT7 play a large role in substrate specificity. In particular if a lysine is present,
we observe an increase in affinity of the substrate binding to enzyme. However, this can be
reversed with increasing ionic strength.

This work provides evidence that PRMT7 can in fact methylate substrates containing a
single arginine as long as a positively charged residue is in close proximity. Additionally, these
results confirm those of the previous chapter, demonstrating how increased ionic strength alters

PRMT7 activity.
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Abstract

Mammalian protein arginine methyltransferase 7 (PRMT7) has been shown to target sub-
strates with motifs containing two arginine residues separated by one other residue {(RXR
motifs). In particular, the repression domain of human histone H2B (29-RKRSR-33) has
been a key substrate in determining PRMT7 activity. We show that incubating human
PRMT7 and [®H]-AdoMet with full-length Xenopus faevis histone H2B, containing the substi-
tutions K30R and R31K (RKRSR to RRKSR), results in greatly reduced methylation activity.
Using synthetic peptides, we have now focused on the enzymology behind this specificity.
We show for the human and Xenopus peptide sequences 23-37 the difference in activity
results from changes in the Vi x rather than the apparent binding affinity of the enzyme for
the substrates. We then characterized six additional peptides containing a single arginine or
a pair of arginine residues flanked by glycine and lysine residues. We have corroborated
previous findings that peptides with an RXR motif have much higher activity than peptides
that contain only one Arg residue. We show that these peptides have similar apparent ki,
values but significant differences in their Vinax values. Finally, we have examined the effect
of ionic strength on these peptides. We found the inclusion of salt had little effect on the
Vmax value but a considerable increase in the apparent k, value, suggesting that the inhibi-
tory effect of ionic strength on PRMT7 activity occurs largely by decreasing apparent sub-
strate-enzyme binding affinity. In summary, we find that even subtle substitutions in the
RXR recognition motif can dramatically affect PRMT7 catalysis.

Introduction

Post-translational modifications (PTMs) of proteins are chemical modifications ranging from
single methyl groups to entire proteins (i.e., ubiquitin} that occur after a protein is translated
from messenger RNA [1]. These modifications expand the chemical properties of the twenty
canonical amino acids encoded by the DNA, further diversifying the structure and function of
the proteome [1]. Protein arginine methylation, for example, is a widespread post-translational

PLOS ONE | hitps:/doi.org/10.1371/journal.pone.0285812  May 22, 2023
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medification in mammalian cells with suggested regulatory roles in cellular functions such as
transcription, translation, cell signaling, DNA repair and protein stability [2].

Protein arginine methyltransferases (PRMTs) modify peptidyl arginine residues by trans-
ferring methyl groups from S-adenosyl-L-methionine onto the w-nitrogen atoms of the guani-
dino group of the arginine side chain [3, 4]. To date, nine PRMTs have been identified in
mammals [5]. The PRMTs are classified as type I (PRMTSs 1-4, 6, 8), type I (PRMTs 5 and 9),
or type 111 (PRMT7) based on whether they form asymmetric dimethylarginine (ADMA),
symmetric dimethylarginine (SDMA), or w-monomethylarginine (MMA}, respectively [6].
Protein arginine methylation proceeds through MMA as an intermediate, after which a second
methylation reaction occurs to form either ADMA or SDMA [7]. As a unique member of the
PRMT family, PRMT?7 is the only known type III PRMT and forms only MMA as product [8].

Recent work has demonstrated that PRMT7 is optimally active under non-physiological tem-
perature, pH, and ionic strength conditions [9-11]. However, more insight is needed tc under-
stand PRMT7’s broader biological role. PRMT7 has been implicated in cancer metastasis and in
particular with certain forms of breast cancer [12-15]. More recently, one group reported that
PRMT?7 islikely involved in maintaining leukemia stem cells in chronic myeloid leukemia [16].
Finally, evidence has been presented that PRMT7 activity can prime the activity of PRMT5 [17].

Recently, there has been much interest in identifying the physiological substrates of
PRMT7. For instance, studies of PRMT7 activity in human cell lines including MCF7,
HEK293T, and HeLa proposed that the cytosolic proteins eIF2c. and HSP70 are probable in
vivo substrates, suggesting that PRM'T7 occupies some regulatory role in cellular stress
response [18, 19]. However, multiple in vitro studies also suggest that core histones are good
substrates of PRMT7, of which histones H2B and H4 are particularly good methyl acceptors
[8, 10, 20]. Feng and coworkers further identified the sites in histone H2B that PRMT7 recog-
nizes as the lysine- and arginine-rich regions containing an Arg-X-Arg motif (RXR}, consist-
ing of two Arg residues separated by any other amino acid, which exists near the N-terminal
tail of histone H2B with the sequence 29-RKRSR-33 [8, 11]. Thus, understanding the specific-
ity of PRMT?7 toward basic RXR-containing regions could be helpful in identifying additional
in vivo substrates.

This report has four aims: first, we explore how minor sequence substitutions in the
29-RKRSR-33 target sequence in human H2B affect PRMT7 methylation activity. Second, we
aim to identify key residues and motifs that promote methylation of histone H2B (23-37) by
GST-HsPRMTY7. Third, we measure the contributions of specific residues and motifs in the
29-RKRSR-33 target sequence with Michaelis-Menten kinetic experiments. Fourth, we use the
Michaelis-Menten kinetic model to explore the inhibitory effect of ionic strength on PRMT7
methylation activity. We confirm that even subtle substitutions in the RXR recognition motif
in substrate peptides dramatically affect PRMT7 methylation activity. Additionally, we show
that the presence of an Arg-X-Arg (RXR) motif is a key substrate feature promoting methyla-
ticn by PRMT?7. Further, we suggest that changes to the 29-RKRSR-33 target sequence lead to
lower PRMT7 methylation activity via decreased catalytic turnover. Lastly, we show that
increased ionic strength can inhibit PRMT7 methylation activity primarily by decreasing
apparent enzyme-substrate binding affinity.

Materials and methods

Preparation of proteins, peptide substrates, and full-length histone
substrates

Human PRMT?7 used in this study was expressed in BL21 DE3 E. coli as a fusion protein of
full-length (residues 1-218) glutathione S-transferase from Schistosoma japonicum (GST) and
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Table 1. Summary of protein and peptide substrates.

Protein or Peptide Name Sequence Theoretical™ m.w. (Da) Experimental® m.w. (Da) HPLC Purity®

H. sapiens H2B -2 13,906 *° — —

X. laevis H2B b 13,934 >° — —

H. sapiens H2B (23-37) Ac-KKDGKKRKRSRKESY-amide 1935.25 1935.6 87.8%
X laevis H2B (23-37) KEDGKKRRKSRKESY 1894.20 1894.0 88.8%
Mono R Ac-KKGGRGGGGKEY-amide 1234.39 1233.0 95.5%
RGR Ac-KEKGGRGRGGKKY - amide 1332.56 1332.3 92.0%
KRGR Ac-KEKGKRGRGGEKY - amide 1403.69 1403.2 96.0%
RKR Ac-KKGGRERGGEEY-amide 1403.69 1403.2 97.9%
RGRK Ac-KKGGRGREGKKY-amide 1403.69 1403.2 98.1%
RER Ac-KEKGGRERGGKKY - amide 1404.63 1404.4 97.0%

* Obtained from UNIPROT accession number P62807.
 Obtained from UNIPROT accession number P02281.
€ Theoretical molecular weight using Expasy Compute pI/Mw tool.

d Theoretical/experimental molecular weight determined by GenScript.

€ Experimentally determined HPLC purity reported on GenScript peptide analysis certificate.

hitps://doi.org/10.1371/journal.pone.0285812.1001

full-length human PRMT7 (residues 1-692) linked by the sequence SDLVPRGSST (Addgene.
org plasmid no. 34693) [21]. We designated this GST-human PRMT7 fusion protein as GST-
HsPRMT?7. Transformed cells were lysed, followed by purification of GST-HsPRMT7 via col-
umn chromatography with glutathione-Sepharose beads as described previously [9]. Recombi-
nant full-length human histone H2B was purchased from New England Biolabs (NEB catalog
no. M25058). Full-length Xenopus iaevis histone H2B was received as a generous gift from
Maria Vogelauer and Siavash Kurdistani at the Department of Biological Chemistry at UCLA
[22]. Synthetic peptides used in this study included human histone H2B (23-37), X. laevis H2B
(23-37), “Mono R,” “RGR,” “KRGR,” “RKR,” “RGRK,” and “RER” which were purchased
from GenScript. At least 85% HPLC purity and TFA salt removal was guaranteed by Gen-
Script. All peptides arrived in lyophilized form and were dissolved in distilled water to form 10
mM stock solutions and were further diluted in water to form 100 uM and 500 UM stock solu-
tions to be used in methylation assays described in this study. A summary table of all protein
and peptide sequences is included in Table 1.

In vitro methylation assay of GST-HsPRMT7 with protein and peptide
substrates

In vitro methylation assays were performed with GST-HsPRMT?7, the indicated substrate pro-
tein or peptide, and 1.4 uM S-adenosyl-L-[methyl-’H]methionine ([*H]-AdoMet; PerkinElmer
cat no. NET155V), prepared from diluting a stock of 7.0 uM [*H]-AdoMet (81.9 Ci/mmol, 1
mCi/mL in 9:1 10 mM H,SO4EtOH, v/v) in 10 mM HCL All reactions were performed using
distilled water buffered with 50 mM petassium HEPES, pH 9.5 and 1 mM DTT, reaching a
final reaction volume of 30 pL. The reactions were initiated by adding [*H]-AdoMet to a final
concentration of 0.14 UM. Control reactions (enzyme-only, substrate-only) contained distilled
water instead of substrate or GST-HsPRMT?7, respectively. After initiation with [*H]-AdoMet,
all reactions analyzed via P81 phosphocellulose filter paper assay were incubated in a water
bath at 25°C unless otherwise indicated for the specified time periods and were terminated
with 0.5 uL 100% (w/v) trifluorcacetic acid (TFA). P81 assays performed at t = O were
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individually terminated immediately following initiation. Samples analyzed via SDS-PAGE
were incubated at 4°C for 24 hours and were quenched by adding 5x SDS sample loading
buffer (250 mM Tris-HCl, pH 6.8; 10% SDS, 30% glycerol, 10% [-mercaptoethanol, 0.2% bro-
mophenol blue}), followed by heating at 97°C for 3 min.

SDS-PAGE and fluorography of methylated full-length histones

In vitro methylation assays with GST-HsPRMT?7, full-length histone H2B substrates, and [*H]-
AdoMet were set up as described previously [9]. Reaction samples with human and X. lzevis
histone H2B contained 1 ug and 3 ug, respectively. After quenching, samples were immediately
loaded onto a 4-20% Bis-tris 10-well ExpressPlus PAGE gel (GenScript catalog no. M42010).
Gel electrophoresis was performed for approximately 60 min at 140 V and 400 mA (BioRad
PowerPac 300). The gel was stained with Coomassie Blue for one hour followed by overnight
destain in 15% methanol and 10% acetic acid. After soaking the destained gel overnight in
water, the gel was treated with EN3HANCE autoradiography fluid as per the manufacturer’s
recommendations (PerkinElmer catalog no. 6NE9701) and dried under vacuum. To visualize
species methylated with [*H]-methyl groups, the gel was exposed to autoradiography film at
-80°C for 1 and 74 days, and then [*H] fluorographs were developed and digitally scanned.

P81 phosphocellulose filter paper methylation assay

In vitro methylation assays with GST-HsPRMT7, selected methyl-accepting substrates, and
[’H]-AdoMet were set up as described previously [9] and performed in triplicate. Following
incubaticn at 25°C unless otherwise indicated for the time periods specified, all samples were
quenched with 0.5 uL 100% TFA and centrifuged at 9,300 g for 10 seconds in an Eppendorf
centrifuge (Model 5417C). 1 cm? pieces of P81 phosphocellulose filter paper (LabAlley catalog
no. 05-717-2A) were spotted with 25 uL from each reaction mixture and set to dry overnight.
The following day, all filter paper pieces were washed three times with 50 mM sedium bicar-
bonate solution, pH 9.0, and dried again in liquid scintillation vials. After 5 mL of Safety Solve
fluor (RPT industries) was added to each vial, [*H] radicactivity in each sample was quantified
via liquid scintillation counter (Beckman LS6500) for four total cycles at 5 minutes per sample.
All data presented are expressed as averages of the cpm from cycles 2-4.

Statistical methods

Statistical analyses were performed using the “Analyze Data” function on GraphPad Prism
v.8.0.1. To determine statistical significance, unpaired homoscedastic two-tailed Student’s
tests were performed with significance level ¢ = 0.05 with the relevant data. To obtain apparent
ky, and V., values, kinetic data were analyzed by non-linear regression using the Michaelis-
Menten equation.

Results

GST-HsPRMT?7 methylates full-length Homo sapiens histone H2B but not
full-length Xenopus laevis histone H2B

Previous studies have showed that human histone H2B is specifically methylated by PRMT?7 at
arginine residues 29, 31, and 33 [8]. This region includes Arg-X-Arg (RXR) sequences shown
to be specific for PRMT7 methylation [8, 9, 11]. To study the importance of the RXR target
sequence for PRMT7 catalysis, we first compared PRMT7 in vitro methylation activity with
human histone H2B, containing the sequence 29-RKRSR-33, to that with histone H2B from X.
inevis, which contains instead the sequence 29-RRKSR-33. The sequences adjacent to this
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H.sapiens MPDPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRKESY|SVYVYKVLKQVHPDTGISSKAM 60

X.laevis MPEPAKSAPAPKKGSKKAVTKTQKKDGKKRRKSRKESYATYVYKVLKQVHPDTGISSKAM 60
H 3k o Aok kol ok akodok ko dok « fdokdkokokokok s e kol s o koo dokkok ok kb kdok ok ok

H.sapiens GIMNSFVNDIFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVT 120

X.laevis SIMNSFVNDVFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAVT 120
.k*******:*1*#*****{!**1}**#****k*****#*****t**#**#**i******#*

H.sapiens KYTSSK 126

X.laevis KYTSAK 126

Aok ok

Fig 1. L. sapiens histone I12B and X, lzevis histone I12B are highly similar. The amino acid sequences of IT. sapiens
histone H2B (UniProt accession Q93079) and X. Juevis histone H2B (UniProt accession P02281) were aligned using
Clustal Omega. ITighlighted is the region spanning amino acids 23-37 which contains the target sequence 29-RKRSR-
33 present in human histone T12B that is methylated by PRMT7. Other than the substitutions at Lys 30 and Arg-31, the
sequences of H. sapiens and X. laevis histone H2B differ at only seven locations.

hitps://doi.org/10.1371/ournal pone.0285812.g001

region are nearly identical in the human and Xenopus proteins (Fig 1). Methylation assays
were conducted by incubating bacterially expressed human GST-PRMT? fusion protein, [*H]-
AdoMet, and purified recombinant histone H2B from human and X. laevis, respectively, for
24 h as described in Materials and Methods. Reaclion samples were analyzed by SDS-PAGE.
After Coomassie Blue staining, we observed major bands at ~15, 26, and 100 kDa, which corre-
sponded to the expected sizes for human and X. faevis H2B, GST, and GST-HsPRMT?7, respec-
tively (Fig 2). As controls, we analyzed reaction mixtures containing only PRMT?7, human
H2B, or X. laevis H2B in parallel.

To visualize methylalion of H2B subslrales by PRMT7, we oblained 1-day and 74-day [*H]-
fluorograph exposures of all samples (Fig 2). Only human histone H2B appeared to be methyl-
ated after a 1-day exposure. In either the 1-day or the 74-day exposure, no methylation of X.
laevis H2B was deleclable, suggesting thal even Lhe minor subslilulion of Arg-31 and Lys-30 in
the 29-RKRSR-33 human H2B sequence leads to loss of RXR sites and elimination of methyl
accepling activity for PRM17.

The 29-RKRSR-33 sequence in human H2B is critical for GST-Hs PRMT7
methylation activity

As a next step, we wanted to investigate whether changes to the 29-RKRSR-33 sequence could
explain the loss of human PRMT7 methylation activity with Xenopus H2B. To isolate any pos-
sible effecl from this largel sequence, we designed two synthelic peplides consisting of amino
acids 23-37 of histone H2B from human and Xenopus whose sequences are identical except at
amino acids positions 30 and 31. Whereas 29-RKRSR-33 is present in human H2B (23-37),
Xenopus H2B (23-37) instead contains 29-RRKSR-33, with all other residues being identical.
In Tig 3, we assayed Xenopus histone H2B (23-37) peptide with GST-HsPRMT?7 for 40 min at
25°C alongside the human histone H2B (23-37) peplide. We show thal G8T-HsPRM17 acliv-
ity is highest with human histone H2B (23-37), whereas no significant methylation activity
over background was detected for Xenopus histone H2B (23-37). These results clearly show
that even minor subslilulions Lo the 29-RKRSR-33 human H2B sequence can lead Lo a near
total reduction in GST-HsPRM'T7 activity, supporting previous findings that this region is a
crilical target sequence for human PRMT7 [8]. This result confirms that the amino acid
changes in this region and not elsewhere is responsible for the loss of PRMT?7 activity.

To explore whether reduced human PRMT7 methylation activity with Xenopus histone
H2B (23-37) can be explained by decreased enzyme-subslrale binding affinily, we raised Lhe
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Fig 2. Xenopus histone IT2B is not methylated by human PRMT7. After incubation for 24 h at 4°C, reaction samples were terminated and then
separated by SDS-PAGE and visualized by Coomassie blue staining (top) and [*H]-fluorography (bottom) as described in Materials and Methods.
Samples were exposed for 1 and 74 days. Lane 1 contains protein MW standards. Lanes 2, 3, and 5 are used as negative control and contain GST-
HsPRMT?7 only, human histone H2B only, and X. lzevis H2B only, respectively. Lane 4 contains GST HsPRMT?7 and human histone H2B and is used as
positive control. Lane 6 contains GST-HsPRMT7 and X. laevis histone H2B. Key species present are annotated at their expected MW.

hitps://doi.org/10.1371/journal.pone.0285812.g002

peptide concentration from 10 uM to 50 uM in the experiment performed in Fig 4. Over a
lime course spanning 0, 1, 2, and 3 hours, we now detected significant PRMT7 methylation
activity over background for all peptide substrates that increased linearly over 0-1 hour.
Unlike the results shown in Fig 3, these data suggest that Xenopus histone H2B (23-37) is
indeed methylated by human PRMT7, albeit at low levels. We also observed that increasing
the concentration of X. laevis histone H2B (23-37) did not lead to a significant increase in
methylalion aclivily under the same condilions, suggesling that PRM'I'7 was already saturated
at the 10 uM peptide concentration. We observed that the measured methylation activity
within reaction assays containing 50 uM X. laevis histone H2B (23-37) was consistently less

PLOS ONE | https://doi.org/10.1371/journal.pone.0285812 May 22, 2023 6/17

36



PLOS ONE

The exquisite specificity of human pretein arginine methyltransferase 7 (PRMT7) toward Arg-X-Arg sites

than those containing 10 uM X. laevis histone H2B (23-37) at each of the 1, 2, and 3-hour time
points (Fig 4), suggesting some substrate inhibition. Conversely, the positive control assays
containing enzyme and human histone H2B (23-37) reached approximately 6,000 cpm after
just 1 hour, with maximum activity occurring at t = 3 hours at approximately 8,000 cpm (Fig
4). Taken together, the data suggest that the K30R/R31K substitutions in the 29-RKRSR-33 tar-
get sequence affects PRMT7 methylation activity by affecting the turnover rate more so than
the apparent substrate binding affinity.

The RXR motif is necessary for PRMT7 methylation activity

After observing the significant change in PRMT7 activity with just a minor sequence substitu-
tion in the methyl-accepting substrate from 29-RKRSR-33 to 29-RRKSR-33, we aimed to iden-
tify the residues and sequence motifs that were necessary for PRMT?7 catalysis. Previous
studies indicated that one crucial motif for PRMT?7 catalysis is Arg-X-Arg (RXR), consisting of
two arginine residues separated by any other amino acid [8, 11]. Thus, we designed two simple
peptides that contain only Arg and Gly in the target sequence and Lys and Gly in the sur-
rounding contextual region: Ac-KKGGRGGGGKKY -amide (“mono R”) and Ac-
KKGGRGRGGKKY-amide (“RGR”). A single tyrosine residue was added to the C-terminus to
quantify peptide concentration by A,g, absorption. Since Tyr also exists on the C-terminus of
human H2B (23-37), we did not expect any major effects from this inclusion. The sequence,
predicted molecular weight, and experimentally determined molecular weight of these pep-
tides are summarized in Table 1.

Initially, we compared the PRMT7 methylation activity with human H2B (23-37), mono R,
and RGR peptide substrates at t = 20 hours in Fig 5, similar to the experiments performed in
Fig 3. As expected, we observed the highest PRMT7 methylation activity with the human H2B
(23-37) peptide substrate (Fig 5). Comparatively, PRMT7 activity with the RGR peptide
decreased about 4 to 5-fold, whereas methylation of the mono R peptide was barely detectable
over the PRMT7-only control.

As a next step, we sought to model the GST-HsPRMT7 methylation with Michaelis-Menten
kinetics in order to determine whether the activity differences with each peptide substrate can
be explained by changes in apparent binding affinity (k,,) or catalytic turnover (V,,,,). We
designed a time-course methylation experiment similar to Fig 4 to identify the linear initial
rate region and investigate the contribution of the arginine residue(s) within the mone R and
RGR peptides toward PRMT7 methylation activity. Fig 6 illustrates the change in methylation
activity over time from 0, 15, 30, 60, and 120 minutes for reaction mixtures containing GST-
HsPRMT7 and either 10 uM mono R peptide or 10 uM RGR peptide. For comparison, we also
included reaction assays containing enzyme and 10 M Xenopus histone H2B (23-37) (Fig 6).
As positive control, we compared all assays to reactions containing enzyme and 10 uM human
histone H2B (23-37). As negative control, we included reaction assays containing enzyme
only. As expected, reactions containing enzyme and human histone H2B (23-37) peptide
showed high methylation activity as early as t = 15 min, reaching a maximum value of about
4,000 cpm at t = 120 min. By comparison, the RGR peptide showed a roughly linear increase
in cpm from t = 0 to t = 120 min, reaching a maximum value of about 800 cpm at t = 120 min.
X. laevis histone H2B (23-37) showed low methylation activity but was sighificantly above
control. Methylation activity with samples containing mono R peptide was not significantly
greater than control. These data demonstrate that the presence of the RXR motif in the sub-
strate sequence is important for methylation by human PRMT7. However, the substantial dif-
ference in activity between the RGR and human H2B (23-37) peptides suggest that other
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Fig 3. Methylation of Xenopus histone H2B (23-37) peptide by human PRMT?7 is undetectable. The methvlation
activity of GST HsPRMT7 with H. sapiens histone H2B (23 37) and X. luevis histone H2B (23 37) substrates was
assessed using the P81 phosphecellulose paper assay as described in Materials and Methods. 5 pug of GST-HsPRMT7
was incubated with 10 uM of the indicated substrate and 0.14 uM [*T1]-AdoMet for 40 min at 25°C. Statistical
significance was determined via Student’s t-test. All reactions indicated were run in triplicate. Hs H2B (23-37), A.
sapiens histone H2B (23-37) peptide; X! H2B (23-37), X. laevis histone H2B (23-37) peptide.

https://doi.org/10.1371/journal pone.0285812.g003

residues within the 29-RKRSR-33 sequence also have a role in optimizing enzyme-substrate
binding or catalysis.

Differences in methylation of substrates appears to result from changes in
the rate of catalysis and not in the binding affinity

The results in Fig 6 demonstrated a large difference in GST-IIsSPRMT7 methylation activity
between the RGR peptide and the human H2B (23-37) peptide used as positive control despite
the presence of the RXR motif in both peptides. As such, we sought to explore whether the
presence of charged residues in the target sequence in conjunction with the RXR motif could
lead (o higher methylalion aclivily. T'o do his, we firsl designed four addilional synthelic pep-
tides (KRGR, RKR, RGRK, and RER) with nearly identical sequences to the mono R and RGR
peptides shown previously, save for an additional lysine or glutamate residue within the target
sequence {LTable 1). To determine the effect of the RXR molif and charged residues on GST-
HsPRMT7 binding and catalysis, we modeled the methylation activity with each peptide sub-
strate with Michaelis-Menlen kinelic experiments and compared each peptide’s calculated
apparent k,, and V,,,, values (Fig 7).

From the experiments shown in Fig 7, we show that the RGR, KRGR, RKR, and RGRK pep-
lides have very similar binding affinilies ranging from 0.57 Lo 0.85 pM whereas the
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Fig 4. Comparison of human PRMT7-mediated methylation of human and Xenopus 112B (23-37) peptide substrates over time. The methylation
activity of GST-HsPRMT7 with human histene H2B (23-37) and Xenopus histone H2B (23-37) substrates was assessed using the P81 phosphocellulose
paper assay as described in Materials and Methods. f.¢fi-hand side: radioactive counts- per minute of reactions containing 5 pg of GST-HsPRMT7
incubated with 10 pM Hs H2B (23-37), 10 uM X1 H2B (23-37), 50 uM XI H2B (23-37), and 0.14 pM *H]-AdoMet for 0, 1,2, and 3hat 25°C. Right-
hand side: statistical significance was determined for GST-JISPRMT7 only, 10 uM XITI2B (23-37), and 50 uM X! TI2B (23-37) at each time point via
Student’s t-test. All reactions indicated were run in triplicate. /1s H2B (23-37), F1. sapiens histone [12B (23-37) peptide; XI H2B (23-37), X. laevis
histone H2B (23-37) peptide.

hitps:/idoi.org/10.1371/journal.pone.0285812.¢004

corresponding V., values varied significanlly from 200 lo 1400 pM 5. Comparalively, the
mono R and RER peptides showed slightly increased apparent k,,, values of 1.4 pM and

2.8 uM, respectively, as well as strongly decreased V,,, values. Conversely, the calculated Vo
values varied substantially depending on the presence of the RXR motif and charged residues
within the peptide target sequence (T'ig 7). We observed the highest V., values with RKR, fol-
lowed by KRGR, RGR and RGRK. In conlrasl, the V,,,, values calculaled for Mono R and
RER were 5-6 times lower than RKR. Taken together, these data suggest that PRMT?7 aclivity
could be enhanced by the presence of a positively charged Lys residue within the targeted RXR
motif.

Increases in salt concentration inhibits PRMT7 by decreasing enzyme-
substrate binding affinity
Previous studies indicale thal GST-HsPRM'1'7 aclivily with human H2B (23-37) peplide sub-
strate decreases by half with the addition of 50 mM NaCl or KCl [9]. Comparatively, a previous
study of ionic strength in human HEK293 cells estimates the intracellular concentration of
polassium ions Lo be aboul 120-140 mM in human cells [23, 24]. As such, our results in Fig 7
led us to question whether this dramatic decrease in activity may be associated with a loss of
either substrate-enzyme binding affinity or calalytic activily.

To explore this question, we compared the PRMT7 methylation activity of the human his-
tone H2B (23-37), mono R, RGR, KRGR, RKR, RGRK, and RER peptides via P81 methylation
assay wilh and withoul addition of 130 mM KCI (Fig 8). Apparenl ky, and V., values
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Fig 5. The effect of the RXR motif on substrate methylation by human PRMT?. The methylation activity of GST-
HsPRMT7 with Fs 2B (23-37), mono R, and RGR peptide substrates was assessed using the P81 phosphacellulose
paper assay as described in Materials and Methods. 5 pg of GST HsPRMT7 was incubated with 10 uM of the
indicated substrate and 0.14 yM | 'H]-AdoMet for 20 h at 4°C. Statistical significance was determined via Student’s t-
test. All reactions indicated were run in triplicate. Hs H2B (23-37), H. sapiens histone H2B (23-37) peptide; mono R,
Ac-KKGGRGGGGKKY -amide; RGR, Ac-KKGGRGRGGKK Y -amide.

htps:/fdoi.org/10.1371/journal pone.0285812.g005

calculated for each peptide under these conditions are summarized in Table 2. As shown in
Fig 8, adding 130 mM KCl to reaction assays showed significantly increased apparent k;,, val-
ues for all indicated peptide substrates. This apparent k,,, increase was up to 30-fold, in the case
of the human histone H2B (23-37) control peptide. Moreover, the mono R, KRGR, RKR,
RGRK, and RER peptides showed roughly linear initial PRMT7 methylation activity in the
chosen concentration range with 130 mM KCl present, further suggesting that the decrease in
melhylalion aclivily occurs vig decreases in enzyme-subslrale binding affinily. However, il is
unclear whether the inhibitory effect of ionic strength in these experiments is purely competi-
tive. For instance, whereas the V., values with and without added salt remained relatively
unchanged for human histone H2B (23-37), this was not the case with the RGR, KRGR, RKR,
and RGRK peptides, which showed up to an approximately three-fold decrease in V.., after
adding 130 mM KCI. Taken together, these data suggest that ionic strength primarily affects
human PRMT?7 substrate binding.

Discussion

We confirm that human PRMT?7 activity is quite sensitive to changes in the RXR target
sequence in the substrate protein. The observed loss of PRMT7 methylation activity with the
K30R/R31K substitutions in the human histone H2B sequence complements previous find-
ings, where either R29K or R33K substitutions in human histone H2B (23-37) peptides led to
al leasl a lwo-thirds reduclion of PRM17 aclivily and an R31K-subslituled human H2B (23—
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Fig 6. Comparison of human PRMT7-mediated methylation of human H2B (23-37), Xenopus H2B (23-37), and synthetic peptide substrates
over time. The methylation activity over time of GST-TIsPRMT7 with human histone 112B (23-37), Xenopus histone [12B (23-37), mono R and RGR
peptide substrates was compared using the P81 phasphocellulose paper assay as described in Materials and Methods. Left-hand side: radioactive
counts-per-minute of reactions containing 5 pg of GST-HsPRMT? incubated with 10 pM Hs H2B, Xf H2B (23-37), mono R, or RGR peptide and

0.14 uM [*H]-AdoMet for 0, 15, 30, 60, and 120 min at 25°C. Right-hand side: statistical significance was determined for GST-HsPRMT7 only, X/ H2B
{23-37), mono R, and RGR at each time point via Student’s t-test. All reactions indicated were run in triplicate. Hs H2B (23-37), H. supiens histone
H2B (23-37) peptide; X! H2B (23-37), X. laevis histone H2B (23-37) peptide; mone R, Ac KKGGRGGGGKKY-amide; RGR, Ac-KKGGRGRGGKKY-

amide

https://doi.org/10.1371/journal.pone.0285812.4006

37) peplide showed no methyl-accepling activity [11]. The exquisite specificity of PRMT7
toward the basic RXR molil can be conlrasted Lo the much broader specificily of the major
type I protein arginine methyltransferase (PRMT1) and the major type Il enzyme (PRMT5).
These latter enzymes have been shown to methylate multiple amino acid sequences [11, 25].
PRMT1, the major type I PRMT and the enzyme responsible for ~85% of prolein arginine
methylation, was initially thought to target specific glycine-arginine rich (RGG) motifs such as
GGRGRGG in human fibrillarin and G/ FGGRGGG/F in heterogenous nuclear ribonuclear pro-
teins [26-28]. However, later work showed that PRMT1 can methylate a much wider range of
substrates than that predicted by the RGG consensus sequence, including histone H2AR11 (8-
GKARAK-13) and histone H4R3 (1-SGRGK-5) [29-33]. PRMT5, the major lype Il arginine
methyltransferase, has also been shown to target a wide range of substrates containing an RG/
GRG sequence, although the involvement of substrate-binding adaptor proteins such as
pIC1n, RIOK]1, and COPR5 in PRMT5-mediated methylation is distinct from the other
PRMTs [34]. Methylation studies performed in vitro with Trypanosoma brucei PRMT7
(TbPRM'T7) and peplides based on amino acids 1-21 of histone H4 (1-SGRGK-5) showed that
ThPRMT7 also targeted GRG substrate motifs, in a distinct specificity than the mammalian
isoforms [3, 35, 36]. PRMT9, a minor type II methyltransferase, also appears to be very spe-
cific, as lo dale il has only been shown Lo methylale the splicing faclor SF3B2 al Arg508 (505-
CFKRKYL-511) with reported k;,, value of 0.08 uM [7, 37, 38]. Unlike the other PRMTs,
PRMT9 does not appear to methylate either core histones or RGG-containing sequences [7].
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Fig 7. The effect of the RXR motif and charged residues on PRMT7-substrate enzyme kinetics. The apparent binding affinity k., and maximum
imitial activity V..., of GST HsPRMT7 with synthetic peptide substrates was modeled with Michaelis Menten kinetics using data gathered by P81
phosphocellulose paper assay as described in Materials and Methods. Left, methylation of mono R compared to RGR substrates. Right, comparison of
methylaticn of KRGR, RKR, RGRK, and RER substrates. 5 pg of GST-IHsPRMT7 was incubated with various concentrations of the indicated peptide
and 0.14 uM ["H] AdoMet for 60 min at 25°C. All reactions indicated were run in triplicate. Human histone H2B (23 -37) peptide was used as a positive
control {not shown). Mone R, Ac- KKGGRGGGGKKY -amide; RGR, Ac- KKGGRGRGGKKY -amide; KRGR, AcKKGKRGRGGKKY-amide; RKR, Ac-
KKGGRKRGGKKY-amide; RGRK, Ac-KKGGRGRKGKKY-amide; RER, Ac-KKGGRERGGKKY-amide.

hitps://doi.org/10.1371/journal pone.0285812.g007

Interestingly, a recent study presented in vi{ro and in silico evidence that human PRMT7
methylales R548 (544-SPCRDSV-551) and R753 (750- FCGRKQF-756) on the C-terminus of
proliferator-activated receplor gamma coaclivator-1 alpha [39]. These resulls could impor-
tantly imply the existence of PRM'T7 substrates that do not conform to the RXR consensus
sequence illustrated here. In a recent review Halabelian and Barsyte-Lovejoy summarized in
their Table 1 reports of PRMT7 modification of different proteins [40]. We note that many of
these suggested arginine methylation sites have sequences distinct from the Arg-X-Arg motif
sequences studied here. Further work will be needed to confirm these distinct sites and to eval-
uate whether PRMT7 can target distinct types of methyl-accepting sites. We do note that the
proposed methylation sites of histone H4 at Arg3, determined indirectly, may in fact reflect
methylation by PRMT5 [17]. Additionally, we recognize that there may be significant differ-
ences in the recognition of Arg residues by PRMT7 in structured proteins as opposed to
unstructured peptides.

At present, it is generally understood that PRMT-substrate recognition and methylation
depend on both specific sequence motifs as described above as well as the surrounding pri-
mary amino acid conlext [25]. Previous work suggested thal suitable substrates for PRM'T7
can contain an RXR motif surrounded by basic residues, as in the lysine- and arginine-rich
amino acid 23-37 region of human histone H2B (23-KKDGKKRKRSRKESY-37) [4, 8, 11]. As
such, we were interested in isolating critical residues within the 29-RKRSR-33 sequence in
human H2B while also minimizing the effect of contextual amino acids. To approach this goal,
our synthetic peptide design prioritized the 29-RKRSR-33 targel sequence, including only
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Fig 8. Increases in ionic strength affects PRMT7-substrate binding affinity and maximum initial reaction velocity. The apparent binding affinity
ky, and maximum initial activity V. of GST HsPRMT? with synthetic peptide substrates was modeled with Michaelis Menten kinetics using data
gathered by P81 phosphocellulose paper assay as described in Materials and Methods. For all reactions, 5 pg of GST-HsPRM'T7 was incubated with
various concentrations of the indicated peptide and 0.14 uM [*T1]-AdoMet for 60 min at 25°C. Closed circle, methylation activity of human PRMT7
without added ionic strength. Open circle, methylation activity of human PRMT? in the presence of 130 mM KCL. All reactions indicated were run in
triplicate. Human histone H2B (23-37) peptide was used as a positive control for all experiments. Mono R, Ac-KKGGRGGGGKKY-amide; RGR, Ac-
KKGGRGRGGKKY amide; KRGR, Ac KKCERGRGGKK\’ amide; RKR, Ac KKGG RERGGKKY amide; RGRK, Ac KKCGRGREGKKY amide;
RER, Ac KKGGRERGGKKY amide.

hitps://doi.org/10.1371/journal.pone.0285812.¢008

lysine and glycine as context. Here, we show that the in vitro methylation activity of human
PRMT?7 decreased dramatically with peptides that either contain a negatively charged Glu
within the RXR molif or lack the RXR molif enlirely. However, the facl thal the highesl
PRMT7 activity observed with the synthetic peptides is roughly one-fifth of that observed with
human histone H2B (23-37) suggests that additional residues in human H2B (23-37)
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Table 2. Summary of calculated Michaelis-Menten kinetic parameters from the data presented in Fig 8.

Peptide Name | Peptide Sequence | Ky (UM | 95% CI | Vinax (BM s7) | 95% CI

No added salt

Hs H2B (23-37) Ac-KEDGKKRERSRKESY-amide 0.6 [0.3, 1.0] 17000 [15000, 18000]
Mono R Ac-KKGGRGGGGKKY-amide 14 [0.9,2.3] 990 [870, 1100]
RGR AcC-KKGGRGRGGKKY-amide 0.7 [0.4,1.2] 2400 [2200, 2700]
KRGR AC-KKGKRGRGGKKY-amide 0.6 [0.3, 1.0] 1200 [950, 1400]
RKR Ac-KKGGRERGGKKY-amide 0.6 [0.3,0.9] 1700 [1500, 2000]
RGRK Ac-KKGGRGREGKKY-amide 0.5 [0.3,0.8] 970 [840, 1100]
RER AC-KKGGRERGGKKY-amide 2.8 (1.7, 4.6] 750 [640, 880]
+130 mM KCl1

Hs H2B (23-37) Ac-KKDGKKRERSRKESY-amide 17 [14, 20] 16000 [15000, 17000]
Mono R Ac-KKGGRGGGGKKY - amide —* —* —* —*
RGR Ac-KKGGRGRGGKKY-amide 6.2 [3.5,11] 820 [650, 980]
KRGR Ac-KKGKRGRGGKKY - amide 3.3 [1.7,7.0] 550 [440, 700]
RKR AC-KKGGRERGGKKY-amide 6.9 [3.8,16] 880 [710, 1200]
RGRK BAc-KKGGRGREGKKY - amide 2.4 [13,4.5] 400 [330, 450]
RER Ac-KKGGRERGGKKY -amide —* —* —* —*

All kinetic values and their 95% confidence intervals were obtained using the “statistical analysis” function in GraphPad Prism version 8.0.1.

*indicates poor fit of Michaelis-Menten equation

https://doi.org/10.1371/journal.pone.0285812.t002

contribute to PRMT7 catalysis, or that there are additional three-dimensional contacts with
residues outside of the motif. Previous mass spectrometry data indicate that PRMT7 methyl-
ates human H2B (23-37) at R29, R31, and R33, so it is possible that the third Arg presentin
human H2B (23-37) also contributes substantially to PRMT7 methylation [8].

We wanted lastly to investigate how the presence of ionic strength inhibited PRMT7 activ-
ity. We saw this as a useful next step in identifying possible iz vivo substrates of human
PRMT7, which is challenging in part because PRMT?7 lacks significant activity at physiological
temperature, pH, and ionic strength [9]. Indeed, observed human PRMT7 activity with
human H2B (23-37) peptide substrate decreases by half with the addition of 50 mM NaCl or
KC1[9]. By comparison, the intracellular concentration of K* ions in human HEK293 cells is
estimated to be between 120-140 mM [23, 24]. We showed that the addition of 130 mM KCl
primarily decreased apparent PRMT7-peptide binding affinity for the human H2B (23-37)
peptide, whereas the maximum velocity seemed relatively stable. However, we were intrigued
to find a decrease of both apparent binding aftinity and maximum velocity in the case of other
peptides. This result may suggest that the inhibitory effect of ionic strength on PRMT7 activity
is not wholly competitive in nature.

Recently, it has been demonstrated that increases in ionic strength also inhibits the in vitro
activity of PRMT1 and PRMTS5 [9]. However, one earlier study presented evidence that high
salt conditions instead increased PRMT1 expression and ADMA formation in the human
endothelial cell line EA hy926, resulting in upregulation of the Ras homolog gene family mem-
ber A/Rho-associated protein kinase pathway and inhibition of nitric oxide synthetase activity
[41]. Extensions of this work in rat-based models further showed that increased ADMA con-
centration resulted in decreased nitric oxide synthesis, implying that salt-dependent upregula-
tion of PRMT1 expression is ultimately involved in the onset and development of salt-sensitive
hypertension [42, 43]. As such, the physiological significance of the effect of ionic strength on
PRMT activity remains unclear.
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Taken together, the results of this study offer additional insight inte PRMT7 specificity
toward the 29-RKRSR-33 sequence in human histone H2B and, more generally, the effect of
disrupting the RXR motif on PRMT7 methylation activity. However, more evidence is needed
to elucidate additional substrate factors that contribute to PRMT?7 catalysis. In this case, struc-
tural evidence could be helpful in determining the origin of the specificity of human PRMT7
toward human H2B. Ultimately, the goal of these studies would be to identify criteria that
could accurately predict whether a protein of interest could be a substrate of PRMT?7. Such cri-
teria could prove useful for identifying protein substrates of PRMT7 in vivo and for further
elucidating its role in our physiology.
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Chapter 4: Supporting information

The exquisite specificity of human protein arginine methyltransferase 7 (PRMT7) toward

Arg-X-Arg sites

Timothy J. Bondoc, Troy L. Lowe and Steven G. Clarke

List of material included:

Figure 1S: Original gel stained with Coomassie Blue from figure 2.
Figure 2S: Original 3H fluorograph 1-day exposure film from figure 2.

Figure 3S: Original 3H fluorograph 74-day exposure film from figure 2.
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Figure S1: Original gel stained with Coomassie Blue from figure 2. Lane 1: Protein ladder
only. Lane 2: 5 yg GST-HsPRMT7. Lane 3: 1 ug full-length human histone H2B. Lane 4: 5 ug
GST-HsSPRMT7 with 1 ug full-length human histone H2B. Lane 5: 3 ug full-length Xenopus laevis
histone H2B. Lane 6: 5 yg GST-HsPRMT?7 with 3 ug full-length Xenopus laevis histone H2B. Red

(X) lanes were cropped out of figure for presentation purposes and contained either no protein or

a duplicate lane 1 protein ladder only.
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Figure S2: Original 3H fluorograph 1-day exposure film from figure 2. Autoradiograph
scanned backwards of figure S1. Lane 1 labeled L: Ladder. Lane 2 labelled E: 5 yg GST-
HsPRMT7. Lane 3 labeled S(Hs): 1 ug full-length human histone H2B. Lane 4 labeled ES (Hs): 5
Mg GST-HsPRMT7 with 1 ug full-length human histone H2B. Lane 5: 3 ug full-length Xenopus
laevis histone H2B. Lane 6: 5 yg GST-HsSPRMT7 with 3 pg full-length Xenopus laevis histone
H2B. Red (X) lanes were cropped out of figure for presentation purposes and contained either no

protein or a duplicate lane 1 protein ladder only.
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Figure S3: Original 3H fluorograph 74-day exposure film from figure 2. Autoradiograph
scanned backwards of figure S1. Lane 1 labeled L: Ladder. Lane 2 labelled E: 5 pyg GST-
HsPRMT?7. Lane 3 labeled S(Hs): 1 ug full-length human histone H2B. Lane 4 labeled ES (Hs): 5
Mg GST-HsPRMT7 with 1 pg full-length human histone H2B. Lane 5: 3 ug full-length Xenopus
laevis histone H2B. Lane 6: 5 ug GST-HsPRMT7 with 3 ug full-length Xenopus laevis histone
H2B. Red (X) lanes were cropped out of figure for presentation purposes and contained either no

protein or a duplicate lane 1 protein ladder only. It is noted that the 100 kDa band in land 2 was

not included in figure 2.
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Chapter 5

Methylation and phosphorylation of formin homology domain proteins (Fhod1 and

Fhod3) by protein arginine methyltransferase 7 (PRMT7) and Rho Kinase (ROCK1)

The work described in this chapter is from a manuscript submitted to the Journal of Biological

Chemistry, currently in review.

Copyright 2024

Troy L. Lowe, Dylan A. Valencia, Vicente E. Velasquez, Margot E. Quinlan, and Steven G.

Clarke

Significance Statement

The idea of the histone code revolves around the idea that specific modifications and
combinations of modifications govern biological processes. While combinations of histone
modifications, including phosphorylation, acetylation and methylation can work in concert to
regulate transcriptional activation and repression, there are fewer examples with non-histone
proteins. In this chapter we examine how combinations of phosphorylation and methylation may
affect the function of two actin binding proteins Fhod1 and Fhod3.

In this study we deviate from the idea of histones as substrates for PRMTs, and look
toward an idea that PRMT7 can recognize RXR motifs and in particular proteins that have
similarities to the histone H2B sequence. In theory the same sequence in human histone H2B
should be recognized by PRMT7, RKRSR, and the sequence is present in both Fhod1 and Fhod3.
This may not be the case as other factors like secondary structure may have a huge influence in
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substrate recognition as well as additional modifications. In our particular case we were fortunate
to identify the formin homology domain containing proteins (Fhods) as substrates. We identified
that these proteins might be novel in vivo substrates for PRMT7 based on cellular localization.
However, while our in vitro data shows strong evidence of a specific PRMT7 substrate,
reconstitution in an in vivo system remains unknown. Additionally, this study demonstrates the
effects of phosphorylation on methylation, and vice versa.

Attention on how the methylation of Fhods in an in vivo system should be monitored for

future work on the importance of arginine methylation.

Abstract

Protein post translational modifications (PTMs) can regulate biological processes by
altering an amino acid’s bulkiness, charge, and hydrogen bonding interactions. Common
modifications include phosphorylation, methylation, acetylation and ubiquitylation. Although a
primary focus of studying PTMs is understanding the effects of a single amino acid modification,
the possibility of additional modifications increases the complexity. For example, substrate
recognition motifs for arginine methyltransferases and some serine/threonine kinases overlap,
leading to potential enzymatic crosstalk. In this study we have shown that the human family of
formin homology domain containing proteins (Fhods) contain a substrate recognition motif specific
for human protein arginine methyltransferase 7 (PRMT7). In particular, PRMT7 methylates two
arginine residues in the diaphanous autoinhibitory domain (DAD) of the family of Fhod proteins:
R1588 and/or R1590 of Fhod3 isoform 4. Additionally, we confirmed that S1589 and S1595 in the
DAD domain of Fhod3 can be phosphorylated by Rho/ROCK1 kinase. Significantly, we have
determined that if S1589 is phosphorylated then PRMT7 cannot subsequently methylate R1588
or R1590. However, if phosphoserine 1595 is present then PRMT?7 is mildly inhibited, but can still
methylate R1588 and R1590. Conversely, if R1588 or R1590 of Fhod3 is methylated then ROCK1
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phosphorylation activity is slightly affected. Taken together these results suggest that the family
of Fhod proteins, a potential in vivo substrate for PRMT7, might be regulated by a combination of

methylation and phosphorylation.

Introduction

Protein post translational modifications enhance biological diversity. Although a
generalized consensus of these individual modifications has been proposed, knowledge about
the interplay of multiple modifications on biological function is lacking. However, distinct
modifications often occur in close proximity on target substrates, creating potential cross-talk in
regulatory pathways. Cross-talk may result from binding competition between enzymes or
changes in the recognition motif. In particular, histones and transcription factors are known to
display a plethora of modifications ultimately leading to the translational regulation of specific
genes. For example, the recruitment of TATA binding proteins (TBPs) and associated factors
(TAFSs) to the transcriptional start site of some eukaryotic organisms results in the signaling for
polymerase Il (1). While phosphorylation is the most dominant modification on TBPs and TAFs
(2), additional modifications like acetyllysine (3) and methylarginine (4) are also present.

One modification, protein arginine methylation, is catalyzed by a family of nine enzymes
in mammals; whether protein arginine demethylases are involved in vivo has not been fully
resolved (5,6). Methylation occurs on the guanidino side chains of arginine residues, altering
charge, increasing the number of potential hydrogen bond donors (7,8) and creating a bulkier side
chain (9). PRMT1-4, 6, and 8 are known as type | PRMTs that catalyze asymmetric
dimethylarginine (10), PRMT5 and PRMT9 are considered type Il that catalyze symmetric
dimethylarginine (11), and PRMT7 is the only type Il PRMT exclusively catalyzing

monomethylarginine (12). While most of the PRMTs recognize substrates containing arginine and
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glycine rich motifs (GARs), PRMT4 prefers proline and glycine motifs, and PRMT7 prefers
arginine-x-arginine motifs (RXR) (13,14).

Protein phosphorylation is catalyzed by kinases and to date there are an estimated 538
protein kinase encoding genes (15). These protein kinases are classified into eight groups
depending on their substrate recognition. In particular, the AKT kinases that phosphorylate serine
and threonine residues are known to have a recognition motif sequence of RXRxxS/T and are
known to regulate many biological processes including the MAPK pathway and WNT signaling
pathway (16). Because PRMT7 and the AKT kinases have overlapping substrate recognition
motifs, one might expect some overlap of protein modifications, leading to crosstalk and allosteric
regulations. In Saccharomyces cerevisiae, proteins Npl3, Ded1, and Sbpl have been identified
to have arginine methylation and phosphorylation co-occur in regions that are highly disordered
(17).

PRMT7 has been implicated in many biological processes including the epithelial to
mesenchymal transition in breast cancer (18), the regulation of inflammation through the NF-kB
pathway in chronic obstructive pulmonary disease patients (19), and the maintenance of stem
cells during development (20). To date, 51 patients have been documented to have homozygous
or compound heterozygous mutations in the PRMT7 gene, leading to a variety of phenotypes due
to the presumed absence of enzyme activity (21,22). These phenotypes are classified as short
stature, brachydactyly, intellectual developmental disability, seizures, and hypotonia (23).
Additionally, PRMT7 appears to have a major role in skeletal muscle maintenance and formation
(24-26).

Actin is one of the most ubiquitous proteins in eukaryotic cells. It is a fundamental element
of muscle and plays an important role in cellular architecture and movement (27). Actin nucleators
aid in the assembly of actin filaments and are categorized into three classes, Arp2/3 complex,
formins, and tandem WASP homology 2 (WH2) (28). In humans,15 genes encode the family of
formin proteins and mutations of some of these genes have been linked to cancer, intellectual
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disability, and developmental defects of the heart (28,29). All formins contain core formin
homology domains unique to the class, FH1 and FH2, (30,31) and sequence similarity can vary
between 20-60%, thus creating subclasses. One subfamily of formins, the Formin Homology
Domain-containing proteins (Fhods) consist of two proteins in humans, Fhod1 and Fhod3. Fhodl
is highly expressed in many cells, including spleen (32) and skeletal muscle (33). It is found in
multiple structures including stress fibers (34), transmembrane actin-associated nuclear (TAN)
lines (35), and is linked to a range of diseases (29,36). Fhod3 is mainly expressed in cardiac
muscle (37). It is located in the contractile structures, sarcomeres (38,39), and linked to both
dilated and hypertrophic cardiomyopathies (40).

In this paper we show that Fhod1 and Fhod3 proteins are newly identified substrates for
PRMT7 and that the phosphorylation of nearby serine residues can inhibit the methylation
reactions. Additionally, we observed that methylation of an arginine residue in proximity to a

phosphorylatable serine has a mild inhibitory effect on ROCK1 kinase.

Results

Human Fhod1 and Fhod3 contain a recognition sequence for PRMT7 similar to human

histone H2B.

Human histone H2B has been identified as a particularly effective substrate for PRMT7
methylation (14). Specifically, the arginine residues in the RKRSR motif at residues 29-33 has
been identified as PRMT7 targets and the methylation efficiency of this motif is highly dependent
upon its sequence (13). To identify additional proteins that may be substrates for PRMT7, we
performed a peptide search for human proteins containing an RKRSR motif (Table S1). Based on
the apparent importance of PRMT7 in muscle organization (26,41), we narrowed our search to
four proteins classified in the “cytoskeleton organization” gene ontology group (Table 1). Since
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PRMT7 primarily localizes in the cytoplasm (42,43), we further focused our attention on the two

proteins that were mainly located in the cytoplasm, FH1/FH2 domain-containing protein 1 and 3.

Table 1: Human cytoskeletal organization proteins containing the specific RKRSR

sequence.
Accession Entry Protein name Localization Gene Ontology
Name
075400 PR40A | Pre-mRNA- Nucleus Cytoskeleton Organization
processing factor 40
homolog A
P18583 SON Protein SON Nucleus Microtubule
Cytoskeleton Organization
Q2v2M9 Fhod3 | FH1/FH2 domain- Cytoplasm Cortical Actin
containing protein 3 Cytoskeleton Organization
Q9Y613 Fhodl | FH1/FH2 domain- Cytoplasm Cortical Actin
containing protein 1 Cytoskeleton Organization

The C-terminus of human Fhod1 and Fhod3 are methylated by human PRMT?7.

Fhod1l and Fhod3 contain four conserved domains, a diaphanous inhibitory domain (DID),
formin homology domains 1 (FH1) and 2 (FH2), and a diaphanous autoregulatory domain (DAD)
(Fig. 1A). The latter three domains compose the C-terminal half of the protein, with 52% amino
acid identity between Fhodl and Fhod3 (Fig. 1B). The RKRSR moitif is present in the DAD region

near the C-terminus. To determine if human Fhodl and Fhod3 DAD domains can be methylated
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by PRMT7, we performed in vitro methylation assays. We found that the constructs including the
DAD domain of Fhodl and Fhod3 were, in fact, substrates for PRMT7 (Fig. 1C).

There is an additional sequence in the C-terminal domain of Fhod3 (RTRSR) that closely
matches the RKRSR motif of human histone H2B and Fhodl that may be a methylation site. To
determine the localization of PRMT7 methylation site(s), we made mutations where we replaced
arginine residues with lysine residues to remove the RXR motif. When we mutated the RTRSR
motif to RTKSR we found no loss of methylation, suggesting that this site was not a substrate for
PRMT7. On the other hand, when we mutated the RKRSR motif to KKKSR we found that the
protein was no longer a substrate for PRMT7. In this case we mutated both of the initial arginine
residues because the sequence immediately preceding the motif (RE) might have generated an
additional RXR sequence. These results provided evidence that the major sites of arginine

methylation reside in the RKRSR sequence exclusively within the DAD domain of Fhod3 (Fig. 2).

Arginine residues at positions 1588 and 1590 of HsFhod3 isoform 4 are major

methylation sites for PRMT7 catalysis.

We next identified the specific arginine residues methylated within the canonical Fhod3
target sequence. In the histone H2B RKRSR sequence, all three arginine residues were found to
be methylated by PRMT7 through the use of mass spectrometry (14). Evidence was presented
that the major activity occurred at the first two arginines in the RKRSR motif, R29 and R31 (14).
While both Fhod1 and Fhod3 contained the RKRSR sequence, an additional RXR is present due
to the preceding RE amino acids creating a RERKRSR motif (residues 1584-1590) potentially
creating 4 arginines that can be methylated by PRMT7. We decided to perform mutagenesis of
this region to identify which arginine residues are methylated by PRMT7. Upon performing in vitro
methylation reactions with the MBP-Fhod3 (1472-1622) R1584K, R1586K, R1588K, and R1590K
constructs, we were only able to observe methylation of the R1584K and R1586K constructs,
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demonstrating that these two residues are not required for methylation and that both R1588 and
R1590 are required (Fig. 3). Because R1588 and R1590 straddle a single RXR motif, we interpret
these findings as evidence that one or both of these positions are the major sites of methylation.
Interestingly, in the histone H2B sequence the first two arginines are preferentially methylated

while in the Fhod3 sequence it is the latter two that are PRMT7 substrates.

Phosphoserine 1589 inhibits methylation by PRMT7, while phosphoserine 1595 only

mildly inhibits PRMT7 activity.

It has been established that phosphorylation of Fhod3 at serine 1589 by either ROCK1 or
ROCK2 kinase regulates the activity of this protein by alleviating its autoinhibition (44,45). Since
we found that the two arginine residues directly adjacent to this serine residue are sites of PRMT7
modification, we asked how phosphorylation of S1589 impacts methylation of R1588 and R1590.
Significantly, we found that phosphorylation of a synthetic peptide containing S1589 resulted in
little or no methylation by PRMT7 (Fig. 4). On the other hand, phosphorylation of a downstream
serine residue at position 1595 decreases the Km four-fold without making a significant change
to the Kcat. These results demonstrate that phosphoserine in close proximity to the RXR PRMT7

substrate recognition site inhibits enzyme activity.

Phosphoserine 32 of human histone H2B abolishes PRMT7 activity, while phosphoserine

36 inhibits PRMT?7 activity.

The dramatic inhibition of PRMT7 activity by an adjacent phosphoserine residue seen with
the Fhod3 peptide led us to ask if a similar effect is seen with the complementary motif of the H2B
peptide. In yeast histone H2B, residues 30 to 37 comprise a repressive domain (46,47).
Additionally, methylatable arginine residues 31 and 33 flank serine 32 which is known to be
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phosphorylated by RSK2 (48) and by Aurora B kinase (49). Furthermore, the downstream serine
36 residue can be phosphorylated by S6K1 (50) and AMPK (51). While serine 36 is conserved in
higher organisms, serine 32 is only present in mammals and amphibians (Fig. 5). Upon
performing in vitro methylation assays with PRMT7 and human histone H2B (23-37) synthetic
peptides containing either a phosphoserine at position 32 or 36, we observed little to no
methylation of the H2B (23-37) peptide containing a phosphoserine at position 32 while the
peptide containing a phosphoserine at position 36 had a decreased amount of methylation
compared to the wild type (Fig. 6). These results demonstrate that PRMT7 activity inhibition
increases as the phosphoserine gets closer to the arginine recognition sequence in Histone H2B,

and corroborate the results seen with Fhod3.

Methylarginine 1588 or 1590 minimally affects the phosphorylation of Fhod by ROCK1 in

a peptide containing serine 1589 and/or 1595.

Since we found that phosphorylation of the serine residue in the RSR methylation motif
resulted in the loss of PRMT7 methylation, we then asked whether methylation of these arginine
residues affects phosphorylation of the serine residue. Phosphorylation of serine 1589 and 1595
in the RSR motif of the DAD domain of Fhod1/3 by ROCK1/2 is sufficient to relieve autoinhibition,
which then activates actin nucleation (44,45). While the previous ROCK1 phosphorylation studies
have been performed both in vivo and on truncated C-terminal tail constructs, we first wanted to
establish whether ROCK1 could recognize a serine residue in a peptide substrate that we could
prepare in methylated and unmethylated forms (45). We thus compared the extent of
phosphorylation of Fhod3 peptides containing residues 1581-1595 (VVPRERKRSRANRKS) with
ROCKU1 in in vitro time course assays, for up to 2 hours, analyzed by LC/MS (Fig. 7). We found
clear evidence for phosphorylation of the unmethylated peptide and peptides with either a
monomethylarginine at positions 1588, 1590, or both. In contrast to the effect of serine
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phosphorylation on arginine methylation, we observed no significant decrease in phosphorylation
(Fig. 7). These results suggest that methylation of adjacent arginine residues has little effect on
ROCK1 phosphorylation, but further work will be needed to validate this.

In the experiment shown in figure 7, we only detected monophosphorylated forms even
after 2 h of incubation. We then decided to increase the incubation time in hopes of capturing a
diphosphorylated peptide Fhod3. In a 5 h incubation we found that similar amounts of
monophosphorylated and diphosphorylated peptides were formed with the unmethylated peptide,
the 1588 monomethylated peptide, the 1590 monomethylated peptide, and 1588 and 1590
monomethylated peptide (Fig. S1-S4). These results confirm the general lack of effect of
methylation on phosphorylation.

To observe the effect of arginine methylation on the serine residue between the two
arginine residues, we designed peptides containing only the Fhod3 sequence 1581-1594
(VWVPRERKRSRANRK). In time course experiments with these peptides containing
monomethylarginine residues at positions 1588, 1590, or at 1588 and 1590, we detected
monophosphorylation at similar levels as the unmethylated peptide (Fig. 8).These results suggest
that there is no major effect of methylation on ROCK1 phosphorylation of serine 1589. It is
intriguing that phosphorylation has such a powerful negative affect on methylation whereas

methylation appears to have a much more limited role on phosphorylation.

Discussion

Previous work has established that PRMT7 can be distinguished from the other members
of the mammalian PRMT family both by its specificity for an arginine motif in proteins and by the
fact that it is the sole PRMT that catalyzes monomethyl derivatives. This enzyme is characterized
by its recognition of certain pairs of arginine residues separated by one residue, the RXR motif
(14). A particular variant of this motif found in human histone H2B (RKRSR) has been shown to

61



be an excellent substrate (14). Searching for other proteins containing this motif identified the
formin family of proteins as potential substrates.

In this study we have demonstrated that the family of formin homology domain containing
proteins are methylated by PRMT7. Specifically, Fhod1 and Fhod3, are methylated at the RKRSR
sequence occurring at residues 1128-1132 in Fhod1 isoform 1 and 1586-1590 in Fhod3 isoform
4, which is identical to the recognition motif in histone H2B. Despite the common sequence we
found that different arginines were preferentially methylated in histone H2B and Fhod3. Further,
we noted that neither RTRSR nor RERKR were targets for PRMT7. Together these results
suggest that additional motif elements beyond the RXR motif contribute to PRMT7 recognition
and methylation. We highlight in Table S1 additional proteins with the RKRSR motif. It is
noteworthy that none of these proteins have been identified to date in proteomic studies (52).

Methylarginines are known to occur in protein domains enriched with positively charged
residues and low structural complexity seen in intrinsically disordered regions (53). The N-terminal
regions of histones are highly disordered unless in contact with supercoiled DNA (54).
Additionally, another identified substrate for PRMT7, the Peroxisome proliferator-activated
receptor gamma (PPARYy) coactivator-1 alpha (PGC-1a), is intrinsically disordered (55).
Therefore, we asked if the same is likely to be true for the C-terminal tail of Fhod3. Many if not all
formin tails are disordered (56-58). In fact, AlphaFold structural predictions return a folded FH2
domain, as expected, and suggest that the RKRSR sequence in Fhod3 is in a disordered region.

There have been several studies that have demonstrated inhibition of PRMT methylation
by adjacent or nearby phosphoserine residues. In histone H3, serine-10 is known to be
phosphorylated by a variety of kinases (59) and arginine-8 is methylated by PRMTs (60).
However, if serine-10 is phosphorylated, then PRMT1, PRMT4 or PRMTS5 catalyzed methylation
of arginine-8 is completely inhibited (61). In histones H2A and H4, serine phosphorylation at

positions 1 and 4 partially inhibit methylation of arginine-3 by PRMT5 (62,63). We now extend
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these observations by showing that PRMT7 methylation is inhibited by a phosphorylated serine
in both Fhod3 and histone H2B.

There have been two studies that demonstrate the effect of protein arginine methylation
on phosphorylation. For example, methylation of arginine-1199 in the epidermal growth factor
receptor stimulates the autophosphorylation of tyrosine-1197 (64). In another study, methylation
of CIRBP by PRMT1 reduces the amount of phosphorylation at nearby sites by SRPK1 (65). In
contrast, phosphorylation of the PRMT7 methylated site in Fhod3 was minimally impacted.
Perhaps a monomethyl group is insufficient to inhibit kinases or the specific kinase is more robust.

The significant inhibitory effect of phosphoserine residues on methylation of nearby
arginine residues may be explained on a molecular basis by salt bridges between the positively
charged and negatively charged side chains that stabilize proteins (66). Specifically, when a
phosphoserine is in close proximity to arginine, the negatively charged oxygens on the phosphate
group lead to non-covalent interactions with the positively charged nitrogen atoms of the arginine
guanidino group (61).

Interestingly, the inhibition of methylation by phosphorylation may represent a mechanism
that can be seen to parallel direct enzymatic demethylation of arginine residues. There is no clear
consensus on the existence of protein arginine demethylases but JMJD6, or Jumonji domain
containing 6 protein has been proposed as such an enzyme (67). JMJD6 has also been
characterized as a lysine hydroxylase (68). However, MALDI-TOF experiments have shown the
reduction of 14 kDa or 28 kDa of a monomethylated or dimethylated arginine peptide with the
addition of the JMJD6 enzyme (69). Another proposed mechanism of arginine demethylation
utilizes the protein arginine deiminase 4 enzyme, PAD4. While the function of this enzyme has
been shown to catalyze citrulline from arginine, in vitro studies have shown that catalysis of PAD4
on methylarginine histones resulted in methylamine formation (70). However, the rates of

demodification of methylarginine by PAD4 were slower in comparison to the formation of
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methylarginines by PRMTs (71). Thus, inhibition of methylation may be an important way to
regulate PRMTs.

While we still lack an understanding of how PRMT7 is regulated in vivo, our findings of the
crosstalk interactions with Fhod methylation and phosphorylation do suggest a possible regulatory
mechanism for formin-mediated actin polymerization. It will be intriguing to learn how the known
regulation of PRMT7 by low temperature, a low ionic strength environment, and alkaline

conditions (72) may contribute to the physiological process of actin polymerization.

Experimental Procedures

Plasmids and Constructs

Recombinant H. sapiens GST-PRMT7 was grown and purified as described (72).

Mammalian Fhod3 C-terminal (963-1622), and Fhod1-tail (1110-1164) constructs were cloned
into modified pGEX plasmids with a maltose binding protein (MBP) tag. MBP tagged Fhod3 tail
(1472-1622) was cloned via FastCloning using pMAL-Fhod3 wild-type (963-1622) as a template
(73). Point mutations of Fhod3-tail (1472-1622) were generated by site-directed mutagenesis as

described (74).

Growth and Purification

All Fhod3 constructs were transformed in Rosetta 2 (DE3) cells (Novagen) and grown in 1 L of
Terrific Broth supplemented with 100 mg/liter ampicilin and 32 mg/liter chloramphenicol.
Expression was induced at OD 0.6-0.8 with 0.5 mM isopropyl-3-D-1-thiogalactopyranoside (IPTG)
and allowed to shake overnight at 18°C, 210 rpm. Cells were harvested by centrifugation at 6,000
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x g for 10 minutes, washed in 1X phosphate buffer saline (PBS) containing 1 mM dithiothreitol
(DTT), and flash frozen in liquid nitrogen. Cell pellets expressing the MBP-Fhod3 were thawed
and resuspended in 20 mM Tris, 200 MM NaCl, 1 mM EDTA, 1 mM DTT, 2 ug/mL DNasel, 1 mM
PMSF, pH 7.5. All subsequent steps were performed on ice or at 4 °C. The cells were lysed by
microfluidization (3x) centrifuged at 20,000 x g for 20 minutes. Lysate was incubated with amylose
resin (New England Biolabs) for 1 hour at 4 °C. Resin was washed with extraction buffer (20 mM
Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.5). Protein was eluted using elution buffer (20
mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 mM maltose), flash frozen in liquid nitrogen,

and stored at -80°C. MBP-Fhod1 was grown and purified similarly.

Peptide Substrates

Table 2: Arginine Methylation P81 Peptides

Peptide Name Peptide Sequence Purity (%) | Theoretical
MW
H2B (23-37) WT Ac-KKDGKKRKRSRKESY-NH; 87.8 1935.25
H2B (23-37) poS32 KKDGKKRKR{poSER}RKESY 91.0 1974.18
H2B (23-37) poS36 KKDGKKRKRSRKE{poSER}Y 88.3 1974.18
Fhod3 (1581-1595) VVPRERKRSRANRKSY 98.2 2002.3
WT
Fhod3 (1581-1595) VVPRERKR{poSER}RANRKSY 87.2 2082.28
poS1589
Fhod3 (1581-1595) VVPRERKRSRANRK{poSER}Y 96.9 2082.28
poS1595
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All peptides were purchased from GenScript. Trifluoroacetic acid removal was performed by
company and switched with a standard acetate salt. A tyrosine residue was added at the C-

terminus of each Fhod peptide to determine the concentration of the peptide by UV spectra.

Table 3: Serine Phosphorylation Mass Spectrometry Peptides

Peptide Name Peptide Sequence Purity | Theoretical
(%) MW

Fhod3 (1581-1594) WT | Ac-VVPRERKRSRANRKY-NH> 88.4 1956.33
Fhod3 (1581-1594) Ac-VVPRERK{RMe1l}SRANRKY-NH2 87.2 1970.33
R1588Mel

Fhod3 (1581-1594) Ac-VVPRERKRS{RMe1}ANRKY-NH: 96.9 1970.33
R1590Mel

Fhod3 (1581-1594) Ac-VVPRERK{RMel}S{RMel}ANRKY- 99.1 1984.38

R1588Mel/R1590Mel NH:

Fhod3 (1581-1595) WT | Ac-VVPRERKRSRANRKSY-NH 97.6 2043.35
Fhod3 (1581-1595) Ac-VVPRERK{RMe1}SRANRKSY-NH, | 97.6 2057.40
R1588Mel
Fhod3 (1581-1595) Ac-VVPRERKRS{RMe1}ANRKSY-NH, | 99.1 2057.40
R1590Mel
Fhod3 (1581-1595) Ac-VVPRERK{RMe1}S{RMe1}ANRKSY- | 94.1 2071.46

R1588Mel/R1590Mel NH:

All peptides were purchased from GenScript. Trifluoroacetic acid removal was performed by
company and switched with a standard acetate salt. A tyrosine residue was added at the C-

terminus of each Fhod peptide to determine the concentration of the peptide by UV spectra.
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Radioactive Methylation Assay

Gel assays of GST-HsPRMT7, MBP-Fhod1-tail (1110-1164), Fhod3-CT (963-1622), MBP-Fhod3-
tail (1472-1622) wild-type and MBP-Fhod3-tail (1472-1622) arginine to lysine mutations were

performed as previously described (72).

In Vitro ROCK1 Kinase Assay

N-terminal 6xHis-tagged recombinant human ROKB/ROCK-I (17-535) was purchased from
Eurofins Discoverx (catalog No. 14-601). Kinase reactions were carried out in a reaction buffer
containing 8 mM K-HEPES, 200 uM EDTA supplemented with an ATP cocktail mixture of 8 mM
MgAc-6H20 and 80 pM ATP. Reactions were allowed to incubate in a 30 °C water bath for the

times listed and terminated with 0.5 pL of 100% trifluoroacetic acid.

Mass Spectrometry

In vitro ROCK1 kinase reactions were injected into an Agilent MS Q-TOF model G6545B with a
Dual AJS ESI ion source. Scan segments were collected in positive mode with a MS absolute
threshold of 200 (0.010% relative threshold), and a MS/MS absolute threshold of 5 (0.010%
relative threshold). Sampler auxiliary draw speed was 200 puL/min and an eject speed of 400
pL/min. Binary pump, model G7112B, flow rate was set at 0.800 mL/min with a low-pressure limit
of 0.00 bar, and a high-pressure limit of 400.0 bar. The maximum flow gradient was 100.000
mL/min? with a stop time of 12.0 min and a post time of 3.0 min. Mobile phase solvent A contained
0.1% FA in water and solvent B contained 0.1% FA in acetonitrile. The first 2 minutes contained
99% solvent A and 1% solvent B then 5% solvent A and 95% solvent B for the remainder of the
run. Column composition, model G7116A, temperature was set to 40 °C. Both left and right
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temperature control analysis were enabled and set to 0.8 °C with an equilibration temperature
time of 0.0 min. DAD, model G7115A, contained a peak width of >0.1 min (2 s response time, 2.5
Hz) with a slit of 4 nm. The analog output was offset by 5% with an attenuation of 2000 mAU and
the margin for negative absorbance set to 100 mAU. The spectrum range was from 190 nm to

650 nm with a spectrum step of 2.0 nm.

P81 Methylation Assay

P81 assay of GST-PRMT7, phosphoserine Fhod peptides, and phosphoserine H2B peptides

were performed as previously described (72).

Statistical Analysis

Michaelis Menten non-linear regression was performed using GraphPad Prism version 5.01 for

Windows, GraphPad Software, San Diego California USA, www.graphpad.com. No constraint

was applied to the Vmax while the Km was constrained to a value greater than 0.0. No weighting

method was applied and each replicate Y value was considered as an individual point.

Data Availability

All mass spectrometry raw files have been deposited in the MassIVE repository housed at UCSD

(http://massive.ucsd.edu/) with the accession number MSV000094470

[http://doi.org/doi:10.25345/C5T14V12K]. FTP files can be directly downloaded from

[ftp://Imassive.ucsd.edu/v07/MSV000094470/]. Additional data are available upon request.
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Figure 1: The C-terminal domains of HsFhod1 and HsFhod3 are methylated by HSPRMT7
in vitro. A) Schematic diagram of HsFhodl and HsFhod3 and constructs used in this paper.
Common domains are indicated. Light green boxes in Fhod3 are inserts that distinguish isozyme
4 from isozyme 1. The dark blue box (RTRSR) contains a sequence similar to the PRMT7
recognition sequence (RKRSR) in the red box. Red asterisk (*) denotes a serine that is
phosphorylated by ROCK1/2. B) Sequence alignment of HsFhod1 and HsFhod3 (isozymes 1 and
4) C-terminal residues including the core DAD domain (bold) and the PRMT7 recognition motif
(red box). C) 7 ug of MBP-Fhod1l DAD domain (1110-1164) or 7 ug of Fhod3-CT (963-1622), 5
ug of GST-HsPRMT7, and 0.7 uM [*H]JAdoMet were combined and allowed to incubate for 20 h
at 4 °C in a reaction buffer containing 1 mM DTT, 50 mM K-HEPES, with a final pH of 8.5. Samples
were separated by SDS-PAGE electrophoresis and exposed to autoradiography film for 5 days.
Single asterisk (*) denotes the polypeptide molecular weight of MBP-Fhodl tail (1110-1164)

double asterisk (**) denotes the polypeptide molecular weight of Fhod3-CT (963-1622).
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Figure 2: PRMT7 methylates the RKRSR motif of Fhod3 and not the RTRSR motif. 5 pg of
GST-HsPRMT7 and 3 pg of MBP-tagged DAD domain Fhod3 constructs was mixed with 0.7 uM
[*H]AdoMet. Reactions were incubated for 20 h at 4 °C prior to termination by SDS-sample buffer.
Samples were separated by SDS-PAGE electrophoresis and exposed to autoradiography film for
10 days. Fhod3 constructs consisted of amino acid residues (1472-1622) from isozyme 4 as the
wildtype (WT) sequence or the mutated R1536K sequence or the double mutant R1586K and
R1588K sequence. Protein bands at 100 kDa represents GST-HSPRMT7 and protein bands at
63 kDa represent MBP-Fhod3 (1472-1622) constructs. Total amount of protein and substrate was

determined by nanodrop A280 where 1 pug/pL was equal to 1 absorbance unit.
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Figure 3: PRMT7 methylates R1588 or R1590 of the Fhod3 C-terminal DAD domain. 5 pg of
GST-HsPRMT7 was mixed with 3 pg of MBP-Fhod3 (1472-1622) constructs containing residue
mutations of arginine to lysine in the identified RERKRSR motif sequence, and 0.7 uM
[*H]AdoMet. Reactions were incubated for 20 h at 4 °C and then terminated with an SDS-PAGE
sample buffer. Gel was exposed to an autoradiograph film for 10 days prior to development. Total
amount of protein and substrate was determined by nanodrop A280 where 1 pg/pL was equal to

1 absorbance unit.
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Peptide Name Peptide Sequence Km (pM) Kcat (min-t) Keat/Km (min-tuM-?)
Fhod3 (1581-1595) WT VVPRERKRSRANRKSY 0.96 £ 0.09 86.7+2.8 90+9
Fhod3 (1581-1595) poS1589 VVPRERKR{poS}RANRKSY 1.52+2 1.44+0.82 0.95+1.33
Fhod3 (1581-1595) poS1595 VVPRERKRSRANRK{poS}Y 4.06 +0.99 84+11 20.8+5.8

Figure 4. Phosphoserine 1589 of Fhod3 inhibits PRMT7 activity. 5 ug of GST-HSPRMT7,
0.14 uM of [*H]AdoMet and indicated Fhod3 (1581-1595) peptides incubated at 20 °C for 1 hin a
reaction mixture of 50 mM K-HEPES, 1 mM DTT, and pH of 8.5. A) Fhod3 (1581-1595) WT, B)
Fhod3 (1581-1595) poS1589, C) Fhod3 (1581-1595) poS1595. Curves were fitted to a standard

Michaelis-Menten equation using GraphPad PRISM, n=3.
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QA NHNM o
H. sapiens KAQKKDGKKE&RERKEEYSIYVYK
B. taurus KAQKKDGKKRKRSRKESYSVYVYK
M. musculus KVOKKDGKKRKRSRKESYSVYVYK
X. laevis KTOKKDGKKRRKSRKESYATYVYK
D. rerio KTOKKGDKKRRKTRKESYATYVYK
D. melanogaster NITKT-DKKKKRKRKESYATIYIYK
A. thaliana KEAGDKKKKRSKKNVETYKIYIFK
S. cerevisiae TSTSTDGKKRSKARKETYSSYIYK
H. vulgaris KIAGTGDKKRKKKRRESYATYTYN

Figure 5: The RKRSR motif of histone H2B is highly conserved among higher order
species. The human histone H2B sequence containing PRMT7 recognition residues RKRSR
aligned with common model organism histone H2Bs. Higher organisms only contain a serine at

position 32. Serine 36 is highly conserved but is altered to threonine in some lower organisms.
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Figure 6: Phosphoserine 32 of human histone H2B abolishes PRMT7 activity. 5 pg of GST-

HsPRMT7 was mixed with either A) H2B (23-37) WT, B) H2B (23-37) poS32 or C) H2B (23-37)

poS36, and 0.7 uM [*H]AdoMet. Reaction mixtures contained 50 mM K-HEPES, 1 mM DTT, pH

= 8.5. Reactions were incubated at 20 °C for 1 h prior to termination with 100% TFA. Points were

fitted to a standard Michaelis Menten fit equation using GraphPad PRISM, n=3.
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Figure 7: ROCK1 enzymatic activity is minimally affected by the presence of
methylarginine residues in a peptide containing serine 1589 and serine 1595. 130 ng of
ROCK1, 1 mM ATP and 10 uM Fhod3 (1581-1595) peptides was incubated in a water bath at 30
°C for the specified time. Reactions were terminated with TFA and loaded into a vial for mass
spectrometry analysis. 10 L of sample was injected into an Agilent QTOF 6545 with a run time
of 12 mins. A-B) Fhod3 WT, C-D) Fhod3 R1588Mel, E-F) Fhod3 R1590Mel, G-H) Fhod3
R1588Mel/R1590Mel. Change in the total amount of unmodified or phosphorylated peptide in
reaction mixtures from charge states [M+2H] (black line), [M+3H] (green line), [M+4H] (blue line),

and [M+5H] (red line) with time.
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Figure 8: ROCK1 enzymatic activity is minimally affected by the presence of
methylarginine residues in a peptide containing serine 1589. 130 ng of ROCK1, 1 mM ATP,
and 10 uM Fhod3 (1581-1594) peptides was incubated in a water bath at 30 °C for the specified
time. Reactions were terminated with TFA and loaded into a vial for mass spectrometry analysis.
10 pL of sample was injected into an Agilent QTOF 6545 with a run time of 12 mins. A-B) Fhod3
WT, C-D) Fhod3 R1588Mel, E-F) Fhod3 R1590Mel, G-H) Fhod3 R1588Mel/R1590Mel.
Change in the total amount of unmodified or phosphorylated peptide in reaction mixtures from
charge states [M+2H] (black line), [M+3H] (green line), [M+4H] (blue line), and [M+5H] (red line)

with time.
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phosphorylation by ROCK1.
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phosphorylation by ROCK1.
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Table S1: H. Sapiens proteins containing an RKRSR sequence

Accession Entry | Protein Position
P57053 Histone H2B type F-S 30-34
094913 Pre-mRNA cleavage complex 2 protein Pcfll 477-481
pP23527 Histone H2B type 1-O 30-34
Q9HAZ1 Dual specificity protein kinase 133-137
Q6PH81 UPF0547 protein C160rf87 84-88
Q96Iz7 Serine/Arginine-related protein 53 80-84
Q8lzu1l Protein FAM9A 6-10
49-53
Q3KR37 Protein Aster-B 25-29
095696 Bromodomain-containing protein 1 798-802
Q7RTU1 Transcription factor 23 32-36
043290 U4/U6.U5 tri-snRNP-associated protein 1 53-57
QINV56 MRG/MORF4L-binding protein 177-181
P56182 Ribosomal RNA processing protein 1 homolog A 388-392
Q3LXA3 Triokinase/FMN cyclase 347-351
060814 Histone H2B type 1-K 30-34
QOVF96 Cingulin-like protein 1 383-387
Q93079 Histone H2B type 1-H 30-34
P33778 Histone H2B type 1-B 30-34
P62807 Histone H2B type 1-C/E/FI/G/I 30-34
Q5QNW6 Histone H2B type 2-F 30-34
P06899 Histone H2B type 1-J 30-34
Q99877 Histone H2B type 1-N 30-34
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P53801 Pituitary tumor-transforming gene 1 protein-interacting 123-127
protein
Q99879 Histone H2B type 1-M 30-34
Q16778 Histone H2B type 2-E 30-34
Q99880 Histone H2B type 1-L 30-34
P58876 Histone H2B type 1-D 30-34
Q9UPNG6 SR-related and CTD-associated factor 8 428-432
Q66PJ3 ADP-ribosylation factor-like protein 6-interaction protein 4 7-11
Q5VTLS Pre-mRNA-splicing factor 38B 498-502
Q95218 Zinc finger Ran-binding domain-containing protein 2 285-289
Q9HCGS8 Pre-mRNA-splicing factor CWC22 homology 85-89
Q9HBW3 Protein FAM204A 102-106
P46695 Radiation-inducible immediate-early gene IEX-1 59-63
Q9HCI7 E3 ubiquitin-protein ligase MSL2 340-344
Q8TC41 E3 ubiquitin-protein ligase RNG217 533-537
095232 Luc7-like protein 3 290-294
075400 Pre-mRNA-processing factor 40 homolog A 796-800
Q9HBE1 POZ-, AT hook-, and zinc finger-containing protein 1 346-350
Q9Y3A4 Ribosomal RNA-processing protein 7 homolog A 231-235
P47901 Vasopressin V1b receptor 64-68
075182 Paired amphipathic helix protein Sin3b 267-271
Q08170 Serine/Arginine-rich splicing factor 4 357-361
Q9Y5U2 U5 small nuclear ribonucleoprotein TSSC4 308-312
Q9UQ35 Serine/arginine repetitive matrix protein 2 245-249
1849-1853
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2039-2043
P18583 Protein SON 2035-2039
Q9BUQS8 Probable ATP-dependent RNA helicase 20-24
Q86U06 Probably RNA-binding protein 23 73-77
Q96G42 Kelch domain-containing protein 7B 772-776
Q8IX12 Cell division cycle and apoptosis regulator 336-340
Q12955 Ankyrin-3 29-33
043502 DNA repair protein RAD51 homolog 3 366-370
Q8NBI3 Draxin 133-137
Q15637 Splicing factor 1 17-21
Q14498 RNA-binding protein 39 55-59

71-75
Q9Y613 FH1/FH2 domain-containing protein 1 1128-1132
Q2v2M9 FH1/FH2 domain-containing protein 3 1386-1390
Q6PL18 ATPase family AAA domain-containing protein 2 376-380
Q92560 Ubiquitin carboxyl-terminal hydrolase BAP1 718-722
Q8N7W2 BEN domain-containing protein 7 6-10
Q6DNO03 Putative histone H2B type 2-C 30-34
Q6DRA6 Putative histone H2B type 2-D 30-34
095218 Zinc finger Ran-binding domain-containing protein 2 285-289

Proteins identified using MOTIF search (http://www.genome.jp/tools/motif/MOTIF2.html) and

Expasy’s ScanProsite (http://prosite.expasy.org/scanprosite) using the UniProtKB/SWISS-Prot

Database.
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Figure S1: Fhod3 (1581-1595) can be phosphorylated by ROCKL1 in vitro. 130 ng of ROCK1,
1 mM ATP, 10 uM Fhod3 (1581-1595) WT unmodified peptide was incubated for 5 h in a water
bath at 30 °C. Reactions were terminated with TFA and loaded into a vial for mass spectrometry
analysis. 10 uL of sample was injected into an Agilent QTOF 6545 with a run time of 12 mins. Top
Panel: [M+5H] charge state of Fhod3 (1581-1595) unmodified peptide only control of an extracted
MS result with a TIC retention time of 4.520 — 8.508 mins, WT unmodified labeled peak of
401.4430 m/z. Middle Panel: [M+5H] charge state of Fhod3 (1581-1595) unmodified peptide with
ROCKZ1 reaction from an extracted MS result with a TIC retention time of 4.469 — 8.406 mins, WT
unmodified labeled peak of 401.4418 m/z, monophosphorylation labeled peak of 417.4364 m/z,
and diphosphorylation labeled peak of 433.4284 m/z. Peak at 427.2503 m/z is an unidentified
contaminate. Bottom panel: [M+5H] charge state of Fhod3 (1581-1595) unmodified peptide with
ROCK1 reaction from an extracted MS result with a TIC retention time of 4.485 — 4.601 mins,
monophosphorylation labeled peak of 417.4373 m/z, and diphosphorylation labeled peak of

433.4297 m/z. Peak at 413.8317 m/z is an unidentified contaminate. ATP = adenosine
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triphosphate, TFA = trifluoroacetic acid, MS = mass spectrometry, TIC = total ion current, WT =

wild-type.
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Figure S2: Methylarginine at 1588 of Fhod3 (1581-1595) minimally affects phosphorylation
by ROCK1. 130 ng of ROCK1, 1 mM ATP, 10 uM Fhod3 (1581-1595) R1588Mel unmodified
peptide was incubated for 5 h in a water bath at 30 °C. Reactions were terminated with TFA and
loaded into a vial for mass spectrometry analysis. 10 pL of sample was injected into an Agilent
QTOF 6545 with a run time of 12 mins. Top Panel: [M+5H] charge state of Fhod3 (1581-1595)
R1588Mel unmodified peptide only control of an extracted MS result with a TIC retention time of
4.643 — 9.278 mins, R1588Me1 unmodified labeled peak of 412.4509 m/z. Middle Panel: [M+5H]
charge state of Fhod3 (1581-1595) R1588Mel unmodified peptide with ROCK1 reaction from an
extracted MS result with a TIC retention time of 4.682 — 9.301 mins, R1588Mel unmodified
labeled peak of 412.4487 m/z, monophosphorylation R1588Mel labeled peak of 428.4447 m/z,
and R1588Mel diphosphorylation labeled peak of 444.4372 m/z. Bottom panel: [M+5H] charge
state of Fhod3 (1581-1595) R1588Mel unmodified peptide with ROCK1 reaction from an
extracted MS result with a TIC retention time of 4.682 — 4.765 mins, R1588Mel unmodified
labeled peak of 412.2510 m/z, monophosphorylation R1588Mel labeled peak of 428.4458 m/z,

and R1588Mel diphosphorylation labeled peak of 444.4381 m/z. ATP = adenosine triphosphate,
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TFA = trifluoroacetic acid, MS = mass spectrometry, TIC = total ion current, 1588Mel = Fhod3

(1581-1595) R1588MeL.
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Figure S3: Methylarginine at 1590 of Fhod3 (1581-1595) minimally affects phosphorylation
by ROCK1. 130 ng of ROCK1, 1 mM ATP, 10 uM Fhod3 (1581-1595) R1590Mel unmodified
peptide was incubated for 5 h in a water bath at 30 °C. Reactions were terminated with TFA and
loaded into a vial for mass spectrometry analysis. 10 pL of sample was injected into an Agilent
QTOF 6545 with a run time of 12 mins. Top Panel: [M+5H] charge state of Fhod3 (1581-1595)
R1590Mel unmodified peptide only control of an extracted MS result with a TIC retention time of
4.643 — 9.278 mins, R1590Me1 unmodified labeled peak of 412.4509 m/z. Middle Panel: [M+5H]
charge state of Fhod3 (1581-1595) R1590Mel unmodified peptide with ROCK1 reaction from an
extracted MS result with a TIC retention time of 4.682 — 9.301 mins, R1590Mel unmodified
labeled peak of 412.4489 m/z, and monophosphorylation R1590Mel labeled peak of 428.4448
m/z. Peak at 455.2707 m/z is an unidentified contaminate. Bottom panel: [M+5H] charge state of
Fhod3 (1581-1595) R1590Mel unmodified peptide with ROCK1 reaction from an extracted MS
result with a TIC retention time of 4.682 — 4.765 mins, R1590Mel unmodified labeled peak of
412.4513 m/z, monophosphorylation R1590Mel labeled peak of 428.4456 m/z, and R1590Mel

diphosphorylation labeled peak of 444.4381 m/z. ATP = adenosine triphosphate, TFA =
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trifluoroacetic acid, MS = mass spectrometry, TIC = total ion current, 1590Mel = Fhod3 (1581-

1595) R1590Mel.
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Figure S4: Methylarginine at 1588 and 1590 of Fhod3 (1581-1595) minimally affects
phosphorylation by ROCK1. 130 ng of ROCK1, 1 mM ATP, 10 yM Fhod3 (1581-1595)
R1588Mel/R1590Mel unmodified peptide was incubated for 5 h in a water bath at 30 °C.
Reactions were terminated with TFA and loaded into a vial for mass spectrometry analysis. 10 uL
of sample was injected into an Agilent QTOF 6545 with a run time of 12 mins. Top Panel: [M+5H]
charge state of Fhod3 (1581-1595) R1588Me1/R1590Mel unmodified peptide only control of an
extracted MS result with a TIC retention time of 4.710 — 9.245 mins, R1590Mel unmodified
labeled peak of 415.2536 m/z. Middle Panel: [M+5H] charge state of Fhod3 (1581-1595)
R1588Mel1/R1590Mel unmodified peptide with ROCK1 reaction from an extracted MS result with
a TIC retention time of 4.749 — 9.252 mins, R1588Me1/R1590Mel unmodified labeled peak of
415.2527 m/z, and monophosphorylation R1588Me1/R1590Mel labeled peak of 431.2481 m/z.
Peak at 458.5251 m/z is an unidentified contaminate. Bottom panel: [M+5H] charge state of Fhod3
(1581-1595) R1588Me1/R1590Mel unmodified peptide with ROCK1 reaction from an extracted
MS result with a TIC retention time of 4.783 — 4.799 mins, R1588Me1/R1590Mel unmodified

labeled peak of 415.2547 m/z, monophosphorylation R1588Mel/R1590Mel labeled peak of
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431.2486 m/z, and R1588Me1/R1590Mel diphosphorylation labeled peak of 447.2401 m/z. ATP
= adenosine triphosphate, TFA = trifluoroacetic acid, MS = mass spectrometry, TIC = total ion

current, 1588Me1/1590Mel = Fhod3 (1581-1595) R1588Mel/R1590Mel.
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Chapter 6

Asymmetric and symmetric protein arginine methylation in methionine-addicted human

cancer cells

The work described in this chapter has been reproduced from:

Holtz, A. G., Lowe, T. L., Aoki, Y., Kubota, Y., Hoffman, R. M., and Clarke, S. G. (2023)
“Asymmetric and symmetric protein arginine methylation in methionine-addicted human
cancer cells” Plos one. 18, article 0296291, pp- 1-21.

(http://doi.org/10.1371/journal.pone.0296291). PMCID: PMC10745221. PMID: 38134182.

Copyright 2024
Ashley G. Holtz, Troy L. Lowe, Yusuke Aoki, Yutaro Kubota, Robert M. Hoffman, and Steven G.

Clarke

Significance Statement

Cancer cells have been associated with elevated levels of transmethylation reactions
through the uptake of dietary methionine. While an original research study noted that a diet
depleted of methionine resulted in inhibited tumor growth in mice, it wasn’t until years later that
methionine dependence was considered a hallmark of cancer. Methionine is an essential amino
acid and a precursor for the formation of S-adenosylmethionine. S-adenosylmethionine is utilized
by many methyltransferases including RNA methyltransferases, DNA methyltransferases, and
protein methyltransferases. Protein arginine methyltransferases are known to be overexpressed
in cancer, however the biological interplay is still unknown.
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These results suggest a connection between PRMT function and cancer. Because of the
direct link between methionine, S-adenosylmethionine, and PRMTs, we were curious as to
whether we could observe a difference in methylation patterns between cancer cells that were
restricted to methionine or not. In this study we utilize a parental and methionine revertant
osteosarcoma cell line to identify whether revertant cell lines had lower transmethylation marks
compared to parental.

Our results ultimately showed that the amounts of asymmetric and sSymmetric
dimethylarginine marks were indistinguishable between both cell lines, suggesting the possibility

that the relationship between PRMTs and cancer may be more complex.
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Asymmetric and symmetric protein arginine
methylation in methionine-addicted human
cancer cells
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M. Hoffman?2, Steven G. Clarke®'*

1 Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, CA, United
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University of California, San Diege, La Jolla, CA, United States of America, 4 Department of Orthopedic
Surgery, Graduate School of Medicine, University of the Ryukyus, Nishihara, Japan

* clarke @chem.ucla.edu

Abstract

The methionine addiction of cancer cells is known as the Hoffman effect. While non-cancer
cells in culture can utilize homocysteine in place of methionine for cellular growth, most
cancer cells require exogenous methionine for proliferation. It has been suggested that a
biochemical basis of this effect is the increased utilization of methionine for S-adenosyl-
methionine, the major methyl donor for a variety of cellular methyltransferases. Recent stud-
ies have pointed to the role of S-adenosyimethionine-dependent protein arginine
methyltransferases (PRMTs) in cell proliferation and cancer. To further understand the bio-
chemical basis of the methionine addiction of cancer cells, we compared protein arginine
methylation in two previously described isogenic cell lines, a methionine-addicted 143B
human osteosarcoma cell line and its less methionine-dependent revertant. Previous work
showed that the revertant cells were significantly less malignant than the parental cells. In
the present study, we utilized antibodies to detect the asymmetric dimethylarginine (ADMA)
and symmetric dimethylarginine (SDMA) products of PRMTs in polypeptides from cellular
extracts and purified histone preparations of these cell lines fractionated by SDS-PAGE.
Importantly, we observed little to no differences in the banding patterns of ADMA- and
SDMA-containing species between the osteosarcoma parental and revertant cell lines. Fur-
thermore, enzymatic activity assays using S-adenosyl-L-{methyl->H] methionine, recombi-
nantly purified PRMT enzymes, cell lysates, and specific PRMT inhibitors revealed no major
differences in radiolabeled polypeptides on SDS-PAGE gels. Taken together, these results
suggest that changes in protein arginine methylation may not be major contributors to the
Hoffman effect and that other consequences of methionine addiction may be more impor-
tant in the metastasis and malignancy of osteosarcoma and potentially other cancers.

Introduction

Methionine is an essential amino acid whose metabolites are involved in a variety of cellular
pathways. Methionine addiction of cancer cells is a phenomenon where cancer cells require

PLOS ONE | hitps:/doi.org/10.1371/journal. pone.0296291

December 22, 2023 1721

103



PLOS ONE

Methionine addiction of cancer cells and protein arginine methylation

and Biochemistry, the Irving and Jean Stone Award
of UCLA College Honors, and the UCLA
Undergraduate Research Scholars Program. T.L.
was supported by the National Institutes of Health
Ruth L. Kirschstein National Research Service
Award GMO07185. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: | have read the journal’s
palicy and the authors of this manuscript have the
following competing interests: Y.A., Y.K., and R.M.
H. are or were unsalaried associates of AntiCancer,
Inc. All authors declare that the research was
conducted in the absence of any commercial or
financial relationships that could be construed as a
potential conflict of interest.

exogenous methionine to grow and are unable to survive when methionine in the culture
medium is replaced with homocysteine, methionine’s precursor [1-6]. However, paradoxically
cancer cells have the ability to produce large amounts of methionine from homocysteine and
can use endogenously synthesized methionine for cellular processes [1, 7, 8]. In contrast, nor-
mal cells can grow in culture when homocysteine is substituted for methionine [6, 7]. The
methionine addiction of cancer cells is known as the Hoftman effect and is a target for cancer
treatment [2, 3, 9].

Studies in xenograft mouse models show that treatment with recombinant methioninase,
an enzyme that depletes plasma methionine levels, and/or a methionine-restricted diet can
decrease tumor volume [10-14]. Clinically, the enhanced usage of methionine in cancer cells
can be used to localize tumors with [''C]-methionine positron emission tomography (MET--
PET), particularly for cancers in the brain as well as organ cancers [15-17]. Additionally,
methionine restriction has been used as a combination treatment with chemotherapy in cancer
patients [9]. A methionine-restricted diet in Phase I clinical trials as well as a Phase I study of
methioninase with cancer patients have been shown to reduce plasma methionine levels with-
out major complications [18, 19]. In initial studies of three patients with metastatic breast can-
cer, 1.v. infusion of methioninase reduced serum methionine levels without any significant
side effects [20]. Oral methioninase given to three patients with advanced prostate cancer
decreased prostate-specific antigen levels, and has had beneficial effects in several patients with
pancreatic cancer, rectal cancer, and breast cancer [21-26]. Overall, methionine restriction
appears to be safe for patients and is potentially effective for reducing the severity of cancer.

Methionine is not only used in protein synthesis but also for polyamine metabolism, purine
and pyrimidine synthesis, glutathione synthesis, and methylation reactions [27]. Because
methionine is required for a wide variety of cellular functions, the exogenous requirement for
methionine in cancer cells despite their capacity to synthesize and use methionine endoge-
nously at high levels is incompletely understood [1, 5, 7, 8]. As methicnine addiction of cancer
is becoming more clinically relevant, it is important to understand how methionine affects
cancer progression at a molecular level. To elucidate the molecular mechanism of methionine
addiction, Acki et. al derived a less methionine-dependent revertant cell line from the methio-
nine-addicted human osteosarcoma 143B cell line that demonstrated improved survival at
high levels of recombinant methioninase (rMETase) treatment [28]. After culturing the cells in
rMETase, methionine was depleted from the culture medium, so most of the cancer cells did
not survive. The cells cultured with rMETase that survived after four cycles of selection were
designated as less methionine-dependent revertant cells. In cell culture with rMETase, the cell
viability of the 143B revertant (143B-R) cells was higher than that of the 143B parent (143B-P)
cells [28]. At higher concentrations of rMETase, the 143B-P cells were unable to survive in cul-
ture while the 143B-R cells still could grow [28]. Additionally, the morphology between the
two cell lines differed, with the 143B-R cells appearing more normal fibroblast-like, larger, and
alighed in one direction compared to the 143B-P cells. With a wound-healing assay and a cell-
invasion assay, the 143B-R cells showed significantly lower cell migration and invasion ability,
respectively, than the 143B-P cells. In orthotopic xenograft mouse models, the 143B-R cells
grew smaller tumors than the 143B-P cells and did not metastasize unlike the 143B-P cells.
There were no histological differences observed between primary tumeors arising from 143B-P
and 143B-R cells. The 143B-R cells had increased protein expression of ZO-1, an epithelial
marker, and decreased expression of the mesenchymal markers vimentin, Snail, and Slug,
compared to the 143B-P cells upon immunoblotting [28]. Taken together, the results of this
previous study show that the 143B-R cells are less malignant than their parental cells. Revertant
cells of other methionine-addicted cancers have also been shown to lose their malignancy with
their methionine dependence [29].
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Methionine addiction of cancer cells is due at least in part to elevated transmethylation
reactions [5, 29-35]. In the previous study, it was found that the 143B-R cells had differences
in histone lysine methylation [28], suggesting that this modification may be one of the links
between the simultaneous loss of methionine addiction and malignancy in the 143B-R cells,
possibly by changing the expression of important genes for cancer progression. In the present
work, we wanted to determine the effect of the reversion of methionine addiction on protein
arginine methylation, a methionine-dependent modification that is often affected in cancer
[36-45]. Protein arginine methylation is a post-translational modification catalyzed by methyl-
transferases (PRMTs} that are involved in a variety of biclogical processes, including transcrip-
ticnal regulation, the immune response, RNA splicing, and DNA repair [36, 37, 46, 47]. The
methyl donor of these enzymes is S-adenosylmethionine (AdoMet), a direct product of methi-
onine. In mammals, nine PRMTs have been identified and are categorized by the products
that they form. While all PRMTs initially form monomethylarginine (MMA}), Type I PRMTs
(PRMTs 1-4, 6, and 8) produce asymmetric dimethylarginine (ADMA}) and Type II PRMTs
(PRMTs 5 and 9) produce symmetric dimethylarginine (SDMA) [47]. PRMT7 is a Type I1I
enzyme, which only forms MMA [47, 48]. PRMT1 and PRMT5 are the major Type I and Type
1I enzymes and are responsible for the majority of ADMA and SDMA marks on proteins,
respectively [49, 50]. Of the three types of protein arginine methylation, ADMA is the most
abundant in cells, followed by SDM A and then MMA [51]. Significantly, the overexpression of
PRMTs in cancer is often linked to poor prognosis [36, 37, 39, 40, 42, 44, 45], and PRMT
inhibitors, especially against PRMTS5, are currently being tested in clinical trials with cancer
patients [52-56]. Because the formation of AdoMet requires methionine and PRMTs are com-
monly upregulated in cancer, we hypothesized that cancer cells would more extensively utilize
methionine in the biosynthesis of AdoMet and in PRMT-dependent methylation reactions of
cellular proteins. To test this hypothesis, we wanted to compare protein arginine methylation
levels in the previcusly described methionine-addicted parent and less methionine-dependent
revertant cell lines.

Using antibodies against ADMA and SDMA in immunoblots, we show that the 143B-P and
143B-R cells had no major differences in the level of ADMA or SDMA on proteins in cellular
extracts and on purified histones. Additionally, enzymatic activity assays with S-adenosyl-L-
[methyl->H] methionine ([*H]-AdoMet}, recombinantly purified PRMT1, 5, and 7 enzymes,
and intracellular substrates showed a similar banding pattern of radiolabeled polypeptides
between the parent and revertant cells. Overall, no significant changes in PRMT activity were
observed in the revertant cells, suggesting that the involvement of PRMTs in cancer may be
through a mechanism distinct from the Hoffman effect.

Results

Revertant human 143B osteosarcoma cells are less sensitive to methionine
restriction with recombinant methioninase

We first analyzed whether the 143B-P and 143B-R cells responded differently to methionine
restriction with rtMETase. The revertant cells had greater cell viability at high concentrations
of rIMETase concentrations compared to their parental cells, indicating their relative indepen-
dence from methionine, consistent with previous results [28] (Fig 1}. The IC5; of rMETase was
0.46 U/mL in the revertant cells and 0.29 U/mL in the parental cells. Therefore, we would pos-
sibly see the effects of different degrees of methionine dependence on S-adenosylmethionine-
dependent methyltransferases, including those involved in protein arginine methylation.
Thus, we began to explore how the difference in methionine dependence between the parental
and revertant cells may affect the activity of PRMTs.
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Fig 1. Analysis of methionine d lence in human coma 143B parent cells and in revertant cells grown
on low-methionine media.

htips://doi.org/10.1371/journal pone.0296291.5001

Cells were grown in normal media and then cultured for three days in media containing
various concentrations of recombinant methioninase to lower the methionine level, as previ-
ously described [28]. Cell viability was measured in an assay using water-soluble tetrazolium-8
(WST-8) as previously described [28]. The absorbance al 450 nm afler sublracling a no-cell
blank is indicated on the y-axis. The results represent two separate experiments performed in
triplicate. The closed circles represent one experiment and the open circles represent a second
individual experimenl following the same procedure. The measurements from the parent
143B are shown in orange, and those from the revertant 143B cells are shown in blue. The
average values are denoted by a dash and connected by the line.

The 143B-P and 143B-R cells have no major differences in the levels of
proteins marked with ADMA or SDMA

We employed polyclonal antibodies raised against synthetic peptides containing SDMA and
ADMA within glycine rich regions [57] to mimic the common subslrale siles recognized by
PRMT]I, -3, -5, -6, and -8 [36, 50, 58]. SDMA is predominantly produced by PRMT5, and
ADMA is predominantly produced by PRMT1. We found that neither the anti-SDMA nor the
anti-ADMA antibodies had specific reactivity against negative controls compared to mamma-
lian cell lysates and histone fractions, which were used as positive controls (51 Fig). Negative
conlrols included an unmethylaled prolein with a glycine and arginine rich region and Escher-
ichia coli (. coli) lysate, which does not contain PRMTs [59].

Next, we explored differences in protein arginine methylation, specifically ADMA and
SDMA, in the parenl and reverlanl cancer cell lines. Whole cell extracts of the 143B-P and
143B-R cells were fractionated onto a sodium dodecyl-sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) gel, and Coomassie slaining was performed as a loading conlrol Lo compare
ADMA and SDMA levels between 143B-P and 143B-R cells (Fig 2). Significantly, no differ-
ences in the polypeptide Coomassie staining pattern were observed in two independent experi-
menls, suggesling Lthal there were no major differences in prolein expression in the parenl and
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Fig 2. Identification of proteins containing SDMA and ADMA in human parent and revertant 1433
osteosarcoma cells.

https://doi.org/10.1371/joumal pone.0296291.g002

revertanl cells (Fig 2). Three proleins with molecular weights of near 30 kIa, 20 kDa, and 15
kDa had an SDMA modification and were at a similar intensity level between the 143B-P and
143B-R cell extracts. In both cell lines, multiple proteins with ADMA modifications are present
between approximately 175 kDa and 15 kDa at similar intensity levels. These results indicate
that no observable changes in protein arginine methylation accompany the reversion from the
methionine-addicled and metastatic phenotype of the parent cells.

The leftmost panel shows a Coomassie-stained SDS-PAGE gel. The middle panel shows an
anti-SDMA immunoblot with a 3 second exposure time. The rightmost panel shows an anti-
ADMA immunoblot with a 10 second exposure time. Molecular weight markers are shown at
the left in the Coomassie-stained gel and as fluorescent bands on the left margin of the
immunoblots.

The proteins with ADMA and with SDMA near 15 kDa could represent methylated argi-
nine on histones. Multiple studies have shown the importance of histone arginine methylation
in transcriptional controls in cancer cells [37, 60, 61]. While we established that there were no
large-scale differences in overall prolein arginine methylation, il was difficult to delermine
whether there were differences in arginine methylation on histones since the whole cell extract
contained histones as well as other low-molecular weight cellular proteins. Because histone
modifications can affect gene expression, which may affect the mechanism of reversion, we
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Fig 3. Identification of SDMA-containing polypeptides in histone and non-histone fractions of parent and
revertant human osteosarcoma 143B cells.

htips://doi.org/10.1371/journal.pone.0296291.g003

next investigated whether there were observable differences in SDMA and ADMA on histones
in the 143B-P and 143B-R cells.

Extracted histones were analyzed with SDS-PAGE and used in immunoblots against
SDMA and ADMA (Fig 3). In the SDMA immunoblot, a band appears slightly above 15kDa in
the histone fractions of the 143B-P and 143B-R cells but is not present in the non-histone
supernatant, indicating that this protein is a histone. When comparing this histone band
between the 143B-P and 143B-R histones, the signal is at a similar intensity, indicating no
major differences in SDMA on hislones. In the ADMA immunoblol, a histone band near 15
kDa appears more strongly in the 143B-P cells than in the 143B-R cells (Fig 4). However, the

270 kDad>

175 kDa®>-
130 kDad>

95kDage T

65 kDa P>
e
50kDad-

35kDa P -

30 kDa#>-

15 kDa #,
5kDa $

Coomassie ADMA (10s)

Fig 4. Identification of ADMA-containing polypeptides in histone and non-histone fractions of parent and
revertant human osteosarcoma 143B cells.

https://doi.org/10.1371/journal. pone.0296291.g004
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Coomassie-stained SDS-PAGE gel shows that the histones are slightly more enriched in the
143B-P cells than in the 143B-R cells, which may reflect the higher level of ADMA on histones
of 143B-P cells. Additionally, a difference in ADMA in this molecular weight region was not
observed in replicate anti-ADMA immunoblots of cell lysates (S2 Fig}. Therefore, we did not
find any large-scale differences in ADMA on histones between the 143B-P and 143B-R cells.

The leftmost panel shows a Coomassie-stained SDS-PAGE gel, and the rightmost panel
shows an anti-SDMA immunoblot with an exposure time of 10 seconds.

The leftmost panel shows a Coomassie-stained SDS-PAGE gel, and the rightmost panel
shows an anti-ADMA immunoblot with an exposure time of 10 seconds.

The 143B-P and 143B-R cells share similar substrates for PRMT1, PRMTS5,
and PRMT7

We next performed in vitro enzymatic assays to examine whether there was a difference in
substrate availability for PRMTs within the 143B-P and 143B-R cell lysates. Reactions were set
up by incubating either the 143B-P or 143B-R cell lysates with [*H]-AdoMet, recombinantly
purified PRMT1, -5, or -7, and PRMT inhibitors. Highly selective PRMT inhibitors, including
the PRMT?7 inhibitor SGC8158, the PRMTS5 inhibitor EPZ015666, and the Type I PRMT
nhibitor MS023, were used to parse out the activity of individual classes of PRMTs. For exam-
ple, using PRM TS5 along with the inhibiters SGC8158 and MS023 should show methylation in
lysates due to PRMTS activity. Separation of the polypeptides within the reaction mixtures by
SDS-PAGE was followed by fluorography. In both the 143B-P and 143B-R lysates incubated
only with [’H]- AdoMet, there are two major bands indicating methylated proteins near 50
kDa and 15 kDa, as well as two minor bands near 35 kDa and 25 kDa (Fig 5). These four bands
remain present in the lysates with PRMT1 and PRMTS5 added, but no additional bands are
shown that would indicate additional methylation by the PRMT enzymes. All four of these
major bands decrease upon addition of the PRMT inhibitors. When PRMTS5 is added with
MS023 and SGC8158, it appears that there is less signal intensity in the revertant cell lysates
than in the parent cell Iysates, indicating that there may be less substrate availability for
PRMTS5 in the revertant cell lysates. However, the 50 kDa and 15 kDa proteins appear in both
cell Iysates under these conditions, indicating that these proteins may be PRMTS5 substrates. A
protein with SDMA near 15 kDa was also detected in the 143B lysates in Fig 2. Interestingly,
when PRMT7 was added with Type I and PRMT5 inhibitors, these four bands were not pres-
ent while a single band near 20 kDa appeared. PRMT?7 is unique from other PRMTs because it
1s optimally active at the nonphysiological temperature of 15°C [62]. The band observed near
20 kDa in both 143B-P and 143B-R lysates with PRMT7 added may be a PRMT7 substrate.
However, the reactions with PRMT7 were performed at 20°C, so this substrate may not be
methylated within a cell at 37°C. While there may be slightly less substrates methylated by
PRMTS5 in the revertant cells, no major differences in substrate availability for the PRMT]1,
PRMTS5, and PRMT7 enzymes were observed between the 143B-P and 143B-R cells. Therefore,
these results strengthen our conclusion from the immunostaining experiments shown in Figs
2-4 that protein arginine methylation is unlikely to play a major role in the reversion of the
143B cells following methionine restriction with recombinant methioninase. We note, how-
ever, that the parent and revertant cells were grown in high-methionine medium that may
mask differences in the expression of PRMTs.

Cell lysates were incubated for one hour with 0.14 uM [*H]-AdoMet, recombinant PRMTs
(0.20 ug PRMT1, 0.076 pg PRMTS, or 5.5 ug PRMT7), and their inhibitors (2 uM MS023,
20 UM EPZ015666, or 200 nM SGC8158). The inhibitors are abbreviated with their letters at
the top of each lane. The images on the top show Coomassie-stained SDS-PAGE gels, and the
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Fig 5. In vitro methylation of polypeptides from extracts of human parent and revertant osteosarcoma 143B cells.
https://doi.or/10.1371/journal pone.0296291 4005

images on the bottom show films exposed for fluorography for 63 days. All incubations were
carried out at 37°C, except for those with PRMT7 which were carried out at 20°C. To separate
the activity of each PRMT, the PRMT enzyme was added in addition to inhibitors of the other
Lypes of PRMTs. For example, in order lo measure aclivily mainly from PRMT1, PRMT1 was
added along with a PRMT5 inhibitor and a PRMT?7 inhibitor.

A similar constellation of SDMA and ADMA modified polypeptides are
seen in various human cancer cell lines, including 143B, H460, HCT116,
and HelLa cells

Despite their dysregulation in multiple types of cancer and connection to the methionine met-
abolic pathway, PRMTs did not seem to heavily contribute to the reversion of the 143B cells to
a methionine-independent phenotype. Next, we compared the proteins with SDMA and
ADMA found in the bone-derived 143B cells lo those in other methionine-addicted cancer
cell lines to determine if there are common substrates observed in multiple cancer types.
Lung-derived H460 cells and colon-derived HCT116 cells also have the capacity to revert to a
less malignant phenotype upon methionine restriction [29], and cervix-derived HeLa cells
have been shown to undergo cell cycle arrest when grown in methionine-depleted medium
[63].

Overall, the H460 cells had the lowest amount of protein arginine methylation compared to
the 143B, the HCT116, and the HeLa cells (Figs 2 and 6). The 143B cells also had a lower
amounl of proleins with SDMA compared o the HCT'116 and HeLa cells. The HCI'116 and
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Fig 6. Identification of proteins containing SDMA and ADMA in whole cell extracts of the human colorectal
cancer HCT116 cell line, human cervical cancer HeLa cell line, and human non-small cell lung cancer H460 cell
line.

https://doi.org/10.1371/journal.pone.0296291.6006

HeLa cells showed a very similar banding pattern with both the SDMA and ADMA antibodies.
ADMA seemed to be most abundant in proteins above 35 kDa in all four cell lines, while
SDMA was most abundant in proteins below 100 kDa. A protein with ADMA slightly above
15 kDa was observed in the HCT116 and HeLa cells. Proteins with SDMA with molecular
weights of approximalely 15 kDa, 20 kDa, and 30 kDa were observed al a high level in the
143B, HCT116, and HeLa cells, while multiple proteins with ADMA were observed in these
three cell lines.

Extracts loaded on the gel represented approximately 250,000 cells. The left panel is an anti-
SDMA immunoblot, and the right panel is an anti-ADMA immunoblot. Each has an exposure
lime of 3 seconds. These images are representative of two individual experiments.

Because arginine methylation on histones can affect gene expression, we wanted to analyze
any differences in SDMA and ADMA modifications on histones between each cell line. Upon
histone enrichment in the HCT116 and H460 cells, a histone with SDMA with a molecular
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Fig 7. Identification of SDMA-containing polypeptides in histone and non-histone fractions of HCT116 and
H460 cell extracts.

https://doi.org/10.1371/jourmal.pone.0296291.4007

weight slightly above 15 kDDa was observed (Fig 7 and S5 Fig). A similar result was seen in the
143B cells, where a non-histone 15 kDa protein and a histone protein slightly above 15 kDa
both had the SDMA mark (Fig 3). A low signal for ADMA on a histone was seen in the
HCT116 cells at slightly above 15 kDa (Fig 8). Meanwhile, the H460 cells do not appear to con-
tain histones with ADMA, as there is little to no signal upon immunoblotting (Iig 8). The
143B histones also showed a signal near 15 kDa in the ADMA immunoblot (Fig 4). Overall,
similarities in ADMA and SDMA on histones were observed between the HCT116 and 143B
cells, while H460 cells seemed to lack ADMA on histones and non-histone proteins. These
results support common patterns of protein arginine methylation in distinct cancer cell lines
derived from various tissues. The significance of these common bands on anti-SDMA and
anti-ADMA immunoblots is unknown and requires further experiments to elucidate their
identity.

The left panel is a Coomassie-stained SDS-PAGE gel, and the right panel is an anti-SDMA
immunoblot with an exposure time of 10 seconds. In this case, we utilized 12% SDS-PAGE
gels (GenScript calalog #M01215). These images are representalive of two individual experi-
ments. Lanes from a single gel or blot were spliced together, as shown by the vertical black
line, to remove irrelevant lanes.

The left panel is a Coomassie-stained SDS-PAGE gel, and the right panel is an anti-ADMA
immunoblot with an exposure time of 30 seconds. In this case, we utilized 12% SDS-PAGE
gels (GenScript catalog #M01215). These images are representative of two individual experi-
ments. Lanes from a single gel or blot were spliced together, as shown by the vertical black
line, to remove irrelevant lanes.
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Discussion

Whether there exists a link between methionine addiction and PRM'T aclivity in cancer cells is
still unknown, but the results presented here suggest that there is no large-scale direct connec-
tion in an osteosarcoma cell line. The rationale for initiating this study included the fact that
methionine is the direct precursor of AdoMel, ilself the substrale for PRMTs, as well as the
known overexpression of PRMTs in many types of cancer cells [36-45]. Additionally, methio-
nine-independent revertants of other cancer cell lines have greatly reduced transmethylation
reactions compared to their parental cells [29, 30]. In the present study, we examined the levels
of methylated proteins resulting from PRMT activity and substrate availability in methionine-
independent revertant 143B human osteosarcoma cells and their parent cells to understand
the mechanism behind the revertants’ loss of malignancy. Because the 143B-P cells relied more
heavily on methionine than the 143B-R cells, different expression levels in protein arginine
methylation were thought to be possible between parent and revertant cells. With the changes
observed in markers of the epithelial-to-mesenchymal transition (EMT) and reported associa-
tion between PRMT's and EMT, we expected there to be variations in proteins with ADMA
and SDMA [28, 64]. Additionally, histone lysine methylation differed between the 143B-P and
143B-R cells, so we expected changes specifically in histone arginine methylation [28]. How-
ever, no major changes in protein arginine methylation were observed between the 143B-P
and 143B-R cells, which suggests that changes in protein arginine methylation may not be cen-
tral to the mechanism of reversion from methionine addiction to methionine independence.

In Fig 2, three proteins with SDMA with approximate molecular weights of 30 kDa, 20 kDa,
and 15 kDa were seen at similar levels in the 143B-P and 143B-R cells. However, previous
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literature using a different SDMA antibody on an immunoblot of 143B cells also shows one
major band near 85 kDa and a minor band near 128 kDa, which differs from the results pre-
sented here [65]. This may be due to differences in the antibody detection or differences in the
method of cell culture. In both the 143B-P and 143B-R cells, multiple proteins with ADMA
medifications are present between approximately 175 kDa and 30 kDa at similar intensity lev-
els. Arginine methylation on histones can affect gene expression, so we hypothesized that
SDMA and ADMA on histones may play a role in the mechanism of reversion. However, no
major differences were observed in ADMA or SDMA on histones between the 143B-P and
143B-R cells (Figs 4 and 5}).

While there appears to be some PRMT5 substrates that are methylated less in the revertant
than the parent cell lysates, no major differences were found in substrate availability with an
enzymatic assay using 143B-P and 143B-R cell lysates, [*H]-AdoMet, and PRMT enzymes (Fig
5). Because the banding pattern is similar between reactions with lysates only and those with
PRMT enzymes added, it is possible that these bands show other types of protein methylation
that are not catalyzed by PRMTs. While only arginine methylation was directly tested here,
there appears to be no major differences in cytoplasmic protein methylation as a whole
because the 143B-P and 143B-R cell lysates without PRMTSs and with [*H)-AdeMet show the
same radioactive banding pattern. Although changes in histone lysine methylation between
the 143B-P and 143B-R cells were seen previously, the method of cell lysis may not have lysed
the nuclear membrane and did not solubilize histones, as shown in the Coomassie-stained gel
that lacks histone bands [28]. Other than in protein methylation, AdoMet is the methyl donor
in DNA and RNA methylation, which both can be deregulated in cancer [60, 66]. Twenhafel
et. al has reviewed how epigenetic changes are associated with disease progression in ostecsar-
coma [67]. DNA methylation can suppress miRNAs, whose underexpression in osteosarcoma
tissue is correlated with higher-stage tumors. Additionally, DNA methylation of tumor-sup-
pressing genes can silence their transcription and therefore allow for further cancer progres-
sion. Methylation of RNA at adenosine bases leads to N6-methyladenosine (méa), which is
recognized by “reader” proteins, promoting translation of the mRNA. In osteosarcoma,
methyltransferase-like protein 3, which adds a methyl group to form méa, is linked to tumor
progression. A methionine-restricted diet in a mouse model of colorectal carcinoma was
shown to decrease méa mRNA methylation in cancer cells [68]. DNA and RNA methylation
were not explored in this study, but they could be altered as a result of a lower dependence on
methionine. Because methionine metabolism includes pathways besides protein methylation,
there are many possibilities for the mechanism of reversion from methionine addiction to
methionine independence. These results suggest that protein arginine methylation may not be
important in altering the osteosarcoma cells’ methionine addiction. Interestingly, a previous
study has shown that PRMT1 and methionine are both required for Wnt signaling activity in
HelLa cells [69]. Methionine deprivation decreased PRMT1 colocalization with glycogen
synthase kinase 3, an essential enzyme in Wnt sighaling [69]. Thus, the association between
methionine addiction and PRMT function may vary among different types of cancer cells.

PRMTs are generally overexpressed in cancer, and this study showed a direct comparison
of proteins with SDMA and ADMA within various cancer cell lines. In the 143B, HCT116, and
HelLa cells, many proteins with ADMA are present upon immunoblotting across a wide range
of molecular weights (Fig 6). In previous literature, multiple bands ranging from 25 kDa to
150 kDa are also shown in an anti-ADMA immunoblot of an HCT116 cell lysate [70]. Addi-
tionally, human embryonic kidney 293T cells have multiple proteins with ADMA between
20kDa and 250 kDa, as well as three SDMA-containing proteins near 15 kDa, 20 kDa, and 30
kDa [57]. A previous report of ADMA in breast tumors found 403 ADMA sites on 213 pro-
teins in patient-derived xenograft tumors, which highlights the extensive methylation by Type
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I PRMTs in cancerous tissues [43]. The HCT116 and HeLa cells had the highest abundance of
proteins with SDMA. HCT116 cells express the methylthioadenosine phosphorylase (MTAP)
protein at a higher level than H460 cells, while 143B cells do not express MTAP [29, 71]. HeLa
cells do express MTAP [72]. Without the MTAP enzyme, methylthioadenosine can accumu-
late since it cannot be phosphorylated by MTAP [54, 73]. Methylthioadenosine can inhibit
PRMTS5, which is the enzyme responsible for most SDMA in the cell [73]. This endogenous
inhibition of PRMT5 mediated by MTAP deletion may affect SDMA levels because there are
only three major bands on the SDMA immunoblot of the 1433B cells. The relatively low abun-
dance of proteins with SDMA in the 143B cells may be due to MTAP deletion. MTAP-deleted
cell lines are more sensitive to methionihase treatment than those containing the MTAP gene,
50 it is surprising that the 143B-P and 143B-R cells did not have any major differences in
PRMTS5 activity [71]. Because they are more sensitive to PRMT inhibition, MTA P-deleted can-
cers can be selectively targeted [73]. Identifying the major substrates of PRM'T5 that are still
methylated in MTAP-deleted cancers may be important to understanding what reactions
PRMT inhibitors are acting on in these cancers. Further experiments are necessary to elucidate
the identity and importance of the common proteins with SDMA and ADMA found in the
several cancer cell lines studied here.

While we have shown that PRMT activity may not be connected to methionine addiction as
well as similarities in PRMT substrates between cancer cell lines, which are also methionine-
addicted [29, 74], there are a few limitations te this study. Methionine-addicted cancer cell
lines grown in methionine-depleted medium have low levels of free intracellular methienine
as shown in Table 1 of Stern et. al, 1983 [8]. Whether there are differences in methionine con-
centrations between the 143B-P and 143-R cells remains unknown; however, it appears that
any potential differences did not affect protein arginine methylation. Also, protein arginine
methylation is stable in cells [75, 76]. HeLa cell extracts treated with adenosine dialdehyde, a
methyltransferase inhibitor, still had many proteins with SDMA and ADMA present, although
at a slightly lower level than HeLa cells cultured without any inhibitor [75]. Using [*H]-Ado-
Met, recombinantly purified PRMTs, and cell lysates to identify substrates may not account
for stable proteins that have been modified by endogenous PRMT's during cell culture. Analyz-
ing PRMT activity with similar methods but in synchronized cells would clarify whether varia-
tions exist in protein arginine methylation at different points in the cell cycle. PRMT3, 6, and 7
are differentially expressed depending on the stage of the cell cycle in synchronized Hela cells
[77]. While no differences in protein arginine methylation between the 143B-P and 143B-R
cells were observed, it is possible that changes in ADMA may occur at specific points during
cell growth and be observed in synchronized cells. Because overexpression of the PRMT
enzymes is common in cancer cells, measuring the expression levels of each PRMT within the
143B-P and 143B-R cells would be an important future study to further elucidate the mecha-
nisms of methionine addiction. Additionally, PRMT substrates may be different in vivo. A
study analyzing ADMA on proteins in ER- and ER+ breast cancer showed a low amount of
shared ADMA sites between tumor samples and in vitre samples [43]. While this study com-
pared the abundance of SDMA and ADMA on proteins between various human cancer cell
lines, a similar comparison among primary tumors in different tissues may produce distinct
results. Finally, immunohistochemistry analyses could determine the localization of SDMA
and ADMA containing proteins within parent and revertant cells. While this study has sug-
gested no association between methionine addiction and protein arginine methylation in oste-
osarcoma, the mechanism of methionine addiction remains unknown. Future studies could
use proteomics and RN Aseq analyses in parent and revertant cells to elucidate the pathways
important for methionine dependency.
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Overall, elucidating the mechanism in which methionine restriction can affect cancer
malignancy will be useful in developing targeted cancer therapeutics. With PRMT inhibitors
entering clinical trials for cancer patients, it is important to understand how methionine depri-
vation on its own and in combination with these drugs may affect PRMT activity. The present
results suggest that methionine addiction and the upregulation of PRMTs are distinct charac-
teristics of osteosarcoma cells because the revertant cells with lowered methionine dependence
showed no changes in PRMT activity.

Materials and methods
Preparation of cells and other materials

The 143B parent and revertant cell lines were cultured as previously described [28]. The
HCT116 and H460 cells used in this study were the parent cell lines previously described in
Yamamoto et. al [29]. Approximately 2,000,000 cells each of the HCT116, H460, 143B-P, and
143B-R grown in high-methionine medium were shipped to UCLA as a cell pellet on ice at
0°C from AntiCancer, Inc. A frozen cell pellet of approximately 500,000,000 cells of the HeLa-
S3 epithelial suspension adapted cell line (C3 PN:HA48) was purchased from the Cell Culture
Company (Minneapolis, MN). Upon arrival, the cells were either frozen at -80°C or were kept
at 0°C. Cells were aliquoted by suspending them in 1 mL of 1X PBS (Phosphate Buffered Saline
10X Solution, Fisher Scientific, catalog #BP3991, lot #124561) and divided into approximately
250,000-cell aliquots for the HCT116, H460, and HeLa cells, and 200,000-cell aliquots for the
143B-P and 143B-R cells. In each case, the cells were spun down at 180 g for 5 min at 4°C. The
new cell pellets and their PBS supernatants were stored separately at -80°C for future use.
Uninduced, untransformed BL21 E. coli were cultured in 10 mL LB media overnight at 37°C,
leaving a final D600 of 1.29. The cells were divided into 500 uL aliquots, which were lysed at
13,000 g at 4°C for 5 min.

Histone extraction

The EpiQuick Total Histone Extraction Kit (EpiGentek, catalog #0P-0006) was used to extract
the histones from each cell line. One aliquot (250,000 cells for H460 and HCT116, and 200,000
cells for 143B-P and 143B-R cells) was used for each histone extraction, which resulted in

26 uL of histone material. The supernatant with non-histone proteins and the unextracted pel-
let that remained after using the kit were saved, and their proteins were fractionated on
SDS-PAGE along with the histone-containing supernatants. For SDS-PAGE, the volume of
sample applied was normalized to the protein concentration of histones measured using 3 pL
of the histone fraction on a NanoDrop 2000c spectrophotometer. The absorption at 280 nm
was calculated, where 1 mg/mL was assumed to give 1 A.

SDS-PAGE and immunoblotting

Each 200,000-cell 143B pellet, 250,000-cell H460 pellet, 250,000-cell HCT116 pellet, or
250,000-cell HeLa pellet was suspended in 200 uL 2X sample buffer (4% SDS, 20% glycerol,
120 mM Tris-HCl pH 6.8, 0.02% bromophenol blue, 5% beta-mercaptoethanol}. Histone
extraction fractions were diluted in 2X sample buffer or 5X sample buffer (10% SDS, 50% glyc-
erol, 250 mM Tris-HCl pH 6.8, 0.05% bromophenol blue, 12.5% beta-mercaptoethanol). A 1.3
mg/mL solution of GST-GAR, prepared as described in Lowe et. al [62], was diluted in 2X
sample buffer, and 6.5 ug were loaded onto the gel. Each E. coli pellet was resuspended in

130 pL 2X sample buffer, and 15 L were loaded onto the gel. For the purified histones, sam-
ples were analyzed of the histone fraction, the non-histone soluble fraction, and the non-
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histone pellets obtained from the histone extraction kit described abeve. In Figs 3 and 4, his-
tones and non-histone supernatants were diluted in 5X sample buffer ata 1:4 ratio, and non-
histone pellets were resuspended in 50 UL 5X sample buffer. 15 pL of the non-histone superna-
tant and non-histone pellet were loaded into each well. For Fig 3, the 143B-P and 143B-R his-
tones contained 1.6 mg/ml and 2.1 mg/mlL, respectively, so 15 WL 143B-P histenes and 11 uL
143B-R histones (19 Lig) were loaded onto the gel. For Fig 4, the 143B-P and 143B-R histones
contained 1.2 mg/mL and 0.7 mg/mL, respectively, so 11 uL 143B-P histones and 20 uL
143B-R histones (11 ug) were loaded onto the gel. In Figs 7 and 8, histones and non-histene
supernatants were diluted in 2X sample buffer at a 1:1 ratio, and non-histone pellets were
resuspended in 200 uL 2X sample buffer. 15 L of the hon-histone supernatant and non-his-
tone pellet were loaded into each well. For Fig 7, the HCT116 and H460 histones contained 5.8
mg/mL and 2.3 mg/ml, respectively, so 8 uL. HCT116 histones and 20 uL. H460 histones

(23 ug) were loaded onto the gel. For Fig 8, the HCT116 and H460 histones contains 2.2 mg/
mL and 3.9 mg/mL, respectively, so 15 uL HCT116 histones and 9 uL H460 histones (17 ug)
were loaded onto the gel. Whole cell extracts in 2X sample buffer were drawn up and down 20
times in a 1 mL syringe with luer-lock and a 20 gauge needle (BD PrecisicnGlide™ Needle; 20G
*1% (0.9mm * 40mm)} to shear the DNA. Each sample was heated at 95°C for 3 minutes. The
whole cell extract was separated with 35 uL in each well on a 4-20% (unless otherwise men-
tioned) ExpressPlus PAGE gel (GenScript catalog #M42010) at 140V for 1 hour using a BioRad
PowerPac 300 electrophoresis Power supply with Tris-MOPS-SDS running buffer (GenScript
Tris-MOPS-SDS Running Buffer Powder; 50 mM Tris Base, 50 mM MOPS, 0.1% SDS, 1 mM
EDTA). Coomassie staining was performed on a separate gel with identical loading as a control
for the amount of protein. Gels were stained for 1 hour with Coomassie (0.1% (w/v) Brilliant
Blue R-250, 10% (v/v} glacial acetic acid, and 50% (v/v} methanol) and destained overnight
with 10% (v/v) acetic acid and 15% (v/v) methanol. For immunocblotting, gels were transferred
onto a PVDF membrane with transfer buffer (10% (v/v) Tris-glycine, 10% (v/v) methanol} at
30V for 2 hours with ice using a BioRad PowerPac 300 electrophoresis Power supply. The
blocking buffer used was 5% bovine serum albumin (BSA) in TBS-T (20 mM Tris, 137 mM
NaCl, 0.1% (v/v) Tween-20, pH 7.6). The primary antibodies used in this study were rabbit
polyclonal anti-SDMA, anti-ADMA, and anti-MMA (1:2000, generously gifted from Dr. Mark
T. Bedford [57]). The immunogens were short GAR motifs with either the SDMA, ADMA, or
MMA modification separated by polyethylene glycol linkers. The secondary antibody used
was goat anti-rabbit IgG (H + L) Alexa Fluor Plus 647 (1:2000, Thermo Fisher, catalog
#A32733). All antibody selutions were diluted in 5% BSA in TBS-T. Molecular weights of pro-
teins were calculated using Image] (Version 2.1.0/1.53¢).

SDS-PAGE fluorography with [*H]AdoMet

Approximately 1,000,000 cells were lysed in 100 uL of NP-40 cell lysis buffer (1 EDTA-free
protease inhibitor tablet per 50 mL (Catalog No. PIA32965, Thermo Scientific), 50 mM
HEPES, pH 7.6, 150 mM NaCl, 7% beta-mercaptoethanol, 1% NP-40}. Cells were lysed at
13,000 g for 1 minute. Each reaction mixture contained 33.3% (v/v) cell ysate, 50 mM HEPES
pH = 9.0 (9.5 for PRMT7), 1 mM DTT, and 0.14 uM S-adenosyl-L-[methyl-*H] methionine
([*H]AdoMet; Catalog No. NET155H001MC, PerkinElmer Life Sciences; 81.9 Ci/mmol, 7 uM
i 9:1 10 mM H,SO :ethanol}. Reactions with PRMTs contained either 0.20 ug PRMT1,

0.076 ug PRMTS5, or 5.5 ug PRMT?7. Each reaction also contained 2 uM MS8023 (MedChemEx-
press, catalog # HY-19615) [78], 20 uM EPZ015666 (MedChemExpress, catalog # HY-12727)
[79], 200 nM SGC8158 [80], or 3.33% (v/v) DMSO. Incubation temperature was 37°C for
PRMT1, PRMTS5, and controls, and 20°C for PRMT7. Incubation time was one hour.
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Reactions were terminated with 5X sample buffer, and 30 L of the reaction were fractionated
with SDS-PAGE as described above. Gels were incubated with EN>HANCE (PerkinElmer Life
Sciences, catalog #6NE9701) for 1 hour, incubated in water for 30 minutes, and dried before
the gels were exposed to film (Denville Scientific, 8 X 10 in. Hyblot Cl) at -80°C for 63 days.
The eight reactions consisted of the following: lysate only; PRMT1, lysate; PRMTS5, lysate;
PRMT7, lysate; PRMT1, lysate, EPZ015666, SGC8158; PRMT5, lysate, MS023, SGC8158;
PRMT?7, lysate, MS023, EPZ015666; lysate, no enzyme, MS023, EPZ015666, SGC8158.

Supporting information

S1 Fig. Validating antibodies against SDMA and ADMA. 143B-R whole cell extracts were
used as positive controls, and GST-GAR and E. coli extracts were used as negative controls. To
ensure the antibodies recognized the arginine methylation modification rather than the glycine
and arginine rich regions, an unmethylated GST-tagged protein, based on the N-terminus of
human fibrillarin that contains a glycine and arginine rich region (GST-GAR), was used as a
negative control. Another negative control was an extract of untransformed and uninduced
BL21 Escherichia coli (E. coli) lysate. The first and third panels show Coomassie-stained
SDS-PAGE gels. The second and fourth panels are immunoblots using the SDMA antibody or
ADMA antibody with exposure times of 3 seconds or 10 seconds, respectively. Lanes from a
single gel or blot were spliced together, as shown by the vertical black line, to remove irrelevant
lanes. The same lanes for the parent cells and parent histones are shown in Figs 2 and 4, respec-
tively.

(TIF)

S2 Fig. Identification of proteins containing SDMA and ADMA in human parent and
revertant 143B osteosarcoma cells: Replicate experiment. This shows an individual replicate
experiment of the same conditions as in Fig 2. The leftmost panel shows a Coomassie-stained
SDS-PAGE gel. The middle panel and rightmost panel show an anti-SDMA immunoblot and
an anti-ADMA immunoblot, respectively, each with a 30 second exposure time. Molecular
weight markers are shown at the left in the Coomassie-stained gel and as fluorescent bands on
the left margin of the immunoblots.

(TIF)

§3 Fig. Identification of SDMA-containing polypeptides in histone and non-histone frac-
tions of parent and revertant human osteosarcoma 143B cells. This shows a higher exposure
(30 seconds) of the immunoblot in Fig 3 to show the histone band more clearly.

(TIF)

$4 Fig. Identification of proteins containing SDMA and ADMA in whole cell extracts of
the human colorectal cancer HCT116 cell line, human cervical cancer HeLa cell line, and
human non-small cell lung cancer H460 cell line. This shows a higher exposure (10 seconds)
of the immunoblots in Fig 6. The left panel is an anti-SDMA immunoblot, and the right panel
is an anti-ADMA immunoblot.

(TIF)

S5 Fig. Identification of SDMA-containing polypeptides in histone and non-histone frac-
tions of HCT116 and H460 cell extracts. This shows a higher exposure (30 seconds) of the
anti-SDMA immunoblot in Fig 7.

(TIF)
S1 Raw images. Original data for all immunoblots.
(PDF)
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§1 File. Original data for Fig 1 graph.
(XLSX)
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Figure S1: Validating antibodies against SDMA and ADMA.

Figure S2: Identification of proteins containing SDMA and ADMA in human parent and
revertant 143B osteosarcoma cells: Replicate experiment.

Figure S3: Identification of SDMA-containing polypeptides in histone and non-histone
fractions of parent and revertant human osteosarcoma 143B cells

Figure S4: Identification of proteins containing SDMA and ADMA in whole cell extracts of
the human colorectal cancer HCT116 cell line, human cervical cancer HelLa cell
line, and human non-small cell lung cancer H460 cell line.

Figure S5: Identification of SDMA-containing polypeptides in histone and non-histone

fractions of HCT116 and H460 cell extracts
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Figure S1: Validating antibodies against SDMA and ADMA. 143B-R whole cell extracts were
used as positive controls, and GST-GAR and E. coli extracts were used as negative controls. To
ensure the antibodies recognized the arginine methylation modification rather than the glycine
and arginine rich regions, an unmethylated GST-tagged protein, based on the N-terminus of
human fibrillarin that contains a glycine and arginine rich region (GST-GAR), was used as a
negative control. Another negative control was an extract of untransformed and uninduced
BL21 Escherichia coli (E. coli) lysate. The first and third panels show Coomassie-stained SDS-
PAGE gels. The second and fourth panels are immunoblots using the SDMA antibody or ADMA
antibody with exposure times of 3 seconds or 10 seconds, respectively. Lanes from a single gel
or blot were spliced together, as shown by the vertical black line, to remove irrelevant lanes. The

same lanes for the parent cells and parent histones are shown in Figs 2 and 4, respectively.
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Figure S2: Identification of proteins containing SDMA and ADMA in human parent and
revertant 143B osteosarcoma cells: Replicate experiment. This shows an individual replicate
experiment of the same conditions as in Fig 2. The leftmost panel shows a Coomassie-stained
SDS-PAGE gel. The middle panel and rightmost panel show an anti-SDMA immunoblot and an
anti-ADMA immunoblot, respectively, each with a 30 second exposure time. Molecular weight
markers are shown at the left in the Coomassie-stained gel and as fluorescent bands on the left

margin of the immunoblots.
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Figure S3: Identification of SDMA-containing polypeptides in histone and non-histone
fractions of parent and revertant human osteosarcoma 143B cells. This shows a higher

exposure (30 seconds) of the immunoblot in Fig. 3 to show the histone band more clearly.
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Figure S4: Identification of proteins containing SDMA and ADMA in whole cell extracts of
the human colorectal cancer HCT116 cell line, human cervical cancer HelLa cell line, and
human non-small cell lung cancer H460 cell line. This shows a higher exposure (10 seconds)
of the immunoblots in Fig. 6. The left panel is an anti-SDMA immunoblot, and the right panel is

an anti-ADMA immunoblot.

128



175 kDap»
130 kDa>
95 kDa 9

65 kDa 9

50 kDa 9

35 kDa

15 kDa9»>

SDMA (30s)

Figure S5: Identification of SDMA-containing polypeptides in histone and non-histone
fractions of HCT116 and H460 cell extracts. This shows a higher exposure (30 seconds) of the

anti-SDMA immunoblot in Fig. 7.
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Chapter 7

Identification of a Protein Arginine Methyltransferase 7 (PRMT7)/Protein Arginine
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Significance Statement

Protein arginine methyltransferases have been identified as targets for cancer

therapeutics. While the goal of many drug and inhibitor designs are to target specific molecular

binding sites, even well-constructed inhibitors may have off target sights limiting their usefulness.
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Protein methyltransferases bind S-adenosylmethionine at motifs |, post motif 1, motif I,
and motif Ill. Protein arginine methyltransferase contains an additional double E loop, and THW
loop which specifically binds the guanidino arginine. Previous inhibitors fall into three classes. The
first type defined involves a S-adenosylmethionine analog, the second type defined involves a
peptide or guanidino analog, or a third type which involves a mixture of these structures.

To date there have been many successful inhibitors identified including MS023 which is
defined as a type | PRMT inhibitor, EPZ015666 which is a PRMT5 specific inhibitor, as well as
SGC8158 which is PRMT7 specific. While additional inhibitors are present and currently
undergoing clinical trials, a general inhibitor for PRMT9 has not yet been identified.

The activity of PRMTs have been noted to be regulated by dimerization. While two
monomers of PRMT 1-5, 6 and 8 are needed for activity, PRMT7 and PRMT9 just need one
monomer. The structures of PRMT7 and PRMT9 are pseudo dimers containing duplicate motifs
thus the need for just one copy for enzyme activity. Because of a similar structural design basis,
in theory a PRMT7 inhibitor design could be applied to PRMT9. In collaboration with the Sbardella
group, we were able to identify a novel inhibitor for both PRMT7 and PRMT9. While also
uncovering small differences in both PRMT7 and PRMT9 active sites, which may aid in future

PRMT drug designs.
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ABSTRACT: Less studied than the other protein arginine
methyltransferase isoforms, PRMT7 and PRMT9 have recently
been identified as important therapeutic targets. Yet, most of their
biological roles and functions are still to be defined, as well as the
structural requirements that could drive the identification of
selective moedulators of their activity. We recently described the
structural requirements that led to the identification of potent and
selective PRMT4 inhibitors spanning both the substrate and the
cosubstrate pockets. The reanalysis of the data suggested a PRMT7
preferential binding for shorter derivatives and prompted us to
extend these structural studies to PRM1T'9. Here, we report the
identification of the first potent PRM'I'7/9 inhibitor and its
binding mode to the two PRMT" enzymes. Label-free quantifica-
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tion mass spectrometry confirmed significant inhibition of PRMT activity in cells. We also report the setup of an effective AlphalISA

assay to screen small molecule inhibitors of PRMTY.

B INTRODUCTION

Protein arginine methylation has recently attracted growing
interest from the scientific community for its role in cell
biology and its involvement in physiological and physiopatho-
Jogical processes. As a consequence, the enzymes responsible
for this post-translational modification, protein arginine
methyltransferases (PRMTs), are increasingly considered
promising and relevant targets for drug discovery.!

In mammals, nine sequence-related PRMT isoforms
(PRMT1-PRMT9) have been identified, and they are
classified into three subfamilies (Type I, Type 11, and Type
TIT) based on the product of the methylation reaction they
catalyze. In particular, type I PRMLs (PRMT1, PRM12,
PRMT3, PRM'14, PRMT6, and PRMTS) catalyze the
formation of monomethylarginine {Rmel)® and asymmetric
dimethylarginine (Rme2a), type 1I PRM1s (PRMTS and
PRM19) catalyze the formation of Rmel and symmetric
dimethylarginine (Rme2s), whereas type 111 PRMT (PRM'17)
catalyzes only the formation of Rmel.”" 'I'he nine members of
the PRM'L' family share a common Rossmann-like fold seven-
stranded fi-sheet connected by a-helices and a f-barrel
domain. They have been classified as class 1 S-adenosylme-
thionine (SAM)-dependent methyltransferases, together with
some non-SE1 domain [ysine methyltransferases (e.g.,
DOTIL; Figure 1) also featuring the same elements.™

@ 2022 The Authors. Published by

American Chemical Society
13665
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Several PRMT inhibitors have been identified to date,
mostly type I PRMT inhibitors, both selective and unselective,
and PRMTS inhibitors."”® Only recently the first PRMT7
selective inhibitor, SGC8158, was rupurtcd,o while no inhibitor
for PRMTY has been described so far.'” However, very little is
known about these two methyltransferases. While all the other
PRMTs contain only one methyltransferase domain, both
PRMT7 and PRMTY contain two tandem domains resulting
from ancestral duplication (Uigure 1). The single C-terminal
domain is catalytically inactive, yet it is necessary for enzyme
activity being folded toget]wr with the N-terminal one to form
H=1312S18T pRMTT s associated with meta-

stasis and DNA damage and is considered a potential target for

a pseudodimer.

treating breast -.:zmn:cr,m19 but important questions rcgarding
its major role in cell biology are still open since it does not
prime for dimethylation by type I and type Il PRMTs, "
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Figure 1. Architecture of PRMT7 and PRMT9 (prepared using Illustrator for Biological Sequences, IBS)*" and phylogenetic tree of SAM-
dependent class T methyltransferases (obtained with the Structural Genomic Consortium Chromollub™ and modified with Adobe Tllustratar CC

2023). PRMTs are highlighted in the orange arca, whereas non-SET doma

in-containing KMTs are in the gray area.

Seemingly, most of the biological roles of PRMT9 remain to
be further defined along with its substrates.'

Nonetheless, PRMT9 has been identified as a potential
target for treating hepatocellular carcinoma,”*** for suppress-
ing acute myeloid leukemia maintenance,”* and it is required
for androgen-dependent proliferation of LNCaP prostate
cancer cells.”® It has been reported to play a role in the
regulation of alternative splicing,'**** Very recently, it has been
shown that PRMTY attenuates activation of mitochondrial
antiviral signaling protein (MAVS) through arginine methyl-
ation (R41 and R43), thus reducing innate antiviral immune
response.””

Pursuing our interest in the identification of potent and
selective PRMT inhibitors, > 2/3031323331853603738 (o0 r0ape
intrigued by the identification of hits for the development of
PRMTY inhibitors.

Identification of potent and selective PRMT9 inhibitors is a
challenge due to several factors. Crystal structures of PRMTs
have provided extensive amounts of information to aid in the
development of selective inhibitors' but only recently a crystal
structure of PRMT9 has become available (PDB ID:
6PDM),” and no literature report has been published up to
date. In addition, the discovery of PRMT inhibitors requires
efficient and effective biochemical screening assays for
measuring their methyltransferase activity. However, in the
case of PRMT9, there are only a limited number of screening
techniques,” and no commercially available antibody can
recognize R508me2s resulting from the enzymatic activity of
PRMTY on its specific substrate splicing factor 3B subunit 2
(SF3B2, also known as spliceosome-associated protein 145
SAP145)."?

Overall, although many potent small molecule inhibitors
have been reported for PRMTs, selectivity remains a challenge

13666
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for individual PRMT isoforms because of a conserved SAM
binding site and similar substrate recognition motif. On the
other hand, even subtle modifications of chemical structure can
greatly influence selectivity, and even close analogs of SAM can
be surprisingly selective. Moreover, several lines of evidence
support the essential role of the distance between the
harmacophore groups in PRMTs inhibition potency and
felectivity.g'ljmfﬂgﬂgp F 7

In SGCB8158, for instance, changing the methylene linker
length between the terminal amine moiety and the adenosine
core resulted in a decrease in selectivity.”

In a recent study, we demonstrated that modulating the
distance between pharmacophoric moieties leads to potent and
selective PRMT4 inhibitors.”' On the contrary, PRMT7 seems
to preferentially bind derivatives with shorter linkers,

Based on the abovementioned considerations, we resolved
to extend these structural studies to PRMT9 and to further
explore the features of the binding of compounds spanning
both the substrate and the cosubstrate pockets for the further
development of inhibitors,

Herein, we report the identification of the first potent
PRMT?7/9 inhibitor and its binding mode to the two PRMT
enzymes. We also report the setup of an effective assay to
screen small molecule inhibitors of PRMT9.

B RESULTS AND DISCUSSION

Optimization of Alpha-Based Screening for PRMT9
Inhibitor ldentification. To date, radiometric assays
represent the only standard for biochemically measuring the
methyltransferase activity of PRMT9. Yet, the cost, the
difficulty to automate, and the danger associated with their
usage and the generation of radioactive waste are huge
deterrents for random or target-based screening. Recently, a

hitps://dei.org/10.1021/acs jmedchem 301030
J. Med. Chem. 2023, 66, 13685~13683
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PRMT9 homogeneous assay kit in an AlphaLISA format has
become commercially available (BPS Bioscience #52069) and,
even if, to the best of our knowledge, no evidence of its
effectiveness in small molecules screening has been reported in
the literature so far,45 at first we decided to use it for the
evaluation of the inhibitory effect of our compounds against
PRMT9. The assay was based on PRMT9-mediated
methylation of the GST-tagged substrate (an unspecified
SF3B2 peptide) in the presence of the SAM cosubstrate. The
modification resulting from the enzymatic reaction was
detected by adding a primary antibody (speciﬁca]ly recognizing
the substrate methylated arginine), antirabbit IgG acceptor
beads (capturing the Fc region of the primary antibody), and
glutathione donor beads (capturing the GST tag of the
substrate).

Unfortunately, following the protocol reported for this assay,
we obtained low alpha counts and an unacceptable signal/
noise ratio, with a blank higher than the controls (Figure SI1A,
Supporting Information). We assumed that this unexpected
behavior could be due to a nonspecific recognition of the
substrate and/or to an interference from the GST tag of the
substrate. Accordingly, we tried to optimize the assay by
diluting the substrate 1:10, but we did not observe any
improvement (Figure S1B). We reported the issue to the BPS
Technical Support, which suggested an 8-fold increase in the
enzyme amount to obtain a signal/noise ratio of 2.3, However,
this was still unacceptable and also resulted in the need for
significantly larger amounts of enzyme. Therefore, we
redesigned the assay using a bioti_nylated 20-amino acid
peptide of SF3B2 (aa 500—519) instead of the GST-substrate
of the kit and streptavidin donor beads instead of glutathione
ones. Thanks to these modifications, we were finally able to
obtain a good signal/noise ratio, aveiding the previously
reported problems with blanks (Figure S1C). Accordingly, all
the enzymatic inhibition data were obtained by performing the
assays in these optimized conditions. Noteworthy, while
writing this manuscript, we were pleased to find out that
BPS changed the kit, replacing the GST-tagged substrate with
a biotinylated one and including a $-fold higher amount of the
enzyme (with a higher level of purity), substantially confirming
our modifications to the assay. ¢

Recently, we successfully app]ied a deconstruction—
reconstruction and fragmentfgrowing approach to achieve
potency and selectivity against PRMT4 starting from non-
selective PRMT inhibitors. This approach allowed us to
investigate the structural features of the binding to PRMT
enzymes and we found that the overall length of synthesized
compounds la—h (Figure 2) and, even more, the length of the
linkers between the 4-hydroxy-2-naphthoate-6-urea and the
guanidine group and between the latter and the adenosine
moiety resulted to be crucial for the inhibitory activity
especially against PRMT4 and, at a minor extent, against
PRMT1.*! On the contrary, the study showed that increasing
the linker length is detrimental for the inhibition of PRMT6
because the resulting compounds are forced to adopt an odd
distorted Ufshaped conformation that reduces the favorable
binding interactions with the enzyme double-E loop clamp and
the arginine substrate pocket.”’ Interestingly, we observed a
different trend for the inhibitory activity against PRMT7, with
the shorter compound (1a, BML 734} showing an ICq, value
of 0.32 #M and a certain selectivity compared to other tested
PRMTs (SI values in the range 26—227; see Figure 2).
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Figure 2. Inhibitory activities of compounds 1a—h against PRMT7:*
the heatmaps depict the ICg, values (nM) for compounds la—1h
against PRMT7 (left panel, in shades of green) and the selectivity
index (fold) for PRMT?7 over the specified PRMT (right, shades of

blue and orange).

This is consistent with the restrictive and narrow active site
described for PRMT7."*"” Therefore, we decided to start our
structural studies on PRMT9 by investigating the capability of
1a (EML734) to inhibit the enzyme in our AlphalISA assay.
For comparison, we also selected a few compounds from our
in-house libraries of PRMT modulators®*%313% among those
featuring some structural similarities with 1a (e.g., the hydroxy-
carboxy-naphthyl-urea portion, or the bioisosteric carboxy-
indolyl-urea or carboxy-indolyl-amide moieties) and tested
them for their ability to inhibit PRMT9 (Figure 3).

Selection of Compounds for Preliminary Screening
and Hit Identification. Both bis-4-hydroxy-2-naphthoic
compounds (EML107 and EML108)" and bis-indolecarbox-
ylate compounds (EML145, EML147, and EN[LI48),28
previously identified as class I PRMT inhibitors, as well as
the aryl acetamido ureido indole carboxylate (“uracandolate”)
EMLI0S (an enhancer of PRMT4 activity),”® showed no
activity against PRMTS. On the contrary, compound la
exhibited good inhibitory activity against PRMT9, with a
submicromolar ICg, value (0.89 pM).

Prompted by this result, we turned back our attention to the
derivatives of la previously synthesized by us (compounds
1b—h) and tested them in our in-house AlphaL.ISA assay, with
the aim of investigating the effect of the modulation of the
distance between the pharmacophoric moieties on the
inhibiting activity against PRMT9.

‘We found that in the case of PRMTY, the distance between
the methyl 4-hydroxy-2-naphthoate moiety and the arginine-
mimetic group does not significantly affect the inhibitory
activity of the compounds, with all the compounds la—e (n=
1—§; Table 1) showing comparable and relatively good
inhibiting properties (IC;, values around 1 z#M) against
PRMTY. A decrease in the inhibitory activity was observed
when the linker between the gua_nidine group and the
adenosine moiety was more than two-carbon atoms long. In
fact, compounds 1g and 1h were the least effective inhibitors,
with an opposite trend with respect to what we previously
observed for PRMT4.* Compound la, featuring a propyl

https //doi.or /10,1 021/acs jmedcherm, 3¢01030
S Med. Chem. 2013, 66, 1366513683
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house ].ibraries) against PRMT9.

Table 1. Inhibitory Activities of Compounds la—h against

PRMT9
OO
X, -0, =N
NN SN N N
L, H H ''nH HHOI?‘ hNHz
oH
1a-h e
compound " X PRMTS IC,, ¥ (1M}
1a (EML734) 1 —CH— 0.89
1b (EML709) 2 —CH,— 1.32
1c (EML736) 3 —CH,— 5.80
1d (EML978) 4  —CH,— 1.02
e (EMI979) S  —CHy— 1.30
1f (EML980) 2 —CH,—CH,— 1.20
1g (EMI982) 2  —CH,—CH,—CH,— >10.00
1h (EML981) 2 —CH,—CH=CH- 9.30

“Obtained in AlphaLISA assay, using human recombinant PRMT9
(0.105 uM, final concentration). SF3B2 (500—519) peptide,
biotinylated (100 nM, final concentration), and SAM (25 M, final
concentration) were used as substrate and cosubstrate, respectively.
bCompounds were tested in 10-concentration 1C,, mode with 3-fo1d
serial dilutions starting at 100 M. Data were analyzed with GraphPad
Prism software (version 6.0) for IC,, curve fitting,

spacer between the 4-hydroxy-2-naphthoate moiety and the
guanidine group, was the most potent derivative with a
submicromolar activity against PRMT9 and a good selectivity
profile against the other PRMTs.

Design, synthesis, and inhibitory activity of 1i (EML1102),
the lower homologue of la (EML734).

13668
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Based on these outcomes, we resolved to explore the effect
on the capability to inhibit PRMT9 enzymatic activity of
further reduction of the distance between the pha_rlnacophoric
moieties. Therefore, we synthesized compound 1i (EML1102)
in which the propyl spacer of la was replaced with the shorter
ethyl group and tested it against PRMT as well as against all
the other PRMTs (with the only exception of PRMT2; Table
2). As shown in Table 2, compound 1i confirmed the general
trend previously observed for compound la—h against type 1
PRMTs. In fact, the reduction of the spacer length further
reduced the inhibitory potency against PRMTI1, PRMT3,
PRMT6, and PRMTS (compare the activities of 1i and la in
Table 2). Consistent with the geometric restriction of the
enzyme active site,'>"” compound 1i substantially maintained
the inhibitory activity of la against PRMT7. On the contrary,
the further reduction of the length of the alkyl spacer between
the 4-hydroxy-2-naphthoate moiety and the guanidine group
resulted in being detrimental to the inhibition of PRMTY. In
fact, as reported in Table 2, compound 1i exhibited a 3-fold
reduction in potency compa_red to its next higher homologue
1a. To confirm the activity of the compounds against PRMT9,
we then used a radioisotope-based assay as a secondary
screening approach.48’49 In these experiments, HsPRMT9 was
incubated with *H-SAM and SF3B2 (401—550) peptide with
and without inhibitors la—c at the reported concentrations,
and then the reaction products were analyzed by SDS gel
electrophoresis followed by fluorography and densitometric
analysis, §'-Deoxy-5'-(methylthio)adenosine (methylthioade-
nosine, MTA), the polyamine byproduct in the methionine
salvage pathway that is reported to be a SAM-competitive
inhibitor of PRMTs,***™** and the PRMTS inhibitor
EPZ015666 (GSK3235025)°%%° were used as reference
drugs. As shown in Figure 4a and consistent with the results
of the AlphalISA assay, all three compounds induced half
inhibition of PRMT?9 at a concentration lower than § gM. The
effect is concentration-dependent, and almost complete
inhibition was observed at 100 #M. On the contrary, MTA
was able to give a good inhibition only at 100 #M, whereas
EPZ015666 was inactive up to 500 xM. For comparison,
compounds la—c were tested in the same assay also against
HsPRMT?7, in the presence of recombinant HsH2B as a
substrate (Figure 4b). As expected, the inhibiting activities
were consistent with those reported in Figure 2. Both PRMT7
and PRMT9 are evolutionarily conserved proteins, with
distinct orthologs in plants, invertebrates, and vertebrates,
and human enzymes have much in common with their
orthologs from the soil nematode worm Caenorhabditis
elegans,” which has developed into an important model for
the functional characterization of various drug ta.rgets,56
including PRMTs.”” Nonetheless, important differences in
terms of active site architecture and substrate specificity have
been reported between human and nematode PRMT7
proteins, whereas the two PRMT9 orthologs appear to be
biochemically indistinguishable.48 Therefore, we decided to
investigate the effects of compounds la—c also on the enzymes
from C. elegans. A nearly full inhibition of CePRMT9 was
observed with each of the three inhibitors at 100 M
concentration, while the half inhibition was observed between
25 and S0 #M, suggesting that the inhibitors have maybe 5—
10-fold less binding affinity for the worm enzyme than for the
human enzyme (Figure 4c). On the contrary, consistent with
the previously reported differences, not much inhibition was
seen with the CePRMT7 enzyme using histone H2B as a

https //doi.or /10,1 021/acs jmedcherm, 3¢01030
S Med. Chem. 2013, 66, 1366513683
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Table 2. Inhibitory Activities of Compound 1i against PRMTs

OH HoH NH
N Negmay Ay o _ /=N
I HOH N, -NHz
Me0OC Ho Y
OH R

11 (EML1102)

1C, ™" (uM)

cmpd PRMT1 PRMT3 PRMT4 PRMTS PRMT6 PRMT7 PRMTS PRMT9
la (EML734} 32.27° 57.19° 13.84" 52.13° 72.77° 0.32° 8.29° 0.897
1i (EML1102) >100 >100 22.8 9.4 70 0.54 42 2477

“Compounds were tested in 10-concentration 1C5; mode with 3-fold serial dilutions starting at 100 #M. Data were analyzed with GraphPad Prism
software (version 6.0) for 1C; curve fitting. EUnless differently indicated, the values were obtained in a radiocisotope-based filter assay, using 5 #M
histone 114 (for PRM'1'1, PRM'T'3, and PRM8), histone H3 (for PRMT4), histone H2A (for PRMT'S), or GST-GAR (for PRM'T6 and PRM'1'7)
as the substrate and S-adenosyl-1-|methyl-*H|methionine (1 M) as a methyl donor. “Data from ref 31. 90btained in AlphaLLISA assay, using
human recombinant PRMT9 (0.105 4M, final concentration). SF3B2 (500—519) peptide, biotinylated (100 nM, final concentration) and SAM
(25 jeM, final concentration) were used as substrate and cosubstrate, respectively.
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Figure 4. Inhibition of GST-tagged HsPRMT9 and HsPRMT7 (panels a and b, respectively) or CePRMT7 and CePRMTY (panels ¢ and d,
respectively) by compounds la—c as detected by a radioisotope-based assay. The experiments were performed as reported in the Experimental
procedures section. GST-HsPRMTY (a) and GST-HsPRMT?7 (b) were incubated with human GST-SF3B2 (401—550) peptide or recombinant
HsH2B, respectively (1 pg of enzyme, S pg of substrate), 0.14 pM [*H|SAM, and the indicated concentrations of tested compounds at the
corresponding optimal reaction temperature (37 °C for IIPRMTY, 15 °C for IIsPRMT7). €. elegans GST-tagged enzymes PRMTY (c) and
PRMT?7 (d) were incubated with GST-CeSFTB-2 (99—248) fragment or recombinant IIsTI2B, respectively (1 ptg of enzyme, S jug of substrate},
0.14 M [*T1]SAM, and the indicated concentrations of tested compounds at the corresponding optimal reaction temperature (25 °C for
CePRMT9Y, 15 *C for CePRMT7). After SDS-PAGE, the gels were treated as previously described™ and densilometry analysis was done using
Image] software, and data was plotted as normalized activity to the no inhibitor controls.

substrate at 100 uM concentrations. After the experiment was between our most potent and sufficiently selective PRMT9
repeated with 100, 250, and 500 M concentrations of each ligand, 1a (EML734), and the enzyme and prospectively
inhibitor, half inhibition was observed only at a concentration suggest possible modifications that could enhance the ligand/
of roughly 250 pM (Figure 4d). enzyme recognition, In particular, 1a was subjected to docking
Docking and Structure-Based Ligand Design Studies. calculations employing the latest OpenCL implementation of
Prompted by the results of preliminary structure—activity AutoDock4, called AutoDock-GPU {AD4-GPU),*® and the
relationship (SAR) studies, molecular modeling calculations recently released cocrystal structure of the human PRMTY in
were attempted to propose a viable binding interaction model complex with another adenosine-based inhibitor (MTS56,
13669 https://doi.erg/10.1021/acs jmedchem.3c01030
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Figure 5. Binding mode of la in complex with the PRM'T9 31 structure (PDB entry 7RBQ) as predicted by docking calculations (a) and
representative frame of the 500 ns long MD simulation (b) The ligand and enzyme are represented as orange and cyan stick and ribbons,
respectively. L-RMSD (c) and [-RMSF (d) plots obtained from the analysis of M) simulations.

PDB code 7RBQ).* Results of docking analysis revealed that
in the predicted lowest-energy binding orientation (AGpp, =
—14.4 kcal/mol), the ligand adenine ring is able to occupy the
protein region engaged by the same ring in the cocrystal ligand.
Here, H-bond interactions are established with the L208 and
§236 backbone NHs groups. Additional H-bonds are formed
by the sugar OH groups with the E255 backbone CO, while
the arginine-mimetic group is involved in ionic contacts with
the E150 and E264 negatively charged side chains. This latter
residue is also involved in charged-reinforced hydrogen bonds
with the ligand urea moiety. Finally, the 4-hydroxy-2-
naphthoate group is inserted in a rather lipophilic cleft
establishing a 7—7 interaction with the W152 side chain, while
the methyl ester in position 6 is H-bonding E433 backbone
NH. On the contrary, no specific contacts were predicted for
the 4-OH group of the naphthyl ring. To probe the stability of
the interactions predicted by AD4 as well as include the effect
of the solvent in mediating the ligand/protein contacts, the
above-described 1a/PRMT9 complex was subjected to a 500
ns long molecular dynamics simulations employing the
Desmond MD  software,”’ Analysis of the achieved results
demonstrated that the predicted binding pose is fairly stable
over the simulation time, as demonstrated by the ligand root-
mean-square deviations and fluctuations plots (L-RMSD and
L-RMSF, respectively, Figure Sc,d). Indeed, the average RMSD
value is fairly low {1.38 A with a standard deviation of 0.12)
with the most flexible part residing in the ligand naphthyl tail
which experiences a partial relocation probably induced by the
flexible linkjng spacer between this ring and the adenine one.
This relocation is made possible by a rather stable intra-
molecular charge-reinforced H-bond established by the urea
carbonyl oxygen and the positively charged guanidinium
group. While relocating the terminal moieties of the ligand
are still able to establish the same sort of interactions with the
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protein counterpart. In particular, the adenine ring engages H-
bonds with C206, T234, and $236 backbone atoms while the
naphthyl ring 7-stacking contacts with W152, While this latter
contact seems to be stable throughout the simulation, the
naphthyl hydroxy and methyl ester substituents do not seem to
have direct and stable interactions with PRMT9. Compound
la is demonstrated to be a proficient PRMT7 inhibitor.
Therefore, molecular modeling studies were also attempted on
this latter enzyme. Unfortunately, up to date no experimental
structure of the human PRMT7 enzyme has been reported,
while the structure of the murine orthologue has been solved
in complex with the SGC8158 chemical probe. We resolved to
analyze the structure of the human protein as calculated by
AlphaFold®' and compared it to the mouse one, demonstrating
no substantial difference in the overall folding (data not
shown). Therefore, also considering that the activity data were
obtained using the human PRMT7, in this inspection, we
decided to utilize the human protein. In particular, the same
protocol of docking + MD simulations used for PRMT9 was
employed, demonstrating a comparable interaction pattern.
More precisely, as happened for the predicted binding pose in
the human PRMTY, alse for the PRMT7 enzyme, the ligand
adenosine and sugar rings are involved in H-bond interactions
reminiscent of the interactions established by the same rings in
the SAM cosubstrate.

Additionally, the guanidine portion is involved in ionic
contacts with negatively charged residues. The main differ-
ences, however, are recorded for the terminal 4-hydroxy-2-
naphthoate group that in this case is pointing toward a rather
solvent-exposed and hydrophilic protein region. This set of
interactions is well preserved throughout the entire 500 ns MD
simulation (Figure S2, Supporting Information). To further
validate the presented ligand/PRMT9 interaction model, we
decided to design an analogue of la capable of further

hrtps//doiorg/10.1021/acs jmedchem.2¢01030
4. Med. Chemn, 2023, 66, 13665-13683
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enhancing recognition with this latter enzyme. Specifically, we
wanted to reinforce the contact with W152 of the naphthyl
ring by decorating it with an electron-withdrawing group
capable of strengthening the 7—# contact with this residue. We
decided to synthesize compound 1j (EML1219; Figure 6)

HoN - Ny @\NH
2 Jf"\h:k o HNTI/H oA
=l
Hi

o R
H -
-stacking
1a (EML734) R=H H
1j (EML1219) R= CF3 OOMe

Tigure 6. Design of compound 1j to strengthen z-stacking interaction
with the PRMT9 W152 residue {in blue).

featuring a trifluoromethyl group at position 8 of the above-
mentioned ring. This position was selected because, being
solvent exposed, no unwanted steric clash with the enzyme
binding site was expected.

To characterize the effect of compound 1j on PRMTY, we
resolved to evaluate its direct binding to the target protein
using surface plasmon resonance (SPR). To this aim, human
recombinant PRMT9 (2—845; N-terminal FLAG-tag, C-
terminal His6-tag) was covalently immobilized on a sensor
chip surface using an amine coupling approach and compound
1j was injected over the active and reference cells at 10
different concentrations (2-fold dilution series) from 25 to
0.05 pM using the multicycle modality. Each injection was
performed with an association and a dissociation time of 90
and 180 s, respectively, and with a flow rate of 30 yL/min. To
reduce false positives from detergent-sensitive, nonspecific
aggregation-based binding, detergents (0.05% Tween20) were
added to the running buffer in all experiments. The corrected
sensorgrams were fitted simultaneously by kinetic analysis
using the 1:1 Langmuir model of the BlAevaluation software to
obtain equilibrium dissociation constants {K,) and kinetic
dissociation (k.s} and association (k) constants, and the
curve-fitting efficiency was evaluated by chi-square (§*). The *
value of 1j was calculated to be 0.650, indicating a good fit.

SPR studies demonstrated a specific and strong binding
interaction between PRMT9 and the compound, with an
equilibrium dissociation constant (Kp) value in the sub-
micromolar range (Kp, = 188 nM; Figure 7) and a rather high
in vitro residence time value {73 = 500 s).

Next, we tested 1j against PRMT9 as well as the other
PRMTs (with the only exception being PRMT2; Table 3).

As shown in Table 3, the introduction of the trifluoromethyl
substituent at position 8 of the naphthyl ring resulted in a 4-
fold increased inhibitory potency against PRMTY, thus
confirming the predicted binding mode. However, the gain
in target affmity comes at a cost in selectivity, particularly
against the other type 1l enzyme, PRMTS (Table 3).

The selectivity of compound 1j was further assessed against
a panel of eight lysine methyltransterases (KMTs), including
the SET-domain-containing proteins ASHIL/KMT2H,
EZH2/KMT6 (5 component complex), G9a/KMTIC,
MLL1I/KMT2A (S component complex), SET7/9/KMT?7,
SMYD3/KMT3E, SUV39H2/KMTI1B, and the non-SET

80 1j (EML1219)

125 UM
e K, =188 M 6.25 uM
~— z - — 312M
50 =1k, =500s 155 UM
0.78 UM
40 0.39 pM
=S
- — 0.10 yl
2 30 — 0,05 UM
8 20
o
a
3 10
['4 —
0 -
-10
20 \ .
100 -50 0 50 100 150 200 250 300

Time (s)

Figure 7. Sensorgrams oblained from the SPR interaction analysis of
compound 1j binding to immobilized PRMT9. The compound was
injected at different concentrations {from 25 to 0.05 mM) with an
association and a dissociation time of 90 and 180 s, respectively, and
with a flow rate of 30 L/min. The equilibrium dissociation constant
(Kp) was derived from the ratio between kinetic dissociation (k)
and association (L’OU) constants.

domain containing DOTIL/KMT4.° To this aim, the
inhibition of 1j toward these selected enzymes was assessed
at two different concentrations (10 and 100 uM, respectively,
>50 and >500 fold higher than the ICj, value gf\inst PRMT9)
using SAH,” ™ or chaetocin {for ASHIL)™ as reference
compounds, Noteworthy, we found that none of the SET-
domain-containing enzymes was inhibited by 1j even at the
highest tested concentration (Figure S3 and Table S1,
Supporting Information), whereas the non-SET domain
containing DOTIL/KMT4 was significantly inhibited even at
10 pM, thus confirming that the introduction of the
trifluoromethyl group gives a reduction in selectivity within
class I SAM-dependent methyltransferases.

Assessment of in Cell Functional Potency. As
mentioned above, compounds la—h were originally designed
to probe the structural differences among the various PRMT's
in order to gain important information for the development of
potent and selective inhibitors and nonoptimized for cell
permeability. Yet, we previously reported that, regardless of its
low cell permeability, 1h is able to induce an evident reduction
of PRMT4-catalyzed arginine methylation levels in MCF-7
cells and a marked reduction of proliferation.”

Therefore, we resolved to investigate whether the com-
pounds can reduce the cellular level of arginine methylation
catalyzed by PRMT9. Note that when SF3B2 was charac-
terized as the methylation substrate of PRMT9, a homemade
methyl-specific antibody was developed to detect PRMTO-
catalyzed SF3B2 methylation site (RS08), namely, SF3B2
R508me2s."” This antibody was validated as very specific and
not atfected by the low reproducibility issues that often plague
many antibodies used for detection of PTMs.***” To test the
effect of compounds 1a, 1¢, le, and 1f on PRMT9 activity in
vivo, we treated MCF-7 and MDA-MB-436 breast cancer cell
lines with these compounds at indicated concentrations for 72
h, and the total cell lysates were then immunoblotted with the
aSF3B2 R508me2s methyl-specific antibody.

However, as shown in Figure §, in both cell lines and for all
of the tested compounds, we were not able to see a convincing
inhibition on the levels of SF3B2 RS08 methylation. As
mentioned above, this is not surprising considering the low cell
permeability of these compounds.

hrtps//doiorg/10.1021/acs jmedchem.2¢01030
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Table 3. Inhibitory Activities of Compound 1j against PRMTs
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“Compounds were tested in 10-concentration TC;, mode with 3-fold serial dilutions starting at 100 M. Data were analyzed with GraphPad Prism
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histone H2A (for PRMTS) or GST-GAR (for PRMT6 and PRMT7)
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Figure 8. Testing the effects of compounds 1a (EML734), 1b (EML736), le (EML979), and Lf (EML980) on PRMT9 activity in MCF7 (top)

and MDA-MB-436 breast cancer cell lines. MCF7 and MDA-MB-436 cells were treated with 4 candidate inhibitors at indicated concentrations for

72 h. The total cell lysates were harvested in RIPA buifer and the levels of SF3B2 R508me2s, SF3B2, and PRMT9 were detected by using Western

blot assays. Anti-Tubulin antibody was used as a loading control.

Quantification of in Cell Methylation by Mass
Spectrometry. Antibody-based methods such as enzyme-
linked immunosorbent assay (ELISA) or Western blot are
widely used to detect P'I'Ms, yet they are significantly less
sensitive than methods based on mass spectrometry, in which
resolution is based on mass changes and includes a variety of
PTMs within a certain mass range in a single measurement.
This is even more evident in the case of the combination of
state-of-the-art spectrometers with high resn]vlng power and
puwerﬁﬂ bioinformatic tools, that made very popu]ar the use of
“label-free” quantification methods (1LFQ) as an alternative to
stable isotope labeling strategies. ™ Therefore, we decided to
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investigate whether variations in the level of arginine
methylation of specific substrates of PRMT7 and PRMT9
could be detected by LFQ mass spectrometry. To this aim, we
focused on the heat shock 70 kDa protein 1B (HSP70) and the
heterogencous nuclear ribonucleoprotein A1 (HNRNPAL1),
which are methylated by PRMT7 on R469 and R194,
respectively,”™® and on SF3B2, symmetrically dimethylated
on R508 by PRMT9.'""?

Briefly, HEK293T cells treated with compounds 1a or 1j or
untreated were lysed through sonication, and then proteins
from each lysate were denatured and digested with a protease
{trypsin/LysC) into a peptide mixture, which was subse-

https://doi.org/10.1021/acs jmadchem,3c01030
1. Medd. Chem. 2023, 66, 13665— 13683



Journal of Medicinal Chemistry

pubs.acs.org/jmc

el in mi Digested @ SPE desaltini
cells @ Sample @ Protein mixture peptides g
EMLT34/EML1219 T Cell trypsin/LysC ~ ¢\
treated ‘ -

L 4

Non-treated } I \‘
on-treate: \ Cel Py

v lysis @
UHPLC-MS

analysis @ database search

=. \e

igestion %e is

¥
trypsin/LysC le f?j‘
digestion

labelfree
quantification

protein
identification

Intensity

LC-MS m/zZ

Figure 9. Schematic description of the M$ proleomic experiment. Created with BioRender.com.

quently analyzed by tandem MS (MS/MS), identified by
database searching, and quantified (Figure 9; see Experimental
Section for details).

For both untreated and compound-treated samples, the ratio
between the abundance of the nonmethylated over the
monomethylated peptides was calculated and plotted as bar
graphs. As shown in Figure 10, for both substrates of PRMT?7,
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Figure 10. Compounds la and 1j inhibit PRM'1'7 in cells. ‘The bar
graphs plot the ratio between the abundance of nonmethylated over
methylated peptides in HEK3921 cells treated with compounds 1a or
1j or untreated for 24 h (blue) or 48 h (yellow). The top panel shows
the ratio between HINRNPAL unmethylated over R194me peptides,
and the bottom pancl shows the ratio between HSP70 unmethylated
over R469me peptides,
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HNRNPAL, and HSP70, the ratio increased in treated samples
compared to control, indicating an increasing prevalence of
unmethylated over methylated peptides, thus revealing a slight
but significant inhibition of the enzyme catalytic activity even
in cells. The effect is concentration- and time-dependent.

Unfortunately, after trypsin/Lys-C digestion, we were not
able to identify the SF3B2 peptide(s) including RS08 but only
peptides preceding or following it (e.g, 496—507 or §15—
530). Therefore, we resolved to repeat the experiments using
digestion by the alternative protease Glu-C or a digestion with
trypsin/Lys-C and Glu-C in parallel and subsequent MS-
proteomics analysis;,—"1 Alas, both attempts were not successful,
and again we identified the protein but not the peptide(s)
including R508. Nonetheless, the results obtained for two
distinct substrates of PRMT7 confirmed that, although
nonoptimized for cell permeability, compounds la and 1j
inhibit PRMT activity also in a cellular context.

B CONCLUSIONS

Compared to other PRMTs, PRMT7 and PRMT9 are
relatively underinvestigated and, although they have been
recently identified as potential therapeutic targets for the
treatment of various diseases, including different types of
cancer, "7 7" much is still to be understood on their
biological roles, as well as on the structural requirements that
could drive the development of selective modulators of their
methyltransferase activity.

Prompted by our longstanding interest in PRMTs, we
recently demonstrated that modulating the distance between
pharmacophoric moieties of compounds spanning both the
substrate and the cosubstrate pockets leads to potent and
selective PRMT4 inhibitors.®' In this work, starting from the
reanalysis of those data, we observed that, differently from
PRMT4, PRMT7 seems to preferentially bind derivatives with
shorter linkers, consistently with its previously described
restrictive and narrow active site.' ™' The shortest compound
in the series {1a, EML 734), featuring a propyl spacer between
the 4-hydroxy-2-naphthoate moiety and the guanidine group,
showed an ICy; value of 0.32 pM and a certain selectivity

hrtps//doiorg/10.1021/acs jmedchem.2¢01030
J. Med. Chem. 2023, 66, 1366513683
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Scheme 1. Synthesis of Compounds 1i and 1j
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Reagents and conditions: (a) zinc dust, acetic acid, 1 h (97—98%); (b) phenyl chloroformate, TEA, AcOEt, 1. t., 12 h (65—70%); (<) TEA, dry
DMF, r. t, 2 h (68—70%); (d) DCM/TFA 9:1, r. t., 2 h (80—92%); (e) EDC hydrochloride, TEA, dry DCM, r. t.,, 18 h {60—74%); (f) DCM/TFA

1:1, . t, 2 h (60—76%).

compared to other tested PRMTs (SI values in the range 26—
227). The trend was confirmed by the lower homologue 1i
(EML1102), in which the reduction of the spacer length
(propyl to ethyl) further reduced the inhibitory potency
against PRMT1, PRMT3, PRMT6, and PRMTS but
substantially maintained the inhibitory activity of la against
PRMT7.

This prompted us to extend the study to PRMTY, and we
decided to gauge the inhibitory activity of compounds la—i As
a primary screening assay, we used an in-house custom-
developed AlphaLISA assay employing a biotinylated 20-amino
acid peptide of SF3B2 (aa S00—519) as a substrate. We found
that compound 1a is also a very good inhibitor of PRMT9 with
an IC,, value in the submicromolar range (IC,, = 0.89 uM)
and a good selectivity profile against the other PRMTs. In the
case of PRMT9, the distance between the methyl 4-hydroxy-2-
naphthoate moiety and the arginine-mimetic group does not
significantly affect the inhibitory activity of the compounds,
with all the compounds la—e (n = 1-5) showing comparably
good inhibiting properties (1C;, values around 1 4M) against
this enzyme. Differently from what we observed for PRMT7,
the further reduction of the ]ength of the a]ky] spacer between
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the 4-hydroxy-2-naphthoate moiety and the guanidine group as
featured by compound 1i was detrimental for the inhibition of
PRMTY, with a 3old reduction in potency. Similarly, a
decrease of the inhibitory activity was observed when the linker
between the guanidine group and the adenosine moiety was
more than a two-carbon atom long, with compounds 1g and
1h being the least effective PRMT9 inhibitors in the series.

A radioisotope-based assay was used as a secondary
screening approach and confirmed the PRMT9-inhibiting
activity of the compounds. Docking calculations with the
crystal structures of PRMT9 and PRMT7 proposed binding
modes for la that were confirmed by 500 ns long molecular
dynamics simulations. In the interaction with PRMTY, the
ligand adenine ring is able to occupy the SAM cofactor binding
pocket, establishing H-bond interactions with the 1208 and
§236 backbone NHs groups.

Additional H-bonds are formed by the sugar OH groups
with the E255 backbone CO, while the arginine-mimetic group
is involved in ionic contacts with the negatively charged side
chains of the double E loop (E150 and E264). E264 is also
involved in cha_rged-reinforced H-bonds with the urea moiety.
Finally, the 4-hydroxy-2-naphthoate group is inserted in a

https //doi.or /10,1 021/acs jmedcherm, 3¢01030
S Med. Chem. 2013, 66, 1366513683
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rather lipophilic cleft establishing a #7—7 interaction with the
W152 side chain, while the methyl ester in position 6 is H-
bonding E433 backbone NH. Also in the binding with
PRMT?7, the ligand adenosine and sugar rings are involved in
H-bond interactions reminiscent of the interactions established
by the same rings in the SAM cosubstrate. Additionally, the
guanidine portion is involved in ionic contacts with negatively
charged residues. The main differences, however, are recorded
for the terminal 4-hydroxy-2-naphthoate group that in this case
is pointing toward a rather solvent-exposed and hydrophilic
protein region.

To further validate the ligand/PRMT9 interaction model,
we designed and synthesized a trifluoromethylated analogue of
1a (namely, 1j, EML1219) with the aim to strengthen the 7—7=
contact with the W152 side chain of the enzyme without
altering the overall conformation. SPR studies confirmed a
specific and strong binding interaction between PRMT9 and 1j
with a Kp value in the submicromolar range and a relatively
high in vitro residence time value (K = 188 nM; 75 = 500 s).

However, this gain in affinity was paid by selectivity against
the other PRMTs, particularly against the other type II enzyme
PRMTS, as well as against related methyltransferases like the
non-SET domain containing DOT1L. On the contrary, 1j was
found to be selective against a panel of SET-domain-containing
proteins including ASHIL/KMT2H, EZH2/KMT6, MLL1/
KMT2A, SET7/9/KMT7, SETD8/KMTSA, SUV39H2/
KMT1B, and SUV420H1/KMTSB, which were not inhibited
even at the higher tested concentration (100 #M, > 500 fold
higher than the ICy, value against PRMT®9).

Similar to what we Previously observed for cornpound 1h,
LEQ mass spectrometry revealed that compounds la and 1j
are able to affect PRMT activity even in a cellular context,
regardless of their low cell permeability.

In conclusion, this study sheds more light on the binding
interactions with PRMT7 and PRMT9 of inhibitors spanning
both the substrate and the cosubstrate pockets and provides
structural information that could inform the development of
potent and selective inhibitors of these two enzymes.

Chemistry. The synthetic protocol adopted for the
preparation of compounds 1i and 1j is depicted in Scheme 1.

4-acetoxy-6-nitro-2-naphthoate (2a) and 4-acetoxy-6-nitro-
8-(trifluoromethyl)-2-naphthoate (2b) were prepared accord-
ing to the synthetic procedures previously reported by us
(Scheme 2).*' Reduction of the nitro group with zinc dust in
acetic acid (3a, 3b), followed by treatment with phenyl
chloroformate, allowed us to obtain compounds 4a, 4b, which
straightforwardly reacted with the proper mono-Boc-protected
alkyldiamines to yield ureidic compounds Sa, Sb. After
trifluoroacetic acid (TFA) deprotection, the corresponding
amines 6a, 6b were coupled with the adenosine derivative 7*
in the presence of EDC hydrochloride as an activating agent.
The obtained derivatives 8a,8b were finally subjected to acidic
deprotection to give the desired compounds Li and 1j.

B EXPERIMENTAL SECTICN

Chemistry. General Directions. All chemicals purchased from
Merck KGaA and Fluorochem Ltd. were of the highest purity. All
solvents were reagent grade and, when necessary, were purified and
dried by standard methods. All reactions requiring anhydrous
conditions were conducted under a positive atmosphere of nitrogen
in oven-dried glassware. Standard syringe techniques were used for
the anhydrous addition of liquids. Reactions were routinely monitored
by TLC performed on aluminum-backed silica gel plates (Merck
KGaA, Alufolien Kieselgel 60 F254) with spots visualized by UV light
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Scheme 2. Synthesis of Derivative 2b
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Reagents and conditions: (a) NaBH,, I,, dry THF, 0 °C to reflux, 18 h
(88%); (b) Dess-Martin periodinane, dry DCM, 2 h, r.t. (74%); (c)
toluene, r. t, 48 h (63%); (d) sodium acetate, acetic anhydride, 120
°C (MW), 25 min (67%).

(A =254, 365 nm) or using a KMnO4 alkaline solution. Solvents were
removed by using a rotary evaporator operating at a reduced pressure
of ~10 Torr. Organic solutions were dried over anhydrous Na,SO,
Chromatographic pu.ri_ﬁcation was done on an automated flash-
chromatography system (Isolera Dalton 2000, Biotage) using
cartridges packed with KPSIL, 60 A (40—63 gm particle size). All
microwave-assisted reactions were conducted in a CEM Discover SP
microwave synthesizer equipped with a vertically focused IR
temperature sensor. Analytical high-performance liquid chromatog-
raphy (HPLC) was performed on a Shimadzu SPD 20A UV/vis
detector (4 = 220 and 254 nm) using a C-18 column Phenomenex
Synergi Fusion-RP 80A (75 X 4.60 mm; 4 um) at 25 °C using mobile
phases A (water + 0.1% TFA) and B (ACN + 0.1% TFA) at a flow
rate of 1 mL/min. Preparative HPLC was performed using a
Shimadzu Prominence LC-20AP instrument with the UV detector set
to 220 and 254 nm. Samples were injected into a Phenomenex
Synergi Fusion-RP 80A (150 X 21 mm; 4 mm) C-18 column at room
temperature. Mobile phases A (water + 0.05% TFA) and B (ACN +
0.03% TFA) were used at a flow rate of 20 mL/min. 'H and “F
spectra were recorded at 400 MHz on a Bruker Ascend 400
spectrometer, while C NMR spectra were obtained by distortionless
enhancement by polarization transfer quaternary (DEPTQ) spectros-
copy on the same spectrometer. Chemical shifts are reported in &
(ppm) relative to the internal reference tetramethylsilane (TMS). For
“F spectra, trifluorotoluene (—62.74 ppm) was used as an external
standard Low-resolution and high-resolution mass spectra were
recorded on a ThermoFisher Scientific Orbitrap XL mass
spectrometer in electrospray positive ionization modes (ESI-MS).
All tested compounds possessed a purity of at least 95% established by
HPLC unless otherwise noted.

Methyl 6-(3-(2-(3-(((2R,35,4R,5R)-5-(6-Amino-9H-purin-9-y|)-
3,4-dihydroxytetrahydrofuran-2-yl)methyl)guanidino)ethyl)-
ureido)-4-hydroxy-2-naphthoate (1i). Compound 8a (0.100 g
0.120 mmol) was dissolved ina 1:1 DCM/TFA solution (0.1 M), and
then a drop of water was added. The resulting mixture was stirred at
room temperature for 2 h. Then, the solvent was evaporated and the
crude material was purified by reversed-phase high-performance liquid
chromatography (RP-HPLC) to afford the TFA salt of 1i as a white
solid (54.0 mg, 76%). 'H NMR (400 MHz, DMSO-d,) & 10.34 (s,
1H, exchangeable with D,0), 9.17 (s, 1H, exchangeable with D,0),
8.52 (s, 1H), 8.34 (s, 1H), 8.27-8.21 {(m, 1H), 7.97 (s, 1H), 7.89 (d,
] =90 Hz, 1H), 7.63—7.38 (m, 6H, 4H, exchangeable with D,0),
7.30 (s, 1H), 6.49 (brt, J = 5.7 Hz, 1H, exchangeable with D;0), 5.95
(d J = 5.7 Hz, 1H), 4.69 (t, J = 5.5 Hz, 1H), 4.18—4.12 (m, 1H),
4.09—4.00 (m, 1H), 3m.86 (s, 3H), 3.28—3.17 (m, 4H). °C NMR
(100 MHz, DMSO-d;) &: 167.1, 156.6, 156.0, 153.1, 150.3, 149.4,
141.6, 140.0, 130.3, 129.4, 128.3, 1253, 121.7, 120.7, 119.6, 115.1,
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108.0, 107.0, 883, 82.8, 733, 7L.6, 52.5, 43.7, 41.9, 38.8. HRMS
(ESD: m/z [M + H]" caled for C,gH;(N,0; + H*: §95.2372. Found:
595.2376.

Methyl 6-(3-(3-(3-(((2R,35,4R,5R)-5-(6-Amino-9H-purin-9-yl)-
3,4-dihydroxytetrahydrofuran-2-yl)methyl)guanidino)-
propyljureido)-4-hydroxy-8-(trifluoromethyl)-2-naphthoate
(1j). The TFA salt of compound 1j was obtained as a white solid
(22.0 mg, 60%), starting from compound 8b (38.0 mg, 0.046 mmol),
following the procedure described for 1i. 'H NMR (400 MHz,
DMSO-d,) & 10.80 (s, 1H, exchangeable with D,0), 9.36 (s, 1H,
exchangeable with D,0), 8.47 {d, J = 2.2 Hz, 1H), 8.43 (s, 1H), 8.26
(d, J = 23 He, 1H), 825 (s, 1H), 8.09 (s, 1H), 7.82 (s, 2H,
exchangeable with D,0), 7.51-7.45 (m, 1H, exchangeable with
D,0), 7.45—7.39 (m, 3H, 2H, exchangeable with D,0), 6.55 (brt, [ =
5.7 Hz, 1H, exchangeable with D,0), 5.93 (d, ] = 5.8 Hz, 1H), 4.71
(t, J= 5.4 Hz, 1H), 4.16 (t, J = 4.5 Hz, 1H}, 4.05—4.00 {m, 1H), 3.89
(s, 3H), 3.19=3.10 (m, 4H), 1.69—1.61 (m, 2H). ¥F NMR (377
MHz, DMSO-d;) §: —58.57 (s, 3F), —73.97 (s, 3F). *C NMR (101
MHz, DMSO-d;) & 166.5, 158.8, 158.5, 156.2, 155.5, 154.4, 153.5,
150.6, 1492, 141.2, 138.6, 128.9, 127.0, 123.8, 119.8, 119.4, 1163,
111.9, 107.6, 882, 82.7, 73.0, 71.2, 5.7, 43.4, 36.8, 29.4. HRMS
(ESD): m/z [M + H]" caled for C,gH3 FiN,,O, + H*: 677.2402.
Found: 677.2401.

Methyl 4-Acetoxy-6-nitro-8-(triflueromethyl)-2-naphthoate
(2b). A 10 mL CEM pressure vessel equipped with a stir bar was
charged with 12 (0.350 g 1.05 mmol), acetic anhydride (2.5 mL),
and sodium acetate (0.129 g, 1.58 mmol). The microwave vial was
sealed and heated in a CEM Discover microwave synthesizer to 120
°C (measured by the vertically focused IR temperature sensor) for 25
min. After cooling to room temperature, the reaction mixture was
filtered, and the filtrate was concentrated under reduced pressure. The
title product was obtained as a yellow solid (0.250 g 67%) after
recrystallization from AcOEt. 'H NMR (400 MHz, DMSO-d,) 5 9.17
(d,J=1.4Hz, 1H), 870 (d J= 2.2 Hz, 1H), .67 (s, 1H), 822 (d, ] =
1.4 Hz, 1H), 3.99 (s, 3H), 2.55 (s, 3H). MS (ESI) m/z: 358 (M +
H)".
Methyl 4-Acetoxy-6-amino-8-(triflucromethyl)-2-naph-
thoate (3b), To a solution of 2b (0.150 g, 0.420 mmol) in acetic
acid (9 mL) was added Zn dust (0.275 g 4.20 mmol). The resulting
mixture was stirred for 1 h at room temperature, filtered, and
concentrated in vacuo. The acid residue was dissolved in a saturated
aqueous solution of NaHCO, (30 mL) and extracted with AcOEt (3
X 30 mL). The collected organic phases were washed with brine (30
mL), dried over Na,SO,, filtered, and concentrated under reduced
pressure. The title compound 3b (0.134 g 97%) was obtained as a
pale-yellow solid, which was used in the next step without further
purification. "H NMR (400 MHz, DMSO-d;)} & 8.39 (s, 1H), 7.69 (d,
J=1.4Hz, 1H), 7.59 (d, ] = 2.2 Hz, 1H), 7.09—7.04 (m, 1H), 6.39 (s,
2H, exchangeable with D,0), 3.89 (s, 3H), 2.44 (s, 3H). MS (ESI)
m/z: 328 (M + H)".

Methyl 4-Acetoxy-6-({(phenoxycarbonyl)amino)-8-(trifluor-
omethyl)-2-naphthoate (4b). To a solution of 3b (0.134 g
0.409 mmol) in 1.7 mL of AcOEt was added TEA (0.063 mL, 0.45
mmol). The resulting mixture was cooled at 0 °C, and phenyl
chloroformate (0.057 mL, 0.45 mmol) was added dropwise. The
resulting ye]low suspension was allowed to warm at room, temperature
and stirred for 16 h. Then, the reaction mixture was diluted with
AcOEt (30 mL) and washed with water (3 X 20 mL), HCL IN (3 X
20 mL), saturated aqueous solution of NaHCO; (3 X 20 mL}, and
brine (30 mL). The organic phase was dried in Na,SO,, filtered, and
concentrated under reduced pressure. The title compound was
obtained as a pale-yellow solid (0.122 g, 65%) after recrystallization
from AcOEBt. 'H NMR (400 MHz, DMSO-d;)} § 10.99 (s, 1H,
exchangeable with D,0), 8.55 (s, 1H), 8.43 (s, 1H), 8.37—8.32 (m,
1H), 7.94 (d, ] = 1.4 Hz, 1H), 7.51-7.41 (m, 2H), 7.35—7.26 (m,
3H), 3.94 (s, 3H), 2.44 (s, 3H). MS (ESI) m/z: 448 (M + H)".

Methyl 6-(3-(2-({tert-Butoxycarbonyllamino)ethyl}ureido)-
4-hydroxy-2-naphthoate (5a). To a stirring solution of compound
4a (0.400 g 1.05 mmol) in dry DMF (5 mL) were added a solution of
tert-butyl (2-aminoethyl)carbamate (0.336 g, 2.10 mmol) and TEA
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(0.294 m1, 2.10 mmol) in dry DMF (5 mL). The resulting reaction
mixture was stirred at room temperature for 2 h. Then, a saturated
aqueous solution of NaHCO; was added (S0 mL) and the resulting
mixture was extracted with AcOEt (3 X 30 mL). The combined
organic phases were washed with a saturated aqueous solution of
NaHCO; (3 X 20 mL) and brine (10 mL), dried over Na,SO,
filtered, and concentrated under reduced pressure. The crude material
was purified by flash chromatography to afford the title compound as
an orange solid (0.290 g 68%). "H NMR (400 MHz, DMSO-d;) &
10.28 (s, 1H, exchangeable with D,0), 8.91 (s, 1 H, exchangeable with
D, 0), 827 (d, J= 2.1 Hz, 1H), 7.97 (s, 1H), 7.89 (d, ] = 8.9 Hz, 1H),
7.55 (dd, ] = 8.9, 2.1 He, 1H), 7.30 (s, 1H), 6.85 (t, ] = 5.0 Hz, 1H,
exchangeable with D,0), 6.25 (t, J = 5.7 Hz, 1H, exchangeable with
D,0), 3.87 (s, 3H), 3.14-3.08 {m, 2H), 3.01-2.94 (m, 2H), 1.40 (s,
9H). MS (ESI) m/z: 404 (M + H)*.

Methyl 6-(3-(3-((tert-Butoxycarbonyllamino)propyljureido)-
4-hydroxy-8-(trifluoromethyl)-2-naphthoate (5b). Compound
5b was obtained as a pale-yellow solid (67.0 mg, 70%), starting from
compound 4b (88.0 mg, 0.197 mmol) and tert-butyl (3-
aminopropyl)carbamate (68.0 mg, 0.390 mmol), following the
procedure described for $a. 'H NMR (400 MHz, DMSO-d;) &
10.76 (s, 1H, exchangeable with D;0), 9.27 (s, 1H, exchangeable with
D,0), 8.47 (d, J = 2.2 Hz, 1H), 8.24 (d, ] = 2.2 Hz, 1H), 8.09 (s, 1H),
7.42 (d, ] = 1.4 Hz, 1H), 6.83 (t, J = 5.7 Hz, 1H, exchangeable with
D,0), 6.34 (t, ] = 5.8 Hz, 1H, exchangeable with D,0), 3.89 (s, 3H),
3.15-3.08 (m, 2H), 3.01-2.94 (m, 2H), 1.60—1.52 {m, 2H), 1.38 (s,
SH). MS (BSI) m/z: 486 (M + H).

Methyl 6-(3-(2-Aminoethyljureido)-4-hydroxy-2-naph-
thoate (6a). Compound 5a (0.700 g, 1.73 mmol) was dissolved in
10 mL of a solution of DCM/TFA (9:1), and the mixture was stirred
at room temperature for 2 h. Then, the solvent was evaporated, and
the resulting solid was washed with CHCI, to give the TFA salt of
compound 6a as a white solid (0.558 g, 80%). 'H NMR (400 MHz,
DMSO-d,) & 10.33 (s, 1H, exchangeable with D,0), 9.19 (s, 1H,
exchangeable with D,0), 8.29 (d, J = 2.2 Hz, 1H), 7.98-7.95 (m,
1H), 7.90 (d, J = 8.9 Hz, 1H), 7.76 (br s, 3H, exchangeable with
D,0), 7.58 (dd, ] = 8.9, 2.1 Hz, 1H), 7.30 (s, 1H), 6.47 (brt, 1H, =
5.8 Hz, exchangeable with D,0), 3.86 (s, 3H), 3.29-3.12 {(m, 2H),
2.98-2.89 (m, 2H). MS (ESI) m/2: 303 (M + H)*

Methyl 6-(3-(3-Aminopropyl)ureido)-4-hydroxy-8-(trifluor-
omethyl)-2-naphthoate (6b). The TFA salt of compound 6b
was obtained as a white solid (634 mg 92%), starting from
compound §b (67.0 mg 0.138 mmol), following the procedure
described for 6a. 'H NMR (400 MHz, DMSO-d;) & 10.80 (s, 1H,
exchangeable with D,0), 9.42 (s, 1H, exchangeable with D,0), 8.49
(d, J=2.2 Hz, 1H), 8.27 (d, J = 2.2 Hz, 1H), 8.10 (s, 1H), 7.76—7.63
(m, 3H, exchangeable with D,0), 7.43 (d, ] = 1.4 Hz, 1H), 6.65 (t, ]
= 5.9 Hz, 1H, exchangeable with D,0), 3.89 (s, 3H), 3.24=3.17 (m,
2H), 2.88—2.80 (m, 2H), 1.79—1.72 (m, 2H). MS (BSI) m/z: 386
(M + H)*.

Methyl 6-(3-(2-((E)-3-({(3aR,4R,6R,6aR)-6-(6-Amino-9H-
purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-
yl)methyl)-2-(tert-butoxycarbonyl)guanidino)ethyl)ureido)-4-
hydroxy-2-naphthoate (8a). To a stirred suspension of 6a (0.147
% 0.354 mmol) and 7 (100 mg, 0.177 mmol) in dry DCM, EDC
hydrochloride (69.0 mg, 0.354 mmol) and TEA (0.074 mlL, 0.531
m:nol) were added, and the resulting mixture was stirred at room
temperature for 18 h. Then, the solvent was evaporated under
reduced pressure, and the resulting oil was taken up with water. The
aqueous phase was extracted with AcOBt (3 X 25 mL), and the
collected organic phases were washed with brine, dried over Na,SO,,
filtered, and concentrated under reduced pressure. The crude material
was purified by flash chromatography, yielding 8a as a white solid
(0.109 g, 74%). 'H NMR (400 MHz, DMSO-d,) 5 10.28 (s, 1H,
exchangeable with D,0), 9.01-8.90 (m, 1H, exchangeable with
D,0), 8.35 (s, 1H), 8.23 (d, J = 2.2 Hz, 1H), 8.18 (s, 1H), 7.96 (d, J
= 1.4 Hz, 1H), 7.88 (d, J = 8.9, 1H), 7.59 (dd, ] = 8.9, 2.2 Hz, 1H),
7.33 (s, 2H, exchangeable with D,0), 7.29 (d, J = 1.4 Hz, 1H), 6.42—
632 (m, 1H, exchangeable with D,0), 6.15 (s, 1H), 5.47—5.39 (m,
1H), 5.10—4.93 (m, 1H), 4.35—4.24 (m, 1H), 3.86 (s, 3H), 3.52—
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3.40 (m, 2H), 3.28—3.22 (m, 4H), 1.52 (s, 3H), 1.36 (s, 9H), 1.31 (s,
3H); MS (ESI) m/z: 835 (M + H)".

Methyl 6-(3-(3-((E)-3-(((3aR,4R,6R,64R)-6-(6-Amino-2H-
purin-92-yl})-2,2-dimethyltetrahydrofuro[3,4-d1[1,3]1dioxol-4-
ylimethyl)-2-(tert-butoxycarbonyliguanidine) propyllureido)-
4-hydroxy-8-{trifluoremethyl)-2-naphthoate (8b). The com-
pound 8b was obtained as a white solid (42.0 mg, 60%), starting
from compound 6b (63.4 mg, 0.127 mmol) and compound 7 (39.3
mg, 0.085 mmol), following the procedure described for 8a. '"H NMR
(400 MHz, DMSO-d;) § 10.76 (s, 1H, exchangeable with D,0), 9.21
(s, 1H, exchangeable with D,0), 8.47 (d, ] = 2.4 Hz, 1H), 835 (d, ] =
2. Hz, 1H), 825 (d, ] = 2.4 Hz, 1H), 8.18 (d, = 2.2 Hz, 1H), 8.09
(s, 1H), 7.42 (d, ] = 1.4 Hz, 1H), 7.34 (s, 2H, exchangeable with
D,0), 6.50—6.42 {(m, 1H, exchangeable with D,0), 6.15 (s, 1H,),
5.78=5.73 (m, 1H), 5.07=4.97 (m, 1H), 4.33—4.25 {m, 1H), 3.89 (s,
3H), 3.49—3.41 (m, 2H), 3.22-3.11 (m, 4H), 1.68—1.60 (m, 2H),
1.§3 (s, 3H), 1.35 (s, 9H), 1.32 (s, 3H). MS (ESI) m/z: 817 (M +
H)*.
(4-Nitro-2-(trifluoromethyl)phenyl)methanol (10). To a
cooled solution of 4fnitro—2—(trjﬂuoromethyl)benzoic acid (9; 3.00
% 12.76 mmol) in dry THF (26 mL) was added NaBH, (1.21 g, 31.9
mmol) portion-wise. Subsequently, a solution of I, (3.24 g 12.76
mmol) in 13 mL of dry THF was added over 1 h, and the resulting
mixture was stirred at room temperature for 1 h and then refluxed for
12 h. The mixture was cooled at room temperature, and a sclution of
KOH 20% (100 mL) was added and stirred for 1 h: the aqueous
phase was extracted with AcOEt (3 X 40 mL), and the collected
organic phases were washed with brine, dried over Na,$O,, filtered,
and concentrated under reduced pressure. The crude product was
purified by flash chromatography, yielding 10 as a yellow solid (2.50
% 88%). 'H NMR (400 MHz, DMSO-d,) & 8.55 (dd, J = 8.6, 2.4 Hz,
1H), 8.39 (d, ] = 2.4 Hz, 1H), 8.08 (d, ] = 8.6 Hz, 1H), 5.95—5.88
(m, 1H, exchangeable with D,0), 4.78 (s, 2H). MS (ESI) m/z: 222
(M + H)".

4-Nitro-2-(trifluoromethyl)benzaldehyde (11). To a cooled
solution of 10 (1.3 g 5.88 mmol) in dry DCM (25 mL) was added
Dess-Martin periodinane (2.47 g 6.47 mmol) portion-wise, and the
resulting mixture was stirred at room temperature for 3 h. The
formed-white precipitate was filtered off, and the filtrate was taken up
with DCM (60 mL). The organic phase was washed with saturated
aqueous solution of NaHCO; (3 X 30 mL) and brine (30 mL), dried
over Na,SO,, filtered, and concentrated under reduced pressure. The
crude was purified by flash chromatography, yielding 11 as a pale-
yellow solid (0.950 g, 74%). '"H NMR (400 MHz, DMSO-d;) & 10.34
(s, 1H), 8.69 (dd, ] = 8.5, 2.2 Hz, 1H), 8.57 {(d, ] = 2.2 Hz, 1H), 8.33
(d, j = 8.5 Hz, 1H). MS (ESI) m/2z: 220 (M + H)".

(E)-3-(Methoxycarbonyl)-4-(4-nitro-2-({trifluoromethyl)-
phenyl)but-3-enoic acid (12). To a suspension of 4methoxy-4-
oxo-3-(triphenyl-15-phosphaneylidene )butanoic acid (1.13 g 2.88
mmol) in toluene (20 mL) was added compound 11 (0.630 g, 2.88
mmol). The resulting mixture was stirred at room temperature for 48
h and then concentrated under reduced pressure. The residue was
taken up with saturated aqueous solution of NaHCO, (60 mL),
washed with Et,0 (3 X 30 mL), and acidified with HC] 6 N until pH
2. The aqueous phase was extracted with AcOEt (3 X 30 mL), and
the collected organic phases were washed with brine, dried over
Na,SO,, filtered, and concentrated in vacuo to afford 12 (0.600 g,
63%) as a yellow solid. "H NMR (400 MHz, DMSO-d,) & 8.59 {(dd, J
= 8.5, 2.4 Hz, 1H), 8.50 (d, ] = 2.4 Hz, 1H), 7.86 (d, J = 2.4 Hz, 1H),
7.72 (d, ] = 8.5 Hz, 1H), 3.79 (s, 3H), 3.23 (s, 2H); MS (ESI) m/z:
334 (M+H)".

AlphaLISA PRMT9 Activity Assay. PRMTO9 activity assays were
performed by AlphaL.ISA using the “PRMT9 Homogeneous assay
Kit” (BPS BioScience, #52069), as opportunely modified by us (see
above in the text).

The assays were performed in white opaque OptiPlate-384
(PerkinElmer, no. 6007299) at 22 °C in a final volume of 30 uL,
using the HMT assay buffer 2A (BPS-BioScience #52170-A).

Tn each well, 2 pl. of human recombinant PRMT9 (BPS
BioScience, no. 79124) (50 ng/uL) was first incubated for 30 min

with 3 uL of each compound (dissolved in DMSO and diluted in
assay buffer to obtain 1% DMSO). Then, each well was added with
0.5 4L of the biotinylated substrate peptide SF3B2 (aa 500—519)
(Pepmic, custom synthesis) (final concentration, 100 nM), 1 #L of
SAM 250 M, 1.5 L of water, and 2 L of 4X HMT assay buffer 2A
to reach the final volume of 10 L. The reaction was incubated for 60
min. Afterward, in each well, 5 4L of a 1:100 dilution of Primary
antibody 28 (BPS BioScience, #52140Z3) in Detection buffer (BPS
BioScience) and 5 #L of anti-Rabbit acceptor beads (PerkinElmer,
#A1,104C) were added to obtain a final concentration of 20 wg/mL.
After an incubation of 60 min, 10 yL of streptavidin donor beads
(PerkinElmer, # 6760002) diluted in detection buffer was added in
each well (final concentration, 20 gg/mL). After an incubation of 30
min, signals were read in Alpha mode with a PerkinElmer EnSight
multimode microplate reader (excitation at 680 nm and emission at
615 nm).

For each incubation step, the OptiPlate was sealed with a protective
foil to prevent evaporation and contamination, Donor and Acceptor
beads were added to the mixture in subdued light.

The 100% activity (positive control) was reached using vehicle
(DMSO), while 0% activity (negative control) was obtained without
the protein. Data were analyzed by using Excel and Prism software.
Values obtained for each compound are mean & SD determined for
three separate experiments.

PRMT7 and PRMTY Radicisotope-Based Activity Assay.
Protein Purffication and inhibitors. Human PRMTO9, C. eegans
PRMTY, human PRMT7, and C. efegans PRMT7 plasmids were
sequenced, expressed in E. cofi as GST-fusion proteins, and purified as
previously described.*® Substrates were also sequenced and purified as
described [human GST-SF3B2 (401-550);'" C. efegans SFTB-2;*
human histone H2B (New England Biolabs, M25058) 1. Xenopus laevis
histone H2B was expressed in E colf and purified similarly to what
was previously reported by Luger et al””

Inhibitors used were 5’-deoxy-5'-{methylthio Jadenosine (methyl-
thioadenosine, MTA; Sigma, cat. no. D5011) and EPZ015666 (APEx
Bio, Cat. No. B4989).

In Vitro Methylation Reactions with MTA and EPZ015666.
Reactions consisting of approximately 1 ug of enzyme (human or C.
elegans GST-tagged enzymes PRMT9 and PRMT?7), reacted with
approximately S pg of substrate [for human PRMT9, human GST-
SF3B2 401—550 fragment; C. e]egcms PRMT9 with C elegans GST-
SFTB-2 (99—248) fragment, or recombinant human histone H2B
from New England Biolabs (M2505S)], were incubated for the
indicated time in reaction buffer {50 mM potassium HEPES buffer,
10 mM NaCl, 1 mM dithiothreitol (DTT), pH 8.0 with 0.7 uM S
adenosyl-L-[methyl-’H]methionine (°H-AdoMet, PerkinElmer Life
Sciences, 82.7 Ci/mmol, 0.55 mCi/mL in 10 mM H,SO,/EtOH [9:1
(v/¥)])} in a final reaction volume of 60 #I. Fach reaction was
incubated at the corresponding optimal reaction temperature (37 °C
for human PRMTY, 25 °C for C. elegans PRMTY, and 15 °C for C
elegans and human PRMT7 enzymes. MTA was dissolved in water,
and a wavelength scan was taken to determine the final concentration
using the extinction coefficient. The final concentrations used are
indicated in the figure legends. EPZ015668 was dissolved in DMSO
to a final concentration of 13.04 mM, and further dilutions were made
in DMSO to achieve the final concentrations used as indicated in the
figure legends. EML734, EML736, and EML709 were also dissolved
in DMSO, and further dilutions were made in DMSO for the working
stocks. For controls, no inhibitor reactions were created by the
addition of the respective solvent (water for MTA and DMSO for
EPZ015666 and EML inhibitors).

Detection of Inhibition Activity after SDS-PAGE. After the
reaction incubations with the various concentrations of inhibitors, the
reactions were quenched by adding 0.2 volume of 5x SDS sample
loading buffer, and subsequently, the reactions were run on a 12.6%
polyacrylamide Tris gel. To collect the radioactive signal, the gels
were then treated in the same way as previously described.*®

Analysis of Densitometric Data. After various exposures were
collected to ensure linear detection, densitometry analysis was done
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using Image] software, and data were plotted as normalized activity to
the no inhibitor controls.

Molecular Modeling and Molecular Dynamics Methods.
Docking experiments were attained for compound 1a on the X-ray
structure of the human PRMT9 in complex with the adenosine-based
inhibitor (MT556, PDB code 7RBQ)*® and on the Alphafold
structure of the human PRMT7 enzyme. Before these receptor
structures could be utilized in docking calculations, they required
preparation using the Protein Preparation Wizard’ > utility within
the Maestro software Packﬂge75 The receptor structures were
prepared by assigning bond orders, adding hydrogens, and generating
physiological pH states using the EPIK tool Subsequently, the
“Minimize and Delete Waters” tool was employed to minimize the
overall protein structures, with heavy atoms restrained and all water
molecules removed. In order to prepare la for docking calculations, a
separate tool within the Schrodinger software suite known as
“LigPrep” was utilized. Specifically, all the hydrogen atoms were
added, all the tautomeric states were generated, and the specified
chiralities were retained The AUTODOCK-GPU (AD4-GPU)™ is
an accelerated version of AutoDock 4.2.6 able to increase docking
calculation speed76 Before launching all docking calculations, for
every ligand/receptor complex, a 60 A X 60 A X 60 A with a 0.375 A
spacing grid was calculated around the binding site for ligand atom
types using AutoGrid4. In the context of performing docking
calculations, a crucial preliminary step involves the conversion of
ligand structures from the PDB to the PDBQT format, which is
required by AutoDock software. This conversion is typically
accomplished using the AutoDock Tools (ADT) utility known as
“prepare_ligand4.py”. All docking calculations were accomplished on
our GPUs (NVIDIA RTX A6000 and Quadro RTX 8000). To
improve the accuracy and speed of the docking calculations, a
heuristic parameter was incorporated into the AutoDock GPU
algorithm. This parameter guides the search algorithm toward the
most promising solutions based on previous docking experiments.
During the automated docking process, only “xml” output files were
generated to reduce the amount of storage required and simplify the
data analysis. 200 independent docking simulations were carried out
for each docking experiment to ensure the comprehensive exploration
of the conformational space and enhance the likelihood of identifying
potential drug candidates. Finally, a .csv file was created from xml
files, returning for 1a the lowest binding free energy, number of runs,
mean binding energy, and numbers in the lowest energy cluster.

The latter conformation was considered for the MD simulations.
‘We conducted all-atom molecular dynamics (MD) simulations using
the Desmond module™ of the Schridinger software package to study
the 1a/hPRMT9 and 1a/hPRMT7 complexes. To set up the initial
system for the MD calculation, we utilized the system builder panel.
The complexes were placed within a parallelepiped box and solvated
with TIP3P water models.”” To neutralize the system’s charge, Na*
ions were added. The equilibration of the systems was carried out
using the NPT ensemble following the default Desmond protocol,
which involved a total of eight steps. The first seven steps were short
simulations that gradually increased the temperature and decreased
restraints on the solute, aiming to reach an equilibrated state.
Subsequently, the equilibrated systems underwent a 500 ns MD
production run under periodic boundary conditions (PBC) and the
NPT ensemble, utilizing the OPLSe force field”® The simulation was
conducted at 1 atm pressure and a temperature of 300 K. To maintain
these conditions, a Martyna—Tobias—Klein barostat’” and a Nose-
Hoover chain thermostat™ were employed.

Radioisotope-Based IC;, Profiling against PRMTs, The effects
of compounds 1ij on the catalytic activity of PRMT1, PRMT3,
PRMT4, PRMTS, PRMT6, PRMT7, and PRMTS8 were determined
with a HotSpot PRMT activity assay by Reaction Biology
Corporation (Malvern, PA, USA) according to the company’s
standard operating procedu:eAal’El Briefly, the full-length human
recombinant proteins PRMT1 (residues 2—371, C-terminus; with an
N-terminal GST-tag; My = 68.3 kDa; Genbank Accession #
NM_001536) or PRMT3 (residues 2—531, C-terminus; with an N-
terminal His-tag; My, = 62.0 kDa; Genbank Accession #
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NM_005788), or PRMT4 (residues 2—608, C-terminus; with an
N-terminal GST-tag; My, = 91.7 kDa; Genbank Accession #
NM_199141), or PRMT5/MEPS0 complex”™ (residues PRMTS
2-637, C-terminus, and MEPS0 2—342, C-terminus; with an N-
terminal FLAG-tag, PRMTS, or His-tag, MEP30; My, = 73.7/39.9
kDa; Genbank Accession # NM 006109, NM_006109), or PRMT6
(residues 2—375, C-terminus; with an N-terminal GST-tag; MW =
67.8 kDa; Genbank Accession # NM 018137), or PRMT7 (residues
2—692, C-terminus; with an N-terminal His-tag; My = 817 kDa;
Genbank Accession # NM 019023), or AN(1-60)-PRMT8"
(residues 61—394, C-terminus; with C- and N-terminal His-tags;
My = 43.2 kDa; Genbank Accession # NM_019854) were added to a
solution of the proper substrate (histone H4 for PRMT1, PRMT3,
and PRMTS; histone H3.3 for PRMT4; histone H2A for PRMTS/
MEPS0; GST-GAR for PRMT6 and PRMT7; final concentration 5
#M) in freshly prepared reaction buffer (50 mM Tris-HCl (pH 8.5), 5
mM MgCl,, 50 mM NaCl, | mM DTT, 1 mM PMSF, 1% DMSO)
and gently mixed. The proper solution of compound 1i—j in DMSO
was delivered into the PRMT reaction mixture by using Acoustic
Technology (Echo 550, LabCyte Inc. Sunnyvale, CA) in nanoliter
range, and incubated for 20 min at room temperature. Then, *H-SAM
(final concentration of 1 M) was delivered into the reaction mixture
to initiate the reaction. After incubation for 60 min at 30 °C, the
reaction mixture was delivered to filter-paper for detection (as
assessed by scintillation). Data were analyzed using Excel and
GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego,
CA) for ICy, curve fits using sigmoidal dose vs response - variable
slope (four parameters) equations.

Selectivity Assay against KMTs. The effects of compound 1j on
the catalytic activity of ASHIL/KMT2H, EZH2/KMT6, G%a/
KMT1C, MLLL/KMT2A, SET7/9/KMT7, SMYD3/KMTS3E,
SUV39H2/KMT1B, and DOTIL/KMT4 were determined with a
HotSpot KMT activity assay by Reaction Biology Corporation
(Malvern, PA, USA) according to the company’s standard operating
procedure.”” Briefly, the human recombinant ASHIL (residues
2046—2330, with an N-terminal His-tag; M;; = 35.4 kDa; Genbank
Accession # NM_018489), or the human recombinant EZH2-
containing five-member polycomb repressive complex 2 (including
BZH2 residues 2—746, AEBP2 2—517, BED 2—441, RbAp48 2—423,
SUZ12 2—739%; all full-length; with N-terminal Flag-tag on EED and
N-terminal His-tag on all others; My 333.8 kDa; Genbank
Accession # NM_001203247, NM_ 001114176, NM_003797,
NM 005610, NM 015335), or the human recombinant G9a
(residues 913—1193, C-terminus; with an N-terminal His-tag; My
= 34.6 kDa; Genbank Accession # NM_006709.3), or the human
recombinant MLL1 complex (includ.ing MLLI residues 3745—3969,
C-terminus, WDRS 22—334, C-terminus, RbBPS 1—538, C-terminus,
ASH2L 2—534, C-terminus, DPY-30 1—-99, C-terminus; N-terminal
His-tag on all subunits; My = 212.0 kDa; Genbank Accession #
NM_005933, NM_017588, NM_005057, NM_001105214,
NM_0325742), or the human recombinant SET7/9 (residues 2—
366, C-terminus; with a N-terminal GST-tag and a C-terminal His-
tag; Myy = 68.5 kDa; Genbank Accession # NM 030648), or the
human recombinant SMYD3 (residues 2—428, C-terminus; C-
terminal His-tag; My 50.1 kDa; Genbank Accession #
NM_001167740), or the human recombinant SUV39H2 (residues
46—410, C-terminus; N-terminal fusion protein with a C-terminal
His-tag; My = 98.8 kDa; GenBank Accession No. NM_001193424),
or the human recombinant DOTIL (residues 1—416; N-terminal
GST-tag; My, = 80.0 kDa; Genbank Accession # NM 032482) was
added to a solution of the proper substrate (oligo nucleosomes for
ASHI1L, MLL1 complex, and DOTIL, final concentration 0.05 mg/
mL; core histone for EZH2 complex and SET7/9, final concentration
0.05 mg/mL; histone H3 for SUV39H2, final concentration 5 pM;
histone H3 1-21 for G9a, final concentration 2.5 ¢M) in freshly
prepared reaction buffer (50 mM Tris-HCl (pH 8.5), 5 mM MgCL,
50 mM NaCl, | mM DTT, 1 mM PMSF, 1% DMSO) and gently
mixed. The proper solution (1 or 10 #M fixed concentrations) of
compound 1j in DMSO was delivered into the KMT reaction mixture
by using Acoustic Technology (Echo 550, LabCyte Inc. Sunnyvale,
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CA) in the nanoliter range and incubated for 20 min at room
temperature. Then, H-SAM (final concentration 1 uM) was
delivered into the reaction mixture to initiate the reaction. After
incubation for 60 min at 30 °C, the reaction mixture was delivered to
filter paper for detection (as assessed by scintillation). SAH*™* or
chaetocin (for ASHIL)® was used as reference compounds and
tested in 10-dose IC;; mode with 3-fold serial dilution starting at 100
#M. No inhibitor control (DMSQ) was considered as showing 100%
enzyme activity, Data were analyzed using Excel and GraphPad Prism
6.0 software (GraphPad Software Inc, San Diego, CA). Values
obtained for each compound are mean + SD determined for two
separate experiments.

PRMT? SPR Experiments. SPR experiments were performed on a
Biacore T200 biosensor (Cytiva). PBS buffer (phosphate buffered
saline, pH 7.3) supplemented with 0.05% Tween-20 was used as the
running buffer. Fulllength recombinant PRMT9 (2-285, BPS
Bioscience, # BPS-79124) was covalently immobilized on the
carboxymethylated surface of a Series S Sensor Chip CMS5 by
amine coupling. In detail, 50 y#g/mL of protein in phosphate buffer
(40 mM NaH,PO,/Na,HPO, pH 8.0, 110 mM NaCl, 2.2 mM KCl,
0.04% Tween-20, and 2 mM TCEP) was preconcentrated on the
surface with 10 mM of sodium acetate pH 4.5 after surface activation
with EDC/NHS (1:1) was covalently immobilized using the running
buffer 1X HBS — 0.05% Tween20 at a flow rate of 10 #L/min to
obtain densities of 8.3 kRU. The compound of interest was diluted in
PBS supplemented with 0.05% Tween-20 and injected over the active
and reference cells at 10 different concentrations (2-fold dilution
series) from 25 uM to 0.05 xM, keeping a final 2% DMSO
concentration, using the multicycle modality. Binding experiments
were performed at 25 °C by using a flow rate of 30 4L/min, with 90 s
of monitoring of association and 180 s of monitoring of dissociation.
Regeneration of the surfaces was performed, when necessary, by a 10 s
injection of 5 mM NaOH. The sensorgrams obtained at the 10
concentrations of the compound were first corrected taking advantage
of the solvent correction performed by the instrument (correction
range from 1.5 to 2.8% DMSO), and then they were double-
referenced. The corrected sensorgrams were fitted simultaneously by
kinetic analysis using the 1:1 Langmuir model of the BlAevaluation
software to obtain equilibrium dissociation constants (Kp) and kinetic
dissociation (k,q) and association (k,,) constants. The curve-fitting
efficiency was evaluated by the chi-square (4”). The 4 value denotes
the fitting degree between the estimative and experimental curves.

PAINS Analysis. Compounds 1i and 1j were analyzed for known
classes of assay interference compounds.® All derivatives were not
recognized as PAINS according to the SwissADME web tool (http S/
www.swissadme.ch),” the Free ADMB-Tox Filtering Tool (FAE-
Drugs4) program (hitp://fafdrugs+.mtiuniv-paris-diderot.fr/),”" and
the “False Positive Remover” software (http:/ Jwww.cbligand.org/
PAINS/);*® neither were they recognized as aggregators according to
the software “Aggregator Advisor” (http:/ /advisor.bkelab.org/).”

Western Blotting Methods. To test the effect of compounds 1a,
1c, le, and 1f on PRMTY activity, MCF cells or MDA-MB-436 cells
were treated with 4 candidate inhibitors at indicated concentrations.
After 72 h, cells were harvested in ice-cold PBS and were lysed in
radio immune-precipitation assay (RIPA) buffer (S0 mM Tris [pH
8.0], 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 2 mM EDTA, and protease inhibitors). For immunoblot-
ting, an equal amount of each sample was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene difluoride (PVDF) western membrane.
Following blocking with 3% nonfatty milk in PBS-T, membranes were
incubated with indicated primary antibodies at 4 °C overnight. The
HRP-conjugated secondary antibodies were used against respective
primary antibodies. The antibody—antigen complexes were visualized
by the chemiluminescence method by using X-ray films.

Proteomic Analysis. Control and la- and lj-treated HEK293T
cell pellets were suspended in 200 gL of 8 M wurea/50 mM
ammonium bicarbonate (AmBic, pH 8.5), 0.5% w/v sodium
deoxycholate, and 1X protease inhibitor cocktail (GeneSpin); the
suspensions were lysed through sonication (Vibra cell; SONICS; 1
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min, 30% amplitude, 9.9 s pulses) and then centrifuged (21,000 rcf,
18 °C, 30 min). Protein concentration was determined through
Bradford assay (Bio-Rad).

For each sample, 300 pg of proteins were submitted to our
optimized in-solution digestion protocol, o reducing disulfide bridges
with 1,4-dithiothreitol (DTT, 10 mM) for 1 h at 25 °C and 800 rpm
and then alkylating them with iodoacetamide (IAA, 20 mM} for 30
min, at 25 °C and 800 rpm, in the dark. Then, IAA was quenched
with 10 mM DTT, urea was diluted to 1 M with 50 mM AmBic and a
trypsin/LysC solution (Promega, Madison, Wisconsin) was added at
the enzyme to proteins ratio of 1:100 w/w, overnight at 37 °C.

The peptidic mixtures were then desalted through Sep-Pak C18 1
cc (50 mg) cartridges (Waters, Milford, USA), as reported by the
manufacturer, and redissolved in 10% TFA for the subsequent
analysis.

1.5 pug sample of each digest was analyzed on an Orbitrap Q-
Exactive Classic Mass Spectrometer (ThermoFisher Scientific,
Bremen, Germany) coupled to an UltiMate 3000 Ultra-High-Pressure
Liquid Chromatography (UHPLC) system (ThermoFisher Scientific,
Bremen, Germany), equipped with an EASY-Spray PepMAP RSLC
C18 column (3 #m, 100 A, 75 um X 50 cm, ThermoFisher Scientific,
Bremen, Germany) at a flow rate of 300 nL/min with the following
gradient: 1 min at 3% B, 1 to 100 min to 38% B, 100 to 101 min to
80% B, then held at 80% B for 10 min, and re-equilibrated for 8 min at
3% B (A: 95% H,0, 5% CH,CN, 0.1% AcOH; B: 95% CH,CN, 5%
H,0, 0.1% AcOH). The mass spectrometer was operated in data-
dependent acquisition mode. Full-scan MS spectra were acquired with
the scan range 375—1500 m/z, a full-scan automatic gain control
(AGC) target 3e6 at 70,000 resolution, and a maximum injection time
of 50 ms. MS2 spectra were generated for up to 8 precursors
(normalized collision energy of 28%), and the fragment ions were
acquired at a resolution of 17,500 with an AGC target of 1e5 and a
maximum injection time of 80 ms. Protein identification and label-free
quantification were then achieved through Proteome Discoverer
(version 2.4.1.15). A spectral library search (NIST Human Orbitrap
HCD Library, 1127970 spectra, September 2016) was performed
through MSPepSearch, and then MS/MS spectra were searched by
Sequest against a reviewed Homo sapiens database (SwissProt,
February 2022, 20,594 entries) with the following parameters: trypsin
digestion; maximum of 5 missed cleavages; cysteine carboxyamido-
methylation as fixed modification; arginine mono- or dimethylation,
methionine oxidization, protein N-terminal acetylation and/or
demethylation as variable modifications. Mass tolerances were 350
ppm for MS1 and 0.02 Da for MS/MS. Label-free quantification was
achieved by using both unique and razor peptides for peptides and
protein abundance calculation, and a pairwise ratio-based approach
was used to evaluate the EML-treated vs control peptides and protein
abundance. For each calculated ratio, a background-based t-test was
performed.
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B ABBREVIATIONS

AcQEt, ethyl acetate; ACN, acetonitrile; AEBP2, zinc finger
protein AEBP2, also known as Adipocyte enhancer-binding
protein 2; ALPHA, amplified luminescent proximity homoge-
neous assay; ASH1L, absent small and homeotic disks protein
1 homologue; ASH2L, Setl/Ash2 histone methyltransferase
complex subunit ASH2, also known as absent small and
homeotic disks protein 2 homologue; CALSQ, also known as
TCERG1; CARMI, coactivator-associated arginine methyl-
transferase 1; CBP, CREB-binding protein; CREB, ¢AMP
response element-binding protein; DEPTQ, distortionless
enhancement by polarization transfer quaternary; DOTIL,
DOTl1-like (disruptor of telomeric silencing 1-like); DPY30,
protein dpy-30 homologue also known as Dpy-30-like protein;
EDC, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide;
ECL, enhanced chemiluminescence; EED, Polycomb protein
EED, also known as Embryonic ectoderm development
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protein; ELAV, embryonic lethal, abnormal vision, Drosophila;
ELAVLI, ELAV like RNA binding protein 1; ELAVL4, ELAV
like RNA binding protein 4; EZH2, enhancer of zeste
homologue 2; GAR, glycine- and arginine-rich motif; GST,
glutathioneS-transferase; HNRNPAL, heterogeneous nuclear
ribonucleoprotein Al; HSP70, heat shock 70 kDa protein 1B;
HuD), human antigen D, also known as ELAVL4; HuR, human
antigen R, also known as ELAVLL; LFQ, labelfree
quantification method in mass spectrometry; LNCaP, lymph
node carcinoma of the prostate cell line; MAVS, mitochondrial
antiviral signaling protein; MEDI12, mediator of RNA
polymerase II transcription subunit 12; MLLI, histone-lysine
N-methyltransferase 2A, also known as myeloid/lymphoid or
mixed-lineage leukemia protein 1; MTA, methylthioadenosine;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NFIB-Me, nuclear factor 1 B-type; p300, ElA-
assoclated protein of 300 kDa; P, apparent permeability;
PABP1, poly(A)-binding protein 1; Pbf, 2,2,4,6,7-pentam-
ethyldihydrobenzofuran-5-sulfonyl; PBST, phosphate buffered
saline with Tween 20; PMSF, phenylmethylsulfonyl flucride;
PRMT, protein arginine methyltransferase; PRMT1, protein
arginine methyltransferase 1; PRMT3, protein arginine
methyltransferase 3; PRMT4, protein arginine methyltransfer-
ase 4; PRMTS, protein arginine methyltransferase §; PRMTS,
protein arginine methyltransferase 6; PRMT?7, protein arginine
methyltransferase 7; PRMTS, protein arginine methyltransfer-
ase 8; PVDF, polyvinylidene difluoride; RBAP48, histone-
binding protein RBBP4, also known as retinoblastoma-binding
protein p48; RBBPS, retinoblastoma-binding protein §; SAH,
S-5'-adenosyl-L-homocysteine; SAM, S-adenosyl-L-methionine;
SD, standard deviation; SRC-3, steroid receptor coactivator-3;
SET, suppressor of variegation 3—9 enhancer-of-zeste
trithorax; SET7/9, SET domain-containing protein 7;
SETDS, SET domain-containing protein 8, also known as
PR/SET domain-containing protein 07; siRNA, small inter-
ference ribonucleic acid; SF3B2, splicing factor 3B subunit 2
also known as spliceosome-associated protein 145, SAP14S;
SMYD3, SET (Suppressor of variegation Enhancer of Zeste
Trithorax) and MYND (myeloid-Nervy-DEAF-1) domain-
containing protein 3; SUV39H2, suppressor of variegation 3—9
homologue 2 alse known as Su(var)3—9 homologue 2;
SUV420H1-TV2, Suppressor of variegation 4—20 homologue
1 -transcription variant 2; SUZ12, polycomb protein SUZ12
also known as suppressor of zeste 12 protein homologue;
TCERG], transcription elongation regulator 1; WDRS, WD

repeat-containing protein S
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Figure S1. Optimization of the ALPHA-based screening protocol for PRMT9
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Figure §2
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obtained from the analysis of MD simulations.
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Figure S3
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Inhibitory activity profiles of compound 1j towards ASHI1L, DOT1L, EZH2, G9a, MLL1, SET7/9, SMYD3, and
SUV39H2 at two different fixed concentrations (10 and 100 uM).

Table $1. Inhibitory activity values of compound 1j against a panel of KMTs

% enzyme residual activ.

b,
after treatment with 1j2: ref. cmpd. ICso(LM)

10 uM 100 puM SAH chaetocin

ASH1L 956.38+1.49 109.0643 .80 - 0.025
DOTIL 11.2140.88 1.35+0.17 0.20 -
EZH2 104.55£0.99  77.56+3.43 43.7 -
G8a 111.35+4.30 70.9340.31 1.39 -
MLL1 90.45+2.83 76.8643.96 0.30 -
SET7/9 86.32+1.40 53.33+0.38 70.4 -
SMYD3 99.09+1.41 74.15+1.80 159 -
SUV39H2  89.74+1.08 83.7610.22 37.3 -

aCompounds were tested at 10 and 100 pM fixed concentrations; values obtained for each compound are mean + SD
determined for two separate experiments.in duplicate; bvalues were obtained in a radioisotope-based filter assay, using 0.05
mg/mL oligo nucleosomes {for ASH1L, DOT1L, and MLL1 complex), 0.05 mg/mL core histone (for EZHZ2 complex and SET7/9),
5 uM histone H3 (for SUV39H2) or 2.5 uM histone H3 1-21 (for G9a) as substrate and S-adenosyl-L-[methyl-3H]methionine {1
uM) as methyl donor; creference compounds were tested in 10-dose 1Cso mode with 3-fold serial dilution starting at 10 or 100
uM; data were analyzed using Excel and GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA) for ICso curve
fits using sigmoidal dose vs. response - variable slope (four parameters) equations.
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Chapter 8

Future directions and concluding statements of protein arginine methyltransferase

research

The work described in this chapter includes my unpublished experiments that maybe entry

points to further work in the field.

Abstract

This chapter includes preliminary work in four areas. First we analyzed peptide sequences
that have been previously assessed as PRMT7 methylation sites in two proteomic studies. We
find that some of these sites do not appear to be methylatable raising questions on the original
identification of these sites, or suggesting that tertiary structural conformations may strongly affect
substrate site recognition. Secondly, we followed up on the results of Chapter 4 to demonstrate
the effect of the serine residue in the RKRSR motif of histone H2B and Fhod1/Fhod3. Thirdly, we
describe experiments that originate from results in a previous paper describing the allosteric
regulation of PRMTs (Jain 2017). Here we show the effects of amino acid changes at positions 1,
3, 17 and 19 on histone H4 methylation by PRMT7. Finally, we show that an amino acid change
in PRMTY that results in human pathology also results in the loss of enzyme activity.

While the current thesis in its whole describes the work performed throughout my graduate
career, additional research experiments were performed yet will remain unpublished. The purpose
of this chapter is to document these unpublished studies in the hopes that future protein arginine
methyltransferase researchers can advance the ideas presented.

First we pursued our investigation of the substrate specificity of PRMT7. We selected
peptide sequences from identified proteins from two separate PRMT7 proteomics studies
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containing RXR motifs (Ma 2023)(Szewczyk 2020). While we expected that PRMT7 would
methylate each of these peptides, we found that many of these peptides were not substrates at
all using the P81 phosphocellulose assay (Figures 1-3). We confirmed the absence of substrate
activity in all of these peptides using the radioactive gel assay and mass spectrometry analysis
(data not shown). We suggest two reasons why we saw little or no methylation in peptides from
proteins that had been previously been identified as containing PRMT7 dependent methylated
sites. In first place the three-dimensional structure of the protein may be required for the PRMT7
recognition of particular arginine residues. Secondly, it is possible that the some of the proteomic
identifications by mass spectrometry were simply incorrect. Further work will be necessary to
validate the proteomic studies and to determine how three-dimensional structures may control the
recognition of sites by PRMT7.

In an extension of the work of Chapter 4 we studied the effect of the serine residue in the
RKRSR PRMT7 substrate motif of histone H2B and Fhod1/Fhod3. We showed that switching the
lysine and serine residues, or substituting a serine residue for the lysine residue, or substituting
a lysine residue for the serine residue all had little effect on the ability of a peptide substrate to be
methylated by PRMT7 (Figure 4). We were surprised by these results in light of the total loss of
substrate activity when the lysine and central arginine residue were switched as seen in Chapter
4. These results now will allow for a more extensive study to try to explain why some changes in
this motif affect substrate activity and some don’t.

One of the biggest breakthroughs that has come out of the Clarke Lab that has yet to
further be investigated is the idea of allosteric regulation. Histone H4 can be methylated by
PRMT1, PRMT5, and PRMT7. While initial characterization suggested H4R3 to be methylated by
PRMT7 (Ying 2015), further studies revealed that H4R3 is not PRMT7 specific. Additionally,
studies have shown that H4R17 and H4R19 are PRMT7 specific while H4R3 has been identified
as a substrate for PRMT1 (Huang 2005) and PRMT5 (Dhar 2012). Jain and colleagues identified
that if a predeposited methyl mark occurs at H4R17 then H4R3 methylation by PRMT1 or PRMT5
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is enhanced (Jain 2017). Unfortunately, these results have not been recapitulated in vivo.
However, with the discovery of PRMTS5 specific inhibitor EPZ015666 (Liu 2021) and the PRMT7
specific inhibitor SGC8158 (Szewczyk 2020), these in vivo studies are now possible. Ultimately
these results have opened up doors for researchers to question whether other substrates that
may be methylated by multiple PRMTs simultaneously, operate in an allosteric fashion. In efforts
to recapitulate this finding as well as add to the knowledge we selectively tested N-terminal
histone H4 peptides that contained phosphoserine modifications, as well as methylarginine
modifications and tested how these affect PRMT1, PRMT5 and PRMT?7 activities. The Zhang lab
at the University of Georgia performed a similar study with PRMT1 and PRMT5 and concluded
that if a modification in the -2 or +2 position occurred next to the R3 histone H4 peptide, then
PRMT1 or PRMTS5 activity would be mildly inhibited (Fulton 2022). Results of our experiments are
presented in Figure 5. In this figure we show that amino acid substitutions at residues 1 and 3 do
not largely effect PRMT7 activity. However, we were surprised to find that the loss of either
arginine 17 or arginine 19 completely abolished the substrate activity of H4 peptides. This work
provides the framework for future studies of the allosteric regulation of PRMT5 by methylation
modifications catalyzed by PRMTY7.

Late into my PhD we were contacted by a doctor who had a patient with a PRMT7 mutation
that showed a phenotype similar to those described by Cali 2023. The doctor identified a deletion
mutation of one of the leucine residues in motif Il and we were able to identify that this mutation
leads to an abolishment of PRMT7 activity (Figure 6). It will be very interesting to examine the
three-dimensional structure of the PRMT7 enzyme with the deleted leucine residue to determine

the molecular basis for the loss of activity.
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Figure 1. Time course methylation assays of peptides containing RXR motifs identified

from PRMT7 proteomic studies. 1.5 pg of GST-HsPRMT7, 10 uM of described peptide and

0.14 uM 3H-AdoMet was incubated in a reaction mixture containing 50 mM HEPES, 1 mM DTT

at a pH of 8.5 for the varied time indicated. Methylation reactions were subjected to P81

phosphocellulose analysis.
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Figure 2: Competition experiments the verify if peptides that were not considered
substrates with histone H2B (23-37). 1.5 pg of GST-HsPRMT7, 10 uM of described peptide,
and 10 uM of histone H2B (23-37) and 0.14 uM *H-AdoMet was incubated in a reaction mixture

containing 50 mM HEPES, 1 mM DTT at a pH of 8.5 for the varied time indicated. Methylation

reactions were subjected to P81 phosphocellulose analysis.
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Figure 3: Time course methylation experiments of histone peptides H2B and H4. 1.5 ug of
GST-HsPRMT7, 10 uM of described peptide, and 0.14 uM *H-AdoMet was incubated in a reaction
mixture containing 50 mM HEPES, 1 mM DTT at a pH of 8.5 for the varied time indicated. Reaction
mixtures were assayed using our P81 Phosphocellulose assay. For the H4 (1-21) peptides we
tested a stock sample that we used in previous experiments as well a freshly made peptide
purchased from GenScript. Additionally, we compared these peptides toward a non-amidated

peptide to see if this altered PRMT7 activity.
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Figure 4: Mutations and rearrangements of residues of histone H2B (23-37) and PRMT?7.
1.5 ug of GST-HsPRMT?7, 10 uM of described peptide, and 0.14 uM *H-AdoMet was incubated in
a reaction mixture containing 50 mM HEPES, 1 mM DTT at a pH of 8.5 for the varied time

indicated. Reaction mixtures were assayed using our P81 Phosphocellulose assay
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Figure 5: Modifications of Histone H4 (1-21) peptide and PRMT7 activity. 1.5 ug of GST-
HsPRMT7, 10 uM of described peptide, and 0.14 uM 3H-AdoMet was incubated in a reaction

mixture containing 50 mM HEPES, 1 mM DTT at a pH of 8.5 for the varied time indicated. Reaction
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mixtures were assayed using our P81 Phosphocellulose assay.
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Figure 6: Deletion of the leucine in motif Il of PRMT7 abolishes methylation activity. A)
Coomassie stained gel of purified 1.5 ug of GST-HsPRMT7 L476del (Lane 2) or GST-HsPRMT7
WT (Lane 3) from e. coli. B) Time course methylation assays of either GST-HSPRMT7 WT or
GST-HsPRMT7 L476del with human histone H2B (23-37) as a substrate. 1.43 ug of enzyme was
used in each reaction and 10 uM of peptide substrate. Reactions were initiated with 0.35 yM °H-
AdoMet. Buffer conditions consisted of 50 mM HEPES, and 1 mM DTT at a pH of 8.5. Reactions
were incubated at 17 °C for the indicated times. Reactions were assayed using our P81
phosphocellulose assay. Points represent individual experiments. Concentrations of enzymes

were determined by A280 nanodrop where 1 absorbance unit is equal to 1 mg/mL.
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