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domain proteins (Fhod1 and Fhod3) by protein arginine
methyltransferase 7 (PRMT7) and Rho kinase (ROCK1)
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Protein post-translational modifications (PTMs) can regu-
late biological processes by altering an amino acid’s bulkiness,
charge, and hydrogen bonding interactions. Common modifi-
cations 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 methyl-
transferase 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. In contrast, if R1588 or R1590 of
Fhod3 is methylated then ROCK1 phosphorylation activity is
only slightly affected. Finally, we show that the interaction of
the N-terminal DID domain can also inhibit the methylation of
the DAD domain. Taken together these results suggest that the
family of Fhod proteins, potential in vivo substrates for
PRMT7, might be regulated by a combination of methylation
and phosphorylation.

Protein post-translational modifications enhance biological
diversity. Although a generalized consensus of these individual
modifications has been proposed, knowledge about the inter-
play 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
* For correspondence: Steven G. Clarke, clarke@mbi.ucla.edu.
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display a plethora of modifications ultimately leading to the
translational regulation of specific genes. For example, the
recruitment of TATA-binding proteins (TBPs) and TBP-
associated factors (TAFs) to the transcriptional start site of
some eukaryotic organisms results in the signaling for poly-
merase II (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, increasing the number of potential
hydrogen bond donors, increasing the bulk, and altering the
distribution of positive charge (7–9). PRMT1-4, 6, and 8 are
known as type I PRMTs that catalyze asymmetric dimethy-
larginine (10), PRMT5 and PRMT9 are considered type II that
catalyze symmetric dimethylarginine (11), and PRMT7 is
the only type III PRMT exclusively catalyzing mono-
methylarginine (12). While most of the PRMTs recognize
substrates containing arginine and 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 Sbp1 have been identified
to have arginine methylation and phosphorylation co-occuring
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-k
pathway in chronic obstructive pulmonary disease patients
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Crosstalk of arginine methylation and serine phosphorylation
(19), and the maintenance of stem cells during development
(20). To date, 51 patients have been documented to have ho-
mozygous 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 pheno-
types are classified as short stature, brachydactyly, intellectual
developmental disability, seizures, and hypotonia (23). Addi-
tionally, 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) nucleators (28). In
humans, 15 genes encode the family of formin proteins, and
mutations of some of these genes have been linked to cancer,
intellectual 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 to 60%, thus creating subclasses.
One subfamily of formins, the Formin Homology Domain-
containing proteins (Fhods) consists of two proteins in
humans, Fhod1 and Fhod3. Fhod1 is highly expressed in many
cells, including spleen (32) and skeletal muscle (33). It is found
in multiple structures, including stress fibers (34) and trans-
membrane actin-associated nuclear (TAN) lines (35) that are
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 article, we show that Fhod1 and Fhod3 proteins are
newly identified substrates for PRMT7 and that the phos-
phorylation of nearby serine residues can inhibit the methyl-
ation reactions. Additionally, we observed that methylation of
an arginine residue in proximity to a phosphorylatable serine
has little 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 to 33
have 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 (24–26, 41), we
narrowed our search to four proteins classified in the “cyto-
skeleton organization” gene ontology group (Table 1). Since
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
proteins 1 and 3.
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The C-termini of human Fhod1 and Fhod3 are methylated by
human PRMT7

Fhod1 and Fhod3 contain four conserved domains, a
diaphanous inhibitory domain (DID), formin homology do-
mains 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 Fhod1 and Fhod3. The RKRSR motif is pre-
sent in the DAD region near the C-terminus (Fig. 1B). To
determine if human Fhod1 and Fhod3 DAD domains can be
methylated by PRMT7, we performed in vitro methylation
assays. We found that the constructs including the DAD
domain of MBP-Fhod1 (1110-1164) and Fhod3-CT (963-1162)
were, in fact, substrates for PRMT7 (Fig. 1C). All further ex-
periments were performed with a shorter fragment of Fhod3,
encompassing the tail (MBP-Fhod3-tail (1472-1622)).

There is an additional sequence in the C-terminal domain of
Fhod3 (RTRSR) that closely resembles the RKRSR motif of
human histone H2B and Fhod1 which may be a methylation
site. To determine the localization of PRMT7 methylation
site(s), we made mutations in the MBP-Fhod3-tail where we
replaced arginine residues with lysine residues to remove the
RXR motif. When we mutated the RTRSR motif to RTKSR
(R1536K) we found no loss of methylation, suggesting that this
site was not a substrate for PRMT7 (Fig. 2). On the other hand,
when we mutated the RKRSR motif to KKKSR (R1586/1588K)
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 argi-
nine methylation exclusively reside in the RKRSR sequence
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 (RKRSR, 1586-
1590). 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 con-
tained the identical RKRSR sequence, an additional RXR motif
is present due to the preceding RE residues creating a
RERKRSR motif (residues 1584-1590) potentially creating 4
arginines that can be methylated by PRMT7. We mutated each
of these arginines in MBP-Fhod3-tail individually to identify
which residues are methylated by PRMT7. Upon performing
in vitro methylation reactions with the MBP-Fhod3-tail
R1584K, R1586K, R1588K, and R1590K constructs, we were
only able to observe methylation of the R1584K and R1586K
constructs, 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



Table 1
Human cytoskeletal organization proteins containing the specific RKRSR sequence

Accession Entry name Protein name Localization Gene ontology

O75400 PR40A Pre-mRNA-processing factor 40 homolog A Nucleus Cytoskeleton Organization
P18583 SON Protein SON Nucleus Microtubule

Cytoskeleton Organization
Q2V2M9 Fhod3 FH1/FH2 domain-containing protein 3 Cytoplasm Cortical Actin

Cytoskeleton Organization
Q9Y613 Fhod1 FH1/FH2 domain-containing protein 1 Cytoplasm Cortical Actin

Cytoskeleton Organization

Crosstalk of arginine methylation and serine phosphorylation
both of these positions are the major sites of methylation.
Interestingly, in the histone H2B sequence, the first two argi-
nines 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 the phosphorylation of S1589 impacts the
methylation of R1588 and R1590. To do so, we first confirmed
that a synthetic peptide containing the recognition motif
(Fhod3 residues 1581-1595), is an effective substrate for
PRMT7 (Fig. 4A). Significantly, we found that phosphorylation
of a synthetic peptide containing S1589 resulted in little or no
methylation by PRMT7 (Fig. 4B). On the other hand,
Figure 1. The C-terminal domains of HsFhod1 and HsFhod3 are methylate
constructs used in this paper. Conserved domains are indicated. Light green bo
blue box (RTRSR) contains a sequence similar to the PRMT7 recognition seque
phosphorylated by ROCK1/2. B, sequence alignment of HsFhod1 and HsFhod3 (
and the PRMT7 recognition motif (red box). C, 7 mg of MBP-Fhod1-tail or 7 mg o
and allowed to incubate for 20 h at 4 �C in a reaction buffer containing 1 mM D
were separated by SDS-PAGE electrophoresis and exposed to autoradiography
of MBP-Fhod1-tail; double asterisk (**) denotes the polypeptide molecular wei
phosphorylation of a downstream serine residue at position
1595 increases the Km four-fold without making a significant
change to the Kcat (Fig. 4C). These results demonstrate that
phosphoserine in close proximity to the RXR PRMT7 sub-
strate recognition site inhibits enzyme activity.

Phosphoserine 32 of human histone H2B inhibits methylation
by PRMT7 activity, while phosphoserine 36 mildly inhibits
PRMT7 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, methyl-
atable arginine residues 31 and 33 flank serine 32 which is
known to be 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
d by HsPRMT7 in vitro. A, schematic diagram of HsFhod1 and HsFhod3 and
xes in Fhod3 are inserts that distinguish isozyme 4 from isozyme 1. The dark
nce (RKRSR), which is in the red box. Red asterisk (*) denotes a serine that is
isozymes 1 and 4) C-terminal residues including the core DAD domain (bold)
f Fhod3-CT, 5 mg of GST-HsPRMT7, and 0.7 mM [3H]AdoMet were combined
TT, 50 mM K-HEPES, with a final pH of 8.5 in a final volume of 30 ml. Samples
film for 5 days. Single asterisk (*) denotes the polypeptide molecular weight
ght of Fhod3-CT.
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Figure 2. PRMT7 methylates the RKRSR motif of Fhod3 and not the RTRSR motif. 5 mg of GST-HsPRMT7 and 3 mg of MBP-Fhod3-tail constructs were
mixed with 0.7 mM [3H]AdoMet in a final volume of 30 ml. 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 represent GST-HsPRMT7 and protein bands at 63 kDa represent MBP-Fhod3-tail constructs. The total amounts of protein and substrate were
determined by nanodrop A280 where 1 mg/ml was equal to 1 absorbance unit.

Crosstalk of arginine methylation and serine phosphorylation
present in mammals and amphibians (Fig. 5). We first estab-
lished that in vitro methylation with PRMT7 is effective when
the substrate is a human histone H2B (23–37) synthetic pep-
tide (Fig. 6). We then performed in vitro methylation experi-
ments with peptides containing a phosphoserine at either
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 inhibition of
PRMT7 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.
4 J. Biol. Chem. (2024) 300(11) 107857
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 pep-
tides containing residues 1581 to 1595 (VVPRERKRS-
RANRKS) with ROCK1 in in vitro time course assays, for up to
2 h, analyzed by LC/MS (Fig. 7). We found clear evidence for
phosphorylation of the unmethylated peptide and peptides
with a monomethylarginine at either position 1588, or 1590, or
both. In contrast to the effect of serine phosphorylation on
arginine methylation, we observed no significant decrease in
phosphorylation (Fig. 7). These results suggest that methyl-
ation of adjacent arginine residues has little effect on ROCK1
phosphorylation.

In the experiment shown in Figure 7, we only detected
monophosphorylated peptides even after 2 h of incubation.
We then decided to increase the incubation time in hopes of



Figure 3. PRMT7 methylates R1588 or R1590 of the Fhod3-tail. 5 mg of GST-HsPRMT7 was mixed with 3 mg of MBP-Fhod3-tail constructs containing
mutations of arginine to lysine in the identified RERKRSR motif sequence, and 0.7 mM [3H]AdoMet in a final volume of 30 ml. 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
amounts of protein and substrate were determined by nanodrop A280 where 1 mg/ml was equal to 1 absorbance unit.

A B C

Figure 4. Phosphoserine 1589 of Fhod3 inhibits PRMT7 activity. 5 mg of GST-HsPRMT7, 0.14 mM of [3H]AdoMet and indicated Fhod3 (1581-1595)
peptides incubated at 20 �C for 1 h in a reaction mixture of 50 mM K-HEPES, 1 mM DTT, and pH of 8.5 in a final volume of 30 ml. A, Fhod3 (1581-1595) WT, (B)
Fhod3 (1581-1595) poS1589, and (C) Fhod3 (1581-1595) poS1595. Curves were fitted to a standard Michaelis-Menten equation using GraphPad PRISM, n = 3.

Crosstalk of arginine methylation and serine phosphorylation
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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.

Crosstalk of arginine methylation and serine phosphorylation
capturing a diphosphorylated Fhod3 peptide. In a 5 h incu-
bation, we found that similar amounts of monophosphorylated
and diphosphorylated peptides were formed with the unme-
thylated peptide, the 1588 monomethylated peptide, the 1590
monomethylated peptide, and 1588 and 1590 monomethylated
peptide (Figs. 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
(VVPRERKRSRANRK). 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). Finally, we quantified the ratio of the degree
of phosphorylation of the monomethylated peptides to that of
the unmodified peptide from the data in Figures 7 and 8. We
found that the average ratio for each of the time points for
the different charge states varies from 0.41 to 1.77 for the
different peptides with an average value of 1.09, confirming
that there is no large change in the serine 1589 phosphory-
lation, catalyzed by ROCK1, of the peptide when arginine
residues 1588 and/or 1590 are monomethylated. It is
A B

Figure 6. Phosphoserine 32 of human histone H2B abolishes PRMT7 activi
(23-37) poS32 or (C) H2B (23-37) poS36, and 0.7 mM [3H]AdoMet. Reaction mixtu
Reactions were incubated at 20 �C for 1 h prior to termination with 100% T
GraphPad PRISM, n = 3.
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intriguing that phosphorylation has such a powerful negative
effect on methylation whereas methylation appears to have a
much more limited role on phosphorylation.
The N-terminus of human Fhod3 abolishes methylation of the
C-terminus by human PRMT7

Two domains of Fhod3, the DID in the N-terminus and
DAD in the C-terminus, come together to form an inhibited
protein complex (44, 45). Phosphorylation of Fhod by ROCK1
or ROCK2 kinase is known to alleviate autoinhibition and
activate actin assembly (44, 45). To determine if PRMT7 can
methylate the C-terminus of Fhod3 in an autoinhibited state
we performed in vitro methylation reactions with truncated N
and C-terminal constructs of Fhod3 (Fhod3-NT (1-339) and
MBP-Fhod3-tail). First, we determined that the N-terminus of
Fhod3 is itself not methylated by PRMT7 (Fig. 9). Interestingly,
we found that Fhod3-NT could inhibit the PRMT7-dependent
methylation of the wild-type MBP-Fhod3-tail (Fig. 9). In
control experiments, we showed that the Fhod3-NT had no
effect on PRMT7 activity itself (Fig. 10). Utilizing a short
peptide containing the PRMT7 consensus sequence H2B
(23–37), we observed no inhibition of the N-terminus on its
C

ty. 5 mg of GST-HsPRMT7 was mixed with either (A) H2B (23-37) WT, (B) H2B
res contained 50 mM K-HEPES, 1 mM DTT, pH = 8.5 in a final volume of 30 ml.
FA. Points were fitted to a standard Michaelis Menten fit equation using
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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 mM Fhod3 (1581-1595) peptides were incubated in a water bath at 30 �C for the specified time in a final
volume of 30 ml. Reactions were terminated with TFA and loaded into a vial for mass spectrometry analysis. 10 ml of the sample was injected into an Agilent
QTOF 6545 with a run time of 12 min. A and B, Fhod3 WT, C and D, Fhod3 R1588Me1, E and F, Fhod3 R1590Me1, G and H, Fhod3 R1588Me1/R1590Me1.
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.

Crosstalk of arginine methylation and serine phosphorylation
methylation (Fig. 10). Additionally, we did not detect inhibi-
tion of PRMT7 methyltransferase activity by the Fhod3-NT
fragment with the Fhod3 (1581-1595) peptide or with the
corresponding poS1595, R1588Me1, or R1590Me1 peptides
(Fig. 11). These results demonstrate that methylation of the C-
terminal tail domain, but not a short peptide containing the
methylation site, is inhibited when the Fhod3-NT is present.
Discussion

Previous work has established that PRMT7 can be distin-
guished 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 mon-
omethyl 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 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 DAD domain of
the Fhod family of formins can be methylated in vitro by
PRMT7. Specifically, for Fhod1 and Fhod3, methylation occurs
J. Biol. Chem. (2024) 300(11) 107857 7
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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 mM Fhod3 (1581-1594) peptides were incubated in a water bath at 30 �C for the specified time in a final volume of 30 ml.
Reactions were terminated with TFA and loaded into a vial for mass spectrometry analysis. 10 ml of the sample was injected into an Agilent QTOF 6545 with
a run time of 12 min. A and B, Fhod3 WT, C and D Fhod3 R1588Me1, E and F Fhod3 R1590Me1, G and H Fhod3 R1588Me1/R1590Me1. 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.

Crosstalk of arginine methylation and serine phosphorylation
at the RKRSR sequence at residues 1128-1132 in Fhod1 isoform
1 and 1586-1590 in Fhod3 isoform 4. This sequence is identical
to the PRMT7 recognition motif of 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 sequences of Fhod3
were targets for PRMT7. Together these results suggest that
additional motif elements beyond the RXR motif contribute to
PRMT7 recognition and methylation. We highlight additional
human proteins with the RKRSR motif in Table S1. It is note-
worthy that none of these proteins have been identified as
methylated species to date in proteomic studies (52).
8 J. Biol. Chem. (2024) 300(11) 107857
Methylarginines are known to occur in protein domains
enriched with positively charged residues and low sequence
complexity as seen in intrinsically disordered regions (53). For
example, the N-terminal regions of histones containing
methylated arginine residues are disordered unless in contact
with DNA (54). Additionally, another identified substrate for
PRMT7, the Peroxisome proliferator-activated receptor
gamma (PPARg) coactivator-1 alpha (PGC-1a), is intrinsically
disordered (55). Importantly the region in formins containing
the methylated site can be disordered (56–58). AlphaFold
structural prediction (Uniprot Q2V2M9) indicates a folded
FH2 domain but not the following sequences containing the



Figure 9. Methylation of Fhod3-tail by PRMT7 is abolished with the addition of the N-terminus. Radioactive gel assay of PRMT7, MBP-Fhod3-tail, and
Fhod3-NT. 5 mg of GST-HsPRMT7 was mixed with 5 mg of Fhod3 NT (1-339), 5 mg MBP-Fhod3 (1472-1622) or 5 mg of MBP-Fhod3 (1472-1622) R1586/1588K.
Reactions were incubated at 4 �C for 20 h in a buffer containing 50 mM K-HEPES, 1 mM DTT, and 0.7 mM [3H]AdoMet in a final volume of 30 ml. Reaction
mixtures were separated on an SDS-PAGE, dried, enhanced, and exposed to autoradiograph film for 30 days as described in the Experimental procedures.

Figure 10. Methylation of H2B (23-37) peptide is not altered by the addition of Fhod3 N-terminus. P81 phosphocellulose assays of in vitro GST-
HsPRMT7 methylation reactions with H2B (23–37) peptide as described and Fhod3-NT. 5 mg of GST-HsPRMT7 was mixed with 10 mM H2B (23–37) and/
or 5 mg of Fhod3 NT (1-339). Reactions were incubated in a buffer containing 50 mM K-HEPES, 1 mM DTT, and 0.7 mM [3H]AdoMet, pH 8.5 for 20 h at 4 �C in a
final volume of 30 ml. Samples were terminated with 0.5 ml 100% trifluoroacetic acid and blotted on P81 phosphocellulose paper prior to liquid scintillation
counting. All samples were performed in triplicate, and statistical analysis was performed using GraphPad PRISM v5.0 Students t test.
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Figure 11. Methylation of Fhod3 (1581-1595) is not altered with the addition of Fhod3 N-terminus. P81 phosphocellulose assays of in vitro GST-
HsPRMT7 methylation reactions with Fhod3 (1581-1596) peptides, as described, and Fhod3 NT. 5 mg of GST-HsPRMT7 was mixed with either 10 mM
Fhod3 (1581-1595) WT, 10 mM Fhod3 (1581-1595) poS1595, 10 mM Fhod3 1588Me1 (1581-1595) 1588Me1, 10 mM Fhod3 1588Me1 (1581-1595) 1590Me1,
and/or 5 mg of Fhod3 NT (1-339) Reactions were incubated in a buffer containing 50 mM K-HEPES, 1 mM DTT, and 0.7 mM [3H]AdoMet, pH 8.5 for 20 h at 4 �C
in a final volume of 30 ml. Samples were terminated with 0.5 ml 100% trifluoroacetic acid and blotted on P81 phosphocellulose paper prior to liquid
scintillation counting. All samples were performed in triplicate, and statistical analysis was performed using GraphPad PRISM v5.0 Students t test.
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RKRSR sequence, suggesting that the methylation occurs in a
disordered region.

Crystal structures of the related mouse formin protein
mDia1 reveal that the core C-terminal DAD domain takes on a
helical fold when bound to the N-terminal DID domain but
the sequence beyond this DAD domain does not appear to be
ordered (59, 60). The residues beyond the DAD helix
approaching the equivalent position of the RKRSR motif in
Fhod1 and 3 stretches along the surface of the DID domain
toward a negatively charged pocket. Unfortunately, the struc-
ture obtained from this corresponding region in mDia1 ends
with only the first two residues of the basic cluster. Based on
sequence alignment, the conserved RKRSR in Fhod1 and
Fhod3 would follow immediately after these two ordered res-
idues. It is noteworthy that the surface of the Fhod1 DID
domain is more consistently negative than that of the mDia1
DID domain (61). Thus, the longer basic region of the Fhod
formins may make additional salt bridges along the surface of
the domain. Such contacts could block PRMT7 methylation in
the autoinhibited state, consistent with our in vitro results
using the N-terminal and C-terminal constructs.

The physiological role of Fhod methylation is not clear at
this point. It is noteworthy that methylation is not only
blocked by the interaction of the DID domain and the DAD
domain but also by ROCK1 phosphorylation. Thus, it appears
that methylation can be blocked in both activated and
inhibited states. The question of how or whether formins are
methylated in vivo is thus open. It is possible that Fhods may
not, in fact, be substrates for PRMT7 in vivo. If they are, we
propose two possible scenarios. First, in vivo regulation of
Fhods may be more complex than we are aware. In fact, Fhods
have conserved GTPase binding domains adjacent to their
10 J. Biol. Chem. (2024) 300(11) 107857
DID domains, similar to most formins. Binding of small
GTPases is implicated in activation in multiple cases, but may
not be sufficient for complete activation of all formins (62–64).
It follows that there could be a state of Fhod formins that is not
yet phosphorylated and could be methylated. Second, Fhods
might be methylated co-translationally, as is the case for other
proteins with arginine methyl-accepting sites (65, 66) or his-
tidine sites (67). If this were the case, the inhibition of
methylation by either the DID-DAD interaction or by phos-
phorylation would not be physiologically relevant. As we have
demonstrated, constitutive methylation of the Fhod tails would
not significantly interfere with the regulatory phosphorylation
events. However, in either case, methylation could alter the
binding affinity of the DID-containing N-terminus with the
DAD-containing C-terminus, perhaps favoring activation for
actin assembly. In addition, formin tails that include the
RKRSR methylation sites make significant contributions to
nucleation and elongation by binding directly to actin mono-
mers and filaments (58, 68, 69). Interestingly, Schonichen et al.
(2006) found that mutating this site, while not sufficient to
activate Fhod1, did result in loss of localization in cells (70).
Thus, further experiments are required to determine the
functional impact of methylation.

Other studies 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 (71) and arginine-8 is methylated by PRMTs
(72). However, if serine-10 is phosphorylated, then PRMT1,
PRMT4, or PRMT5 catalyzed methylation of arginine-8 is
completely inhibited (73). In histones H2A and H4, serine
phosphorylation at positions 1 and 4 partially inhibits
methylation of arginine-3 by PRMT5 (74, 75). We now extend
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these observations by showing that PRMT7 methylation is
inhibited by a phosphorylated serine in both Fhod3 and his-
tone H2B. 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 (76). 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 guani-
dino group (73).

Conversely, 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 (77). In another study, methylation of CIRBP by PRMT1
reduces the amount of phosphorylation at nearby sites
by SRPK1 (78). In contrast, phosphorylation of the
PRMT7 methylated site in Fhod3 was minimally impacted by
methylation.

One possibility is that the inhibition of methylation by
phosphorylation represents 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 con-
taining 6 protein has been proposed as such an enzyme (79).
JMJD6 has also been characterized as a lysine hydroxylase
(80). 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 (81). Another proposed mechanism of argi-
nine 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 the catalysis of PAD4 on methylarginine
histones resulted in methylamine formation (82). However,
the rates of demodification of methylarginine by PAD4 were
slower in comparison to the formation of methylarginines by
PRMTs (83). 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
possible regulatory mechanisms 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
(84) may contribute to the physiological process of actin
polymerization.
Experimental procedures

Plasmids and constructs

The original templates, EGFP-HSFhod1 and EGFP-Fhod3L,
were generously provided by T. Iskratsch (Queen Mary Uni-
versity of London). Human Fhod3 CT (963-1622) was cloned
into a pGEX-6P-2 plasmid with a glutathione-S-transferase
(GST) tag. The shorter fragments, Fhod3-tail (1472-1622)
and Fhod1-tail (1110-1164) were cloned into a modified pGEX
plasmid with the GST replaced by a maltose binding protein
(MBP) tag. Point mutations of the MBP-Fhod3-tail (1472-
1622) were generated by site-directed mutagenesis as
described (85).

Human Fhod3 NT (1-339) was cloned from a pCS2+-3xHA-
FHOD3 WT template into pGEX-6p-2 to provide an N-ter-
minal GST tag, which was used for purification purposes and
subsequently cleaved as described.

GST was cleaved with PreScission protease from the GST-
Fhod3-CT (963-1622) and GST-Fhod3-NT (1-339) constructs
prior to performing the experiments in Figures 1C and
S9–S11. All experiments with “tail” constructs were performed
on MBP-Fhod1-tail (1110-1164) or MBP-Fhod3-tail (1472-
1622) wild-type or mutants without removing the tag.
Cell growth and protein purification

Recombinant H. sapiens GST-PRMT7 was purified as
described (84). All Fhod1 and Fhod3 constructs were
transformed in Rosetta 2 (DE3) cells (Novagen) and grown
in 1 L of Terrific Broth supplemented with 100 mg/liter
ampicillin and 32 mg/liter chloramphenicol. Expression was
induced at OD 0.6 to 0.8 with 0.5 mM isopropyl-ß-D-1-
thiogalactopyranoside (IPTG) and allowed to shake
overnight at 18 �C, 210 rpm. Cells were harvested by
centrifugation at 6000g for 10 min, washed in 1X phosphate
buffer saline (PBS) containing 1 mM dithiothreitol (DTT),
and flash frozen in liquid nitrogen.

Cell pellets expressing GST-FHOD3L-CT were resus-
pended in 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
PMSF, 1 mM DTT, 2 mg/ml DNaseI. All subsequent steps
were performed on ice or at 4 �C. The cells were lysed by
microfluidizing and cleared by centrifugation at 20,000g for
20 min, and then purified using a HitrapSP-FF cation ex-
change column (GE Life Sciences) with a gradient of 0.2 to
0.6 M NaCl over 1 column volume after 1 column volume of
washing at 0.2 M NaCl. Peak fractions were dialyzed over-
night into 20 mM HEPES pH 8, 200 mM NaCl, 1 mM DTT
to cut off the GST with precision protease, centrifuged at 4
�C for 48,000 rpm for 20 min, and further purified on a
MonoS cation exchange column (GE Life Sciences) with a
gradient of 0.2 to 0.95 M NaCl over 40 column volumes
after 1 column volume of washing at 0.2 M NaCl. Peak
fractions were exchanged into storage buffer (10 mM Tris
pH 8, 150 mM NaCl, 20% glycerol, 1 mM DTT), then flash
frozen in liquid nitrogen and stored at −80 �C.

Cell pellets expressing the MBP-Fhod tails (Fhod1, Fhod3,
and mutants thereof) were thawed and resuspended in 20 mM
Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 2 mg/ml
DNaseI, 1 mM PMSF, pH 7.5. All subsequent steps were
performed on ice or at 4 �C. The cells were lysed by micro-
fluidizing and cleared by centrifugation at 20,000g for 20 min.
Lysate was incubated with amylose resin (New England Bio-
labs) for 1 h at 4 �C. Resin was washed with extraction buffer
(20 mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, pH
J. Biol. Chem. (2024) 300(11) 107857 11
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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. The MBP
was not removed.

Cell pellets expressing GST-Fhod3-NT (1-339) were resus-
pended in extraction buffer (137 mM NaCl, 2.7 mM KCl,
10 mMNa2HPO4, 1.8 mM KH2PO4, 1 mM DTT, 1 mM PMSF,
2 mg/ml DNaseI, pH 7.4). Cells were lysed by microfluidizing
and cleared by centrifugation at 20,000g for 20 min. Clarified
supernatant was incubated with glutathione Sepharose 4B
resin for 1 h at 4 �C on a nutating tube rocker. The flow
through was collected under gravity flow, and the resin was
subsequently washed with 25 ml of extraction buffer. Fhod3-
NT was eluted with 15 ml glutathione elution buffer
(50 mM Tris, 150 mM NaCl, and 10 mM reduced glutathione,
pH 8.0). Elution fractions were dialyzed overnight into IEC
buffer A (20 mM Tris, 150 mM NaCl, 1 mM DTT at a pH of
8.0) and the GST tag was cleaved off. Cleaved and dialyzed
Fhod3 NT (1-339) was then loaded onto glutathione Sepharose
4B resin and flow through was collected. The flow through was
then concentrated and further purified on a MonoQ anion
exchange column (GE Life Sciences). The column was washed
with one column volume of IEC buffer A prior to running a
50-column volume linear gradient of IEC buffer B (20 mM
Tris, 650 mM NaCl, 1 mM DTT at a pH of 8.0). Samples were
exchanged into storage buffer (10 mM Tris, 150 mM NaCl,
20% glycerol, 1 mM DTT, pH = 8.0), aliquoted and flash frozen
in liquid nitrogen. All samples were stored at −80 �C.

Peptide substrates

These are described in Tables 2 and 3.

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 (84).

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 mM EDTA
supplemented with an ATP cocktail mixture of 8 mM
MgAc⋅6H2O and 80 mM ATP. Reactions were allowed to
Table 2
Arginine methylation P81 peptides

Peptide name Peptide sequence

H2B (23-37) WT Ac-KKDGKKRKRSRKESY-NH
H2B (23-37) poS32 KKDGKKRKR{poSER}RKESY
H2B (23-37) poS36 KKDGKKRKRSRKE{poSER}Y
Fhod3 (1581-1595) WT VVPRERKRSRANRKSY
Fhod3 (1581-1595) poS1589 VVPRERKR{poSER}RANRKS
Fhod3 (1581-1595) poS1595 VVPRERKRSRANRK{poSER}

All peptides were purchased from GenScript. Trifluoroacetic acid removal was performed
the C-terminus of each Fhod peptide to determine the concentration of the peptide by U
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incubate in a 30 �C water bath for the times listed and
terminated with 0.5 ml 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
an 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 ml/min
and an eject speed of 400 ml/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/min2

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 min
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 temperature control analyses 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 attenu-
ation of 1000 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 previ-
ously described (84).
Statistical analysis

Michaelis Menten non-linear regression was performed
using GraphPad Prism version 5.01 for Windows, GraphPad
Software, 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.

Student t test was performed using GraphPad Prism version
5.01 for Windows, GraphPad Software, San Diego California
USA, www.graphpad.com.
Purity (%) Theoretical MW

2 87.8 1935.25
91.0 1974.18
88.3 1974.18
98.2 2002.3

Y 87.2 2082.28
Y 96.9 2082.28

by company and switched with a standard acetate salt. A tyrosine residue was added at
V spectra.

http://www.graphpad.com
http://www.graphpad.com


Table 3
Serine phosphorylation mass spectrometry peptides

Peptide name Peptide sequence Purity (%) Theoretical MW

Fhod3 (1581-1594) WT Ac-VVPRERKRSRANRKY-NH2 88.4 1956.33
Fhod3 (1581-1594) R1588Me1 Ac-VVPRERK{RMe1}SRANRKY-NH2 87.2 1970.33
Fhod3 (1581-1594) R1590Me1 Ac-VVPRERKRS{RMe1}ANRKY-NH2 96.9 1970.33
Fhod3 (1581-1594) R1588Me1/R1590Me1 Ac-VVPRERK{RMe1}S{RMe1}ANRKY-NH2 99.1 1984.38
Fhod3 (1581-1595) WT Ac-VVPRERKRSRANRKSY-NH2 97.6 2043.35
Fhod3 (1581-1595) R1588Me1 Ac-VVPRERK{RMe1}SRANRKSY-NH2 97.6 2057.40
Fhod3 (1581-1595) R1590Me1 Ac-VVPRERKRS{RMe1}ANRKSY-NH2 99.1 2057.40
Fhod3 (1581-1595) R1588Me1/R1590Me1 Ac-VVPRERK{RMe1}S{RMe1}ANRKSY-NH2 94.1 2071.46

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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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 [https://
doi.org/10.25345/C5T14V12K]. FTP files can be directly
downloaded from [ftp://massive.ucsd.edu/v07/MSV00009447
0/]. Additional data are available upon request.
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