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Abstract
Protein arginine methyltransferase 10 (PRMT10) is a type-I arginine methyltransferase essential
for regulating flowering time in Arabidopsis thaliana (At). We present a 2.6 Å resolution crystal
structure of AtPRMT10 in complex with a reaction product, S-adenosylhomocysteine. The
structure reveals a dimerization arm 12–20 residues longer than PRMT structures elucidated
previously; as a result, the essential AtPRMT10 dimer exhibits a large central cavity and a
distinctly accessible active site. We employ molecular dynamics to examine how dimerization
facilitates AtPRMT10 motions necessary for activity, and show that these motions are conserved
in other PRMT enzymes. Finally, functional data reveal that the N-terminal ten residues of
AtPRMT10 influence substrate specificity, and that enzyme activity is dependent on substrate
protein sequences distal from the methylation site. Taken together, these data provide insights into
the molecular mechanism of Arabidopsis thaliana PRMT10 as well as other members of the
PRMT family of enzymes. They highlight differences between AtPRMT10 and other PRMTs, but
also indicate that motions are a conserved element of PRMT function.
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Introduction
Protein arginine methyltransferases (PRMTs) catalyze the transfer of methyl groups from S-
adenosylmethionine (SAM) to arginine residues of target proteins, and release S-
adenosylhomocysteine (SAH) as a product 1. The post-translational methylation of arginines
is observed widely in eukaryotes and plays essential roles in many biological processes,
such as signal transduction, chromatin remodeling, RNA processing, gene transcription,
DNA repair and cellular transport 1–8. PRMTs are generally classified as type I or type II 1.
Both types catalyze the production of ω-NG-monomethylarginine, but they generate distinct
dimethyl arginine derivatives. Type I enzymes (e.g., PRMT1, 3, 4, 6, 8) specifically produce
asymmetric ω-NG,N′G-dimethylarginine, while type II enzymes (e.g., PRMT5, 7 and
FBXO11) only produce symmetric dimethylarginine 9. The dysfunctions of mammalian
PRMTs have been correlated with the development of cancer as well as autoimmune,
cardiovascular, pulmonary and neuro-developmental diseases 10–16.

While PRMTs have a relatively conserved catalytic core, the portions of each enzyme N-
terminal to the catalytic core (the “N-terminal additions”) are divergent in sequence and
have been demonstrated to be important for the substrate specificity. For example, the zinc-
finger domain within the N-terminal addition of PRMT3 is essential for its recognition of
RNA-associated targets 17. Previous structural studies have shown that the PRMT catalytic
core is composed of three domains: an N-terminal SAM binding domain, a central arm
domain, and a C-terminal β-barrel domain 18–23. The main substrate binding site is located
in a cleft formed between the SAM binding domain and the β-barrel domain 19,20.
Dimerization is a conserved feature in PRMTs and has been established to be essential for
the methyltransferase activity of PRMTs by facilitating SAM binding 19,20.

PRMT methyltransferase activity is regulated by several characteristics of the target protein.
For example, the local sequence of the methylation site is an important determinant of
arginine methylation 24,25. PRMT-catalyzed reactions typically occur within glycine- and
arginine-rich motifs, such as “RG”, “RGG” and “RXR” 26, although exceptions have been
noted 25. The activity of PRMTs can also be affected by the sequences distal to the
methylation site 27 and by protein binding partners 28,29. Circumstantial evidence has
suggested that PRMTs often form complexes with other proteins in vivo, and that these
proteins impact subcellular location and substrate recognition 30,31.

AtPRMT10 is a plant-specific type I PRMT that plays an essential role in the regulation of
flowering time in Arabidopsis 32. Genetic disruption of AtPRMT10 causes delayed flowering
due to up-regulated transcription of a major flowering repressor, FLOWERING LOCUS C
(FLC) 32. Biochemical studies showed that AtPRMT10 can specifically methylate
arginine-3 of both histone H4 and histone H2A in vitro, and preferentially produces
asymmetrical dimethylarginines. Besides AtPRMT10, eight other AtPRMTs have been
identified in the Arabidopsis genome, including AtPRMT1a, AtPRMT1b, AtPRMT3,
AtPRMT4a, AtPRMT4b, AtPRMT5, AtPRMT6 and AtPRMT7. These AtPRMT paralogs
likely have diverse properties in cellular location, substrate specificity and protein-protein
interaction 1,7.

Here we report the crystal structure of AtPRMT10 in complex with a product of its
enzymatic reaction, SAH. This structure provides insights into how AtPRMT10 interacts
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with peptides, and reveals structural features that may confer unique substrate specificity to
AtPRMT10, including the role of the AtPRMT10 N-terminal addition in the enzyme
function. Our studies also show that AtPRMT10 exists predominantly in a dimeric state in
solution, and disruption of dimerization causes loss of activity. We further examine the
impact AtPRMT10 dimerization has on enzyme motion using molecular dynamics (MD)
simulations. Our results highlight distinct differences between AtPRMT10 and other
structurally-characterized PRMTs, but also indicate that motions are a conserved element of
PRMT function.

Results
Crystal Structure of the AtPRMT10-SAH Complex

The structure of AtPRMT10 (residues 11–383) in complex with SAH was determined by
molecular replacement and refined to 2.6 Å resolution (Table I). The N-terminal twenty
residues of the AtPRMT10 construct employed (residues 11–30) lack electron density and
were not placed in the final refined model. AtPRMT10 exhibits three sequentially folded
domains: an N-terminal SAM binding domain (residue 31–174), a central arm domain
(residues 187–236), and a C-terminal β-barrel domain (residues 175–186 and residues 237–
383) (Figure 1A & B). The SAM binding domain is composed of two N-terminal helices
(αX & αY, residues 31–50) followed by a classical Rossman fold (residues 51–174)
consisting of five α helices (αZ, αZ′, αA, αB, αD) and five β strands (β1 to β5). The
consensus Rossman fold has been observed in other known SAM-dependent
methyltransferases 33,34, while the two N-terminal helices (αX & αY) are unique to
PRMTs 20. The β-barrel domain, forming close contacts with the SAM-binding domain at
one end of its barrel, harbors ten β-strands (β6 to β15) and two short α-helices (αH and αI).
The arm domain, exhibiting a helix-turn-helix fold, is inserted in between β6 and β7 of the
β-barrel domain and protrudes from the main body of the protein. Sequence analysis reveals
four PRMT signature motifs in AtPRMT10 (Figure 2). Motif I (YFxxY) and Motif II
(DVGxGxG) are directly involved in the binding of cofactor SAM. Motif III
(SExMGxxLxxExM), harbors two critical catalytic residues E143 and E152. Mutation of
either of these two residues completely disrupted the methyltransferase activity of
AtPRMT10 (data not shown). Motif IV (or the THW motif) is the most highly conserved
sequence among PRMTs and is directly involved in the formation of the active site. As
expected, disruption of motif IV is accompanied with complete loss of the methyltransferase
activity of AtPRMT10 (data not shown).

The structure of AtPRMT10 exhibits a similar overall fold relative to other PRMTs of
known structure, exhibiting, for example, a 1.8 Å root-mean-square deviation over 245 Cα
positions with PRMT1 (residues 41–354). However, a strikingly unique feature of
AtPRMT10 is its dimerization arm, consisting of two straight anti-parallel α-helices, which
is significantly longer (41 Å) than that of other PRMTs (e.g., PRMT1, 22 Å; PRMT3, 22 Å;
CARM1, 34 Å) (Figure 1C). AtPRMT10 also differs from other PRMTs in two loop regions
of the β-barrel domain (Figure 1C). Sequence alignment indicates that these loops are
relatively conserved among AtPRMT10 orthologs (Figure S1), but highly divergent among
PRMT paralogs (Figure 2). Loop I is located adjacent to a conserved substrate binding site
of PRMTs (see below). Acidic residues in Loop II have been shown to be important for the
interaction of PRMT1 with its substrates 35.

AtPRMT10 Active Site
In the AtPRMT10-SAH complex, SAH binds within a deep pocket formed by the three N-
terminal α-helices (αX, αY and αZ) and the carboxyl ends of the parallel β-strands (β1 to β5)
(Figure 1D). Most of the residues involved in SAH binding are highly conserved among
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type I PRMTs (Figure 2), indicating that members of the type I PRMT family likely share
similar mechanisms in cofactor binding and catalysis. Hydrogen bonding plays a major role
in the interaction of AtPRMT10 with SAH, with six such interactions formed between
AtPRMT10 and the three moieties of SAH (adenine, ribose and homocysteine). R54 of the
helix αZ forms bifurcated hydrogen bonds with the terminal carboxylate group of the
homocysteine moiety. For the ribose moiety, hydrogen bonds are observed between the two
main-chain hydroxyl groups and the side chains of E100 of strand β2 and Q45 of helix αY.
The adenine group is recognized by the E129 from the loop between β2 and β4. In addition
to hydrogen bonding, the main-chain of the glycine rich loop (G78 and G80) and the side-
chains of seven other residues (A101, V128, F36, M154, S157, Y35 and Y39) form van der
Waals contacts with SAH. Given the small difference between the chemical structure of
SAM and SAH, it is expected that SAM binds to the active site in a manner similar to that
observed here for SAH.

AtPRMT10 Dimer
AtPRMT10 forms a ring-like homodimer through the interaction between the dimerization
arm (αE-loop-αG) of one monomer and the outer surface (αY, αZ, αA & αD) of the SAM
binding domain of the other monomer (Figures 3A & 3B). Both active sites are located at
the periphery of the central cavity formed upon dimerization of AtPRMT10. As observed for
other PRMTs, hydrophobic interactions are a major force during the formation of the
AtPRMT10 dimer. A network of three hydrogen bonds is also observed at the PRMT dimer
interface, with the side-chains of Q90 and N115 forming hydrogen bonds with the main-
chains of G215 and D217 respectively (Figure 3C). The hydrogen bonds between N115 and
D217 are highly conserved among PRMTs (Figure 2). Another conserved residue at the
dimer interface is G215, whose small side-chain is apparently favorable for the formation of
the sharp turn at the tip of the dimerization arm. Overall, the residues on the surface of the
SAM binding domain that produce the AtPRMT10 dimer interface are highly conserved
when compared to other PRMTs. In contrast, however, the residues that form the
dimerization arm of AtPRMT10 exhibit little or no conservation with homologous enzymes
(Figure 2 and Figure S2).

Notably, the central cavity of AtPRMT10 is significantly larger than those of other PRMTs
with known structure (Figure 4). AtPRMT10 creates a cavity 15 Å high by 13 Å wide (15 ×
13 Å), while those of PRMT1, PRMT3 and CARM1 exhibit cavities that are 8×12, 8×13 and
8×11 Å, respectively (Figure 4). The dimerization arms of PRMTs are composed of a helical
segment and a connecting loop at the tip of the dimerization arm (Figure 1B &1C).
Although the connecting loop is involved in forming the dimer interface, the size of the
central cavity is mainly determined by the length of the helical segment. Relative to other
PRMTs, CARM1 has a much longer connecting loop at the tip of the dimerization motif. As
a result, although the dimerization arm of CARM1 (34 Å) is longer than that of PRMT1 (22
Å) and PRMT3 (22 Å), its helix segment (18 Å) has similar size with those of PRMT1 (17
Å) and PRMT3 (17 Å). Accordingly, the central cavity of CARM1 is comparable in size to
those of PRMT1 and PRMT3. Consistent with the dimer observed in the crystal structure,
our results from dynamic light scattering and gel filtration experiments confirmed that
AtPRMT10 exists predominately as dimer in solution, and that the oligomeric state of the
enzyme is independent of SAH binding (Table II).

To test the importance of the dimer interface observed in the crystal structure during
AtPRMT10 function we designed an arm mutant, Δ203-225, in which the part of the
dimerization arm that forms the dimer interface was replaced with a stretch of glycine and
serine residues (GGSGGS). AtPRMT10 Δ203-225 was stably over-expressed in E. coli,
suggesting that it was well folded. The oligomeric state of AtPRMT10 Δ203-225 was
examined using dynamic light scattering and gel filtration experiments (Table II). Our
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results show that mutation of the dimerization arm disrupted dimer formation. The impact of
dimerization on the methyltransferase activity of AtPRMT10 was examined by measuring
the activity of the arm mutant Δ203-225. The arm mutant displayed no observable activity
toward H2A and H4 (Figure 5A and 5B), indicating that dimerization is essential for the
methyltransferase activity of AtPRMT10.

AtPRMT10 Surface Electrostatics
Surface charge distribution appears to impact the function of PRMTs. For example,
published data have suggested that surface charges are crucial for the interaction of PRMT
with substrates and other proteins 19,20. Figure 6 illustrates the surface charge distribution of
AtPRMT10. As seen in other PRMTs, the surface of AtPRMT10 contains numerous acidic
patches, especially around the active site. However, there are notable differences in the
surface charge distribution of AtPRMT10 compared to other PRMTs of known structure
(Figure 6). In particular, the unusually long dimerization arm of AtPRMT10 contains ten
acidic residues (E190, D195, D197, D202, D208, E209, D217, E227, E228, E230) (Figure
6) that generate a relatively large acidic surface along this domain relative to other PRMTs.
A second difference is observed at one end of the β-barrel domain, where AtPRMT10 has a
large acidic patch formed by residues E281, E336, E337, D339, E367 and E374 (Figure 6).
Other PRMTs contain fewer acidic residues in this region (Figure 2). Acidic amino acid
residues in this location have been shown to be important for the substrate interaction of
PRMT135.

Structural studies of PRMT1 have indicated the location of the substrate binding groove of
this enzyme 19. Based on the location of acidic patches and the shape of the AtPRMT10
surface in light of other PRMTs of known structure, we have identified four putative
substrate binding grooves on the surface of AtPRMT10 (Figure 6). Binding grooves I and II
are located in the cleft formed between the SAM binding domain and the β-barrel domain
and are directly connected to the active site. Binding grooves III and IV lie on the surface of
the β-barrel domain. Substrates can also enter the active site through binding groove III. A
high degree of conservation is maintained in the residues that form binding grooves I and II
(Figure 6 and S2), suggesting the conserved role for these two binding grooves during
substrate interaction. In contrast, little conservation is observed for the residues that form
binding grooves III and IV (Figure 6 and S2). It is possible that the unique compositions of
binding grooves III and IV may confer unique substrate specificities upon AtPRMT10
compared to other PRMTs.

Increased Active Site Accessibility in AtPRMT10
While the PRMT family shares a three-domain architecture and a dimeric oligomerization
state, the relative orientation of the two monomers in a functional dimer significantly varies
between different PRMTs due to the diversity in dimerization arm length and composition.
Consequently, the dimeric forms of different PRMTs do not superimpose well. When we
align different PRMTs based on one of their two monomers (the “bottom monomers” in
Figure 7A, left panel), the other monomers (the “top monomers”) are translated to distinct
locations. In Figure 7A (left panel), the top monomers of PRMT1 (cyan) and PRMT3
(yellow) are located directly above their bottom monomers, while the top monomers of
AtPRMT10 (magenta) and CARM1 (blue) are positioned away from the vertical by 30° and
20°, respectively. The top monomers of AtPRMT10 and CARM1 are also observed to be
translated leftward 21 Å and 13 Å to the left, respectively, relative to the position of PRMT1
and PRMT3 (Figure 7A, middle panel). Finally, the angles formed by the two monomers of
a PRMT dimer vary significantly among enzyme paralogs, ranging from 30° in PRMT3 to
52° in AtPRMT10 (shown schematically in Figure 7A, right panel).
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The differences in the relative orientation of the two monomers in PRMT dimers, together
with the differences in the size of the central enzyme cavities, result in significant variations
in active site accessibility across the enzymes of known structure. To provide a quantitative
measure of active sites accessibility for different PRMTs, we determined an accessibility
angle for AtPRMT10, CARM1, PRMT1 and PRMT3. With the bottom monomers in the
same orientation, a vertex was placed in the center of dimer cavity, and from that point the
largest angle allowed by the molecular surface of the dimer in two dimensions in this view
was traced for each structure (Figures 7B–7E). For AtPRMT10, the accessibility angle was
~120° (Figure 7B). However, for PRMT1 and PRMT3 and CARM1, the accessibility angles
were ~50°, ~45°, and ~20°, respectively (Figures 7C–7E). Thus, the unique size and
orientation of the AtPRMT10 central cavity creates a significantly larger accessibility to this
enzyme’s active site relative to the PRMTs of currently known structure.

AtPRMT10 Motion
Because dimerization has been shown to be essential for the methyltransferase activity of
PRMTs, we examined the impact dimerization has on the motion of AtPRMT10 using 30 ns
molecular dynamics (MD) simulations. Monomeric and dimeric forms of AtPRMT10 were
examined. The total energy of each system, calculated as the sum of the kinetic and potential
energy at each time point, was relatively constant after the first 5 ns, particularly over the
last 10 ns (data not shown). Therefore, the averages of the MD trajectories in the last 10 ns
were used for the following analysis. The effect of dimerization on the degree of motion of
AtPRMT10 was determined by computing the atomic position fluctuations (APFs) of Cα
atoms of the monomer and dimer form. Overall, AtPRMT10 exhibits similar APFs in
monomeric and dimeric states; however, in the dimeric form, two regions (αY-loop-αZ,
residues 40–68; the dimerization arm, residues 187–235) displayed significantly lower APFs
than when in the monomeric form (Figures 8A & 8B). The reduced fluctuations within these
two regions likely result from their direct involvement in the formation of the dimer
interface (Figure 3C). Notably, the region αY-loop-αZ (residues 40–68) is directly involved
in the binding of SAH and in the formation of substrate binding groove I. Therefore,
stabilization of this region by dimerization likely improves the binding of SAH and substrate
proteins.

We computed normalized covariance matrices to classify the motions of all residue pairs in
the protein (Figures 8C & 8D). Normalized covariance matrices generate the residue-residue
correlation coefficients (Cijs), which inform the relative motion between a residual pair.
Based on the value of Cijs, the motions of all residue pairs can be classified into three
groups: correlated motion (two residues moving toward the same direction) as indicated by
Cij approaching 1, anti-correlated motion (two residues moving toward the opposite
direction) as indicated by Cij approaching −1, and uncorrelated motion (two residues
moving with the lack of a dynamic relationship) with Cij values near zero. The SAM binding
domain of dimeric AtPRMT10 exhibits considerably greater residue-residue correlations
relative to that of monomeric AtPRMT10 (Figure 8C). Increased residue-residue
correlations are also observed in several discrete regions of the β-barrel domain.

To better understand the biological significance of residue-residue correlations, single-
linkage clustering analysis was then conducted to identify groups of residues that move
together. Clustering of dimeric AtPRMT10 at a correlation coefficient above 0.7 resulted in
five clusters, while clustering of monomeric AtPRMT10 under the same criterion only
resulted in three clusters (Figures 8E & 8F). One notable difference between monomeric
AtPRMT10 and dimeric AtPRMT10 lies in the SAM binding domain. Most of this region,
except the two N-terminal helices (αX and αY) and two loop regions (L1 and L2), are
clustered in dimeric AtPRMT10 (Figure 8G), while only helix B is self-clustered in
monomeric AtPRMT10. In addition, one end of the β-barrel domain is clustered in dimeric
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AtPRMT10, but not in monomer AtPRMT10. These data establish that the SAM binding
domain and one end of the β-barrel domain to move as a cohesive unit in dimeric
AtPRMT10, but not in monomeric AtPRMT10.

To extend these investigations into other PRMTs, we examined the motion of monomeric
and dimeric PRMT3 using the same MD simulation protocol described above. Similar to
AtPRMT10, dimerization significantly lowered the APFs in the N-terminal region (αX-αY-
αZ, residues 208–245) and the dimerization arm (residues 370–394) (Figure S3A). In
addition, normalized covariance analysis clearly shows that dimerization promotes coherent
protein motions in the SAM binding domain and several discrete regions of the β-barrel
domain (Figure S3B & S3C). Taken together, our results show that dimerization
productively impacts the motion of the PRMTs. In particular, the SAM binding domain in
both AtPRMT10 and PRMT3 move as a cohesive unit in the enzyme dimer but not the
monomer.

PRMT10 N-terminus in Enzyme Function
Finally, we examined the impact of the N-terminal addition (residues 1–30) on the dimeric
state and methyltransferase activity of AtPRMT10. We created three N-terminal deletion
mutants, including ΔN10 (residues 11–383), ΔN20 (residues 21–383) and ΔN30 (residues
31–383), and compared their biophysical properties and methyltransferase activities to those
of full-length AtPRMT10. The oligomeric states of these mutants were investigated using
dynamic light scattering (DLS) and gel filtration experiments (Table II). As observed in the
wild-type enzyme, all N-terminal deletion mutants form dimers in solution. Moreover, the
oligomeric states of these mutants are SAH-independent. Together, these data suggest that
the N-terminal addition does not impact AtPRMT10 dimerization.

The methyltransferase activities of wild-type AtPRMT10 and the three N-terminal deletion
mutants were measured as described previously 32; while these initial studies do not provide
kinetic values, they are sufficient to highlight relative differences in enzyme function
(Figure 5A and 5B). Purified calf thymus core histones, which are a mixture of histones
H2A, H2B, H3 and H4, were chosen as the substrate. Of these four histones, H2A and H4
are known to be methylated by AtPRMT10. Upon analysis of the experiment by SDS-
PAGE, the methylation state of H2A and H4 can be quantified individually, due to their
difference in molecular weight. Interestingly, ΔN10 had approximately 3-fold greater
activities toward H2A relative to the wild-type enzyme. Additional deletions of the N-
terminus (ΔN20 and ΔN30) did not enhance the methylation of H2A by AtPRMT10. When
H4 was used as the substrate, however, all three N-terminus mutants displayed wild-type
level activities (Figure 5A and 5B). These results indicate that first ten residues of
AtPRMT10 impact enzyme methyltransferase activity in a protein substrate-dependent
manner. In the AtPRMT10 crystal structure, the helix αX (residues 32–40) covers the
opening of the SAM binding pocket and stabilizes SAH binding with van der Waals
interactions (Figure 1). As expected, the deletion of helix αX (Δ40) causes a dramatic drop
in the activity for both H2A and H4.

Previous studies of PRMT1 have shown that amino acids distal to the methylation site can
affect the methylation of H427. Thus, we examined whether the substrate sequence outside
of the methylation site also impacts the activity of AtPRMT10. We examined the purified
full-length histone H4 as well as H4N1-20, a peptide covering only the N-terminal twenty
residues of histone H4. We found that the activity of AtPRMT10 on the full-length H4
substrate was markedly higher than that on the H4N1-20 substrate (Figure 5C), in spite of a
10-fold higher concentration of H4N1-20 was present in these assays. Thus, it appeared that
the sequence downstream of the N-terminal 20 residues of histone H4 enhanced the
methyltransferase activity of AtPRMT10. As shown in Figure 4, AtPRMT10 likely has
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multiple spatially adjacent substrate binding grooves on its surface, which can together
accommodate a long substrate. The region of H4 beyond the C-terminal 20 residues can
possibly facilitate methylation by forming additional contacts with the substrate binding
grooves and thereby increasing the binding affinity between AtPRMT10 and H4.

The methylation site of AtPRMT10 in both histone H2A and histone H4 is located at the far
N-terminus of these proteins. To examine whether a bulky protein fused to the N-terminus
of H4 would impact AtPRMT10 activity at arginine-3 on H4, we compared the methylation
of histone H4 and N-terminally GST-tagged histone H4 (GST-H4) by AtPRMT10 (Figure
5C). Our results show that the presence of a N-terminal GST tag modestly reduced the
activity of AtPRMT10 by ~2-fold relative to untagged H4. These data indicate that
AtPRMT10 can methylate R3 of H4 even when it is not located at the far N-terminus of this
histone protein.

Discussion
We present the first structure of a plant protein arginine methyltransferase, that of
AtPRMT10, and highlight unique features of this enzyme, including a long dimerization arm
and a distinctly open conformation in the catalytic dimer. We also establish for the first time
that the family of PRMTs exhibit conserved domain motions, particularly within the enzyme
region that binds the SAM cofactor that donates the methyl group to arginines on target
proteins. Together, these data advance our understanding of features shared by the PRMT
enzymes, which function as both epigenetic and non-epigenetic factors, as well as unique
aspects particular family members may employ to impact substrate preference.

In a functional PRMT dimer, the enzyme active sites are located at the periphery of a central
cavity (Figure 3). This configuration likely impacts access of substrate proteins to the PRMT
catalytic site. Indeed, most known methylation sites are located in disordered regions of
substrates, and the structural flexibility around the methylation site has been shown to be
essential for PRMT function 25. Comparing PRMT dimers of known structure demonstrates
that PRMT paralogs exhibit a range of accessibility in the active site, which can be roughly
summarized as: AtPRMT10>PRMT1>PRMT3>CARM1 (Figure 7). These variations result
primarily from differences in the relative orientation of the two monomers in a functional
PRMT dimer and differences in the dimerization arm length. Previous studies have
suggested that the activity and substrate specificity of PRMTs are directly correlated with
active site accessibility 36. Thus, it is possible that the more accessible AtPRMT10 active
site may allow this enzyme to methylate arginine residues that do not serve as substrates for
other PRMTs.

We show that AtPRMT10, like other PRMTs, functions only as a dimer (Figure 5). MD
simulations on both the monomeric and dimeric forms of AtPRMT10 and PRMT3 show that
dimer formation produces coherent motions in key catalytic domains (Figure 8 and Figure
S3). PRMT dimers exhibit reduced fluctuations in the N-terminal αY-loop-αZ region, which
not only forms direct contacts with the SAM methyl donor, but also forms a portion of
substrate binding groove I that is conserved among PRMTs. Furthermore, dimerization
results in more correlated motions throughout the SAM binding domain. Previous studies
have shown that oligomerization can facilitate protein-ligand interaction by increasing the
correlation in the motion of the structural elements involved in ligand binding 37.
Importantly, our results show that the effects of dimerization on the motion of AtPRMT10
can be generalized into other members of the PRMT family (Figure S3). Dimerization
appears to facilitate the methyltransferase activity of PRMTs by producing coherent protein
motions in the SAM binding region.
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Members of the PRMT family have a relatively conserved catalytic core, but exhibit
remarkable diversity in the length and sequence of their N-terminal regions. Multiple lines
of evidence suggest that the variations in the N-terminus diversify the functions of the
PRMT family by modulating the substrate specificities 17,18,38,39. AtPRMT10 has a 30-
residue N-terminal addition, which is one of the shortest among known PRMTs. Secondary
structure analysis predicts that the N-terminal addition of AtPRMT10 remains in a
disordered state. In support of this prediction, the AtPRMT10 N-terminal addition is prone
to proteolysis (data not shown), and is not ordered in our crystal structure. Although PRMT1
also has a short N-terminal region (~30 residues), its length varies more among different
PRMT1 isoforms and these variations have been shown to alter the substrate specificity of
PRMT140.

The results presented here indicate that residues 1–10 can affect the substrate specificity of
AtPRMT10 (Figure 5A & 5B). The deletion of the N-terminal addition enhances the activity
of AtPRMT10 toward histone H2A, but does not significantly alter AtPRMT10 activity
toward histone H4. This variation may result from the difference in the way that H4 and
H2A interact with AtPRMT10. Based on the crystal structure of dimeric AtPRMT10, the 30-
residue N-terminal addition is likely located at one side of the ring, adjacent to substrate
binding grooves III and IV, but distant from substrate binding grooves I and II. Thus, H2A
may employ AtPRMT10 substrate binding groove III or IV, while H4 employs substrate
binding groove I. The local sequence of the methylation site in H2A (SGR3GKGG) is
identical to that of H4 (SGR3GKGG), indicating that the sequence outside the methylation
site is also important for the interaction of PRMT with its substrates. In support of this
notion, our results demonstrate that deletion of the sequence C-terminal to residue 20 of H4
dramatically reduced the methylation at arginine 3 by AtPRMT10 (Figure 5C).

PRMT10 displayed comparable activities toward histone H4 and N-terminally GST-tagged
histone H4 (GST-H4) (Figure 5C). In histone H4, the methylation site arginine-3 is located
proximal to the N-terminus. Therefore, the standard H4 substrate can bind to the AtPRMT10
binding grooves in a linear fashion, as modeled in the crystal structure of PRMT1-peptide
complex 19. Our results with the GST-H4 substrate, however, indicate that the target
arginine of AtPRMT10 could be located internally within a larger protein, rather than only
within an N-terminal tail. Such an observation expands the scope of potential substrates for
AtPRMT10 to include proteins with target arginines located on flexible central loops
capable of accessing the AtPRMT10 active site. Such substrate proteins may be identified in
Arabidopsis that impact flowering time in an AtPRMT10-dependent manner. In summary,
the data presented here indicate that, while the PRMTs share some key traits (e.g., a
functional dimer and coherent SAM-binding domain motion), unique features of specific
PRMTs, like the larger central cavity of the AtPRMT10 dimer, may lead to unique
methylation patterns and target substrate proteins.

Materials and Methods
Cloning, expression and purification of AtPRMT10

The expression plasmids encoding wild-type AtPRMT10 (1–383) and its various mutants
and related constructs were created using the standard ligation-independent cloning
techniques, as described by Stols et al. 41. All expression plasmids used in this study were
sequence verified. AtPRMT10 was overexpressed in Escherichia coli BL21-CondonPlus
(DE3) RIPL (Stratagene) and purified as described previously with some modifications 42.
The cells were grown at 37° C to an OD600 of 0.6 in Luria-Bertani media containing 50 μg/
mL chloramphenicol and 50 μg/mL ampicilin. Protein expression was induced by the
addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1
mM and the culture was grown for another 16 h at 18 °C. The harvested cells were
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resuspended in buffer A (50 mM Na phosphate pH 7.4, 500 mM NaCl and 20 mM
imidazole) supplemented with 0.5 mM EDTA, 0.1% Triton X-100, 1 mM
phenylmethylsulphonyl fluoride (PMSF), one tablet of a protease inhibitor cocktail (Roche),
and 1 mg/mL lysozyme. After 45 min of incubation on ice, the resuspended cells were
sonicated on ice for 3 min and the lysate was centrifuged at 50,000 × g for 60 min at 4 °C.
The supernatant was passed through a 0.2 μm filter (Millipore) and then loaded onto a 5 mL
high performance HisTrap™ column (GE Life Sciences), equilibrated with buffer A. The
column was washed with 100 mL buffer A to remove nonspecifically bound proteins; the
bound protein was then eluted with buffer B (50 mM Na phosphate pH 7.4, 50 mM NaCl
and 250 mM imidazole). The elutent was loaded onto a HiPrep™ 26/10 desalting column
(GE Healthcare Life Sciences) equilibrated with buffer C (20 mM Tris-HCl pH 8.0 and 150
mM NaCl), and the protein-containing fractions were collected. To remove the His-MBP
tag, TEV protease was added into the pooled protein fractions at a ratio of 1:100 (w/w) TEV
to AtPRMT10. After 12 hr of incubation at 4 °C, the mixture was reloaded onto the 5 mL
high performance HisTrap™ column (GE Life Sciences), equilibrated with buffer A. The
flow-through fractions were collected and concentrated in a Centricon YM10 (Amicon)
concentrator. Concentrated protein was loaded on a HiLoad™ 16/60 Superdex 200 column
(GE, Life Sciences) equilibrated with sizing buffer (20 mM Tris-HCl pH 7.5, 250 mM NaCl,
5% Glycerol). AtPRMT10 containing fractions were concentrated, flash frozen in liquid
nitrogen and stored at −80 °C. Purified protein was >95% pure by SDS-PAGE.

Crystallization, data collection, structure determination, and refinement
Diffraction-quality crystals of AtPRMT10 (residues 11–383)-SAH complex were obtained
by the hanging-drop vapour-diffusion method at 22 °C, with the mother liquid solution
containing 0.1 M Tris-HCl pH 7.6, 2.3 M Na2HPO4 and 0.1 M arginine. Crystals grew to the
size of 250 × 200 × 50 μm in approximately 10 days. Since flash-frozen crystals diffracted
poorly and could not be used for structural determination, diffraction data were collected
from warm-mounted crystals to 2.6 Å resolution using a Rigaku X-ray generator
MicroMax-007HF. Data from four different crystals were reduced and merged using the
program HKL200043 (Table I). Data quality was examined using the program PHENIX 44.
The crystal specimen employed to solve the structure contained nearly 50%
pseudomerohedral twinning as indicated by the twinning analysis carried out by the program
PHENIX (Table SI)44. Notably, the β angle (89.98°) of the unit cell was very close to 90°.
Consequently, the diffraction data could also be reduced into the orthorhombic space group
P222 and its derivatives. Serious violations of systematic absences were observed, however,
in space groups P212121, P21212, P2221. Consequently, molecular replacement was
performed in the space group P222. As predicted by the Matthew’s coefficient, two
monomers were identified in each asymmetric unit. All solutions in space group P222,
however, were finally rejected owing to the presence of significant main-chain clashes
during crystal packing. Taken together, these results indicated that P21 was the correct space
group and pesudomerohedral twinning was present. As such, refinement was conducted with
the twining refinement function of the program PHENIX 44. No violations in systematic
absences for P21 and no clashes between protein monomers with four AtPRMT10-SAH
complexes per asymmetric unit were observed; the structure was determined and refined
with good geometry and statistics in this space group (Table I). The structure was
determined in space group P21 by molecular replacement using the program PHENIX 44.
The crystal structure of rat PRMT3 (PDB entry, 1F3L), processed using the program
chainsaw of the CCP4 package 45, was used as the template for molecular replacement. Due
to the salient difference between AtPRMT10 and PRMT3 in the sequence of the
dimerization arm, the dimerization arm of PRMT3 (residues 370–399) was not incorporated
into the template. Since psudomerohedral twinning (approximately 50%) was detected with
the crystals used for the structure determination, least square twin refinement was performed
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using the program PHENIX. The structural model was further built manually using the
program Coot 46, and refined using the program PHENIX.

Methyltransferase activity assay
In vitro methyltransferase assays were performed as described previously 32. In brief, the
reaction mixture contained 20 mM Tris-HCl pH 8.0, 4 mM EDTA, 1 mM DTT, 0.5 mM
PMSF, 4 μM S-[Methyl-3H]-Adenosyl-L-methionine (Perkin Elmer [NET155]) and
indicated concentrations of AtPRMT10 and protein substrates. The reaction mixtures were
separated on a 15% SDS-PAGE and stained with commassie blue. The gel was then treated
with Amplifier (GE Healthcare Life Sciences), dried and exposed to Kodak Biomax MS
film at −80 °C.

Dynamic light scattering (DLS)
The hydrodynamic radii of various AtPRMT10 constructs were measured by a DynoPro
DLS system (Wyatt Technology Corporation). All samples and buffers (20 mM Tris-HCl
pH 7.5, 100 mM NaCl, 0.5 mM EDTA) were filtered through 0.2 μM filters (Millipore) or
centrifuged at 17,000 × g at 4 °C for 30 min before measurement. Three replicates were
performed for each sample. The hydrodynamic radii and molecular weights of AtPRMT10
samples were estimated using the assumption of globular protein shape.

Molecular dynamics (MD) simulations
MD simulations of AtPRMT10 were performed using the AMBER 2003 force field 47 as
described previously 37. All production runs were generated using the PMEMD module of
Amber 9.048 with a 2 fs time step. The topology and parameter files were created using the
LEaP program within AMBER 48. To maintain charge neutrality, the protein molecule was
surrounded by a truncated octahedron of water and sodium ions in the simulation system.
Electrostatic interactions were calculated using the particle-mesh Ewald algorithm 49 with a
cutoff of 10 Å applied to Lennard-Jones interactions. Energy minimization was conducted
using the SANDER package within AMBER 48. Equilibration consisted of 20 ps of constant
volume conditions with heating from 100 to 300 K and subsequent 100 ps of constant
temperature conditions.

Simulation results were analyzed by the PTRAJ package in AMBER 48. The pair-wise
correlation coefficient, Cij, was calculated between the α-carbons of two residues as
described by Sharma et al. 50. When the two residues i and j move in a correlated fashion
(the angle between the motion of i and j is less than 90°), 0<Cij≤1; when they move in an
anti-correlated way (the angle between the motion of i and j is more than 90° but less than
180°), −1≤Cij<0; finally, when they move in a non-correlated manner (randomly), Cij=0.
The more positive the value of Cij is, the smaller the angle between the motion of the two
residues is. Single-linkage clustering analysis was performed to identify groups of residues
that move in a correlated or anti-correlated fashion, as described by Leese et al.51.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PRMT Protein Arginine Methyltransferases

SAM S-adenosylmethionine

SAH S-adenosylhomocysteine

FLC FLOWERING LOCUS C

MD Molecular Dynamics

APFs Atomic Position Fluctuations

IPTG Isopropyl β-D-1-thiogalactopyranoside

PMSF Phenylmethylsulphonyl Fluoride

GF Gel Filtration
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Figure 1. Crystal structure of AtPRMT10
(A) Domain architecture of AtPRMT10 from Arabidopsis thaliana. The SAM binding
domain (residues 31–174) is shown in red, the β-barrel domain (residues 175–186, 237–383)
in blue, and the arm domain (or dimerization domain, residues 187–236) in yellow. (B) The
crystal structure of the AtPRMT10-SAH complex with key secondary structure elements
labeled (helices are labeled X through I and β-strands are numbered 1 through 15). The
bound SAH is shown as sticks and spheres. The structure is colored as in Figures 1A–B. The
first and last residues of AtPRMT10 are indicated. (C) Two views of the superimposition of
AtPRMT10 (residues 31–383, magenta) with rat PRMT1 (residues 41–353, cyan, PDB entry
1ORI). Key structural differences between AtPRMT10 and PRMT1 (located in the
dimerization domain and two loops in the β-barrel domain) are indicated by arrows. (D) A
stereo-view representation of SAH binding. A 2.6 Å resolution simulated annealing omit
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map of SAH contoured at 2.5σ (blue mesh) is shown. Hydrogen bonds are indicated by red
dashed lines.
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Figure 2. Structure-based sequence alignment of AtPRMT10, rat PRMT1 (PDB: 1ORI), rat
PRMT3 (PDB: 1F3L), yeast RMT1 (1G6Q) and mouse CARM1 (PDB: 3B3F)
Secondary-structure elements are shown across the top of the aligned sequences. Residue
numbers are provided on the right. Invariant and similar residues are highlighted in black
and gray, respectively. Protein domains are colored as in Figures 1A–B. The four PRMT
signature motifs are labeled. Residues involved in SAM binding and dimerization are
highlighted by red and black stars, respectively.
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Figure 3. Dimer formation of AtPRMT10
(A) The crystal structure of an AtPRMT10 dimer. The structure is colored and labeled as in
Figures 1A–B. The location of each dimer interface is highlighted by an arrow. The dimer is
formed by the interaction between the dimerization arm of one monomer and the outer
surface of the SAM binding domain of the other monomer. (B) A surface representation of
two views of an AtPRMT10 dimer, with two monomers are colored in gray and pink,
respectively. (C) An expanded stereo-view of the dimer interface. Two monomers are
colored as in Figure 2B. Residues involved in dimer formation are shown as sticks and
labeled. Hydrogen bonds are indicated by red dashed lines.
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Figure 4. Surface representation of various PRMT paralogs, including rat PRMT1 (PDB: 1ORI)
(A), rat PRMT3 (PDB: 1F3L) (B), mouse CARM1 (PDB: 3B3F) (C) and AtPRMT10 (D)
For consistency, the sequences N-terminal to helix X (including helix X) are deleted from
the structure. The dimensions of the central cavities are indicated.
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Figure 5. Methyltransferase activities of different AtPRMT10 constructs in vitro
(A) Indicated AtPRMT10 proteins (5 μg) were used for in vitro methylation activity assay.
The reaction mixture was separated on a 15% SDS-PAGE and the autoradiograph of the gel
is recorded. The experiments were performed in triplicate and a typical result is shown here.
(B) Quantification of the results from Figure 5A. The relative activities presented here were
calculated by considering the activity of wild-type AtPRMT10 over H2A as one. The
activities of AtPRMT10 mutants over H2A are significantly higher than that of wild-type
enzyme (n=3; error bars represent SEM; Student t test *p < 0.03, **p < 0.002). (C)
Methyltransferase activities of different AtPRMT10 constructs on H4, GST-H4 and
H4N1-20.
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Figure 6. Surface electrostatic potential of AtPRMT10
Acidic surfaces are represented in red; basic surfaces in blue and neutral surfaces in gray.
Acidic surface residues are labeled and colored based on their conservation among five
PRMT paralogs as indicted by the sequence alignment in Figure 2 (black, conservation
≥80%; green, 40%<conservation<80%; blue, 20%<conservation ≤40%; unique for
AtPRMT10, red). The location of putative substrate binding grooves, the active site, the
dimer interface and helix αX are highlighted and labeled. The top left view has the same
orientation as in Figure 1B.
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Figure 7. AtPRMT10 exhibits a uniquely accessible active site
(A) Superimposition of AtPRMT10 (magenta) with rat PRMT1 (cyan, PDB: 1ORI), rat
PRMT3 (yellow, PDB: 1F3L) and mouse CARM1 (blue, PDB: 3B3F). The bottom
monomers are used for the alignment. The left view rotates about 90° along the vertical axis
with respect to the view shown in Figure 3A. The angles of the rotation of AtPRMT10 and
CARM1 relative to PRMT3 are shown. For clarity, the bottom monomers are not shown in
the middle panel. The left edges of four monomers are indicated by vertical dashed lines
with corresponding colors. The distance of the leftward translation of AtPRMT10 and
CARM1 relative to PRMT3 are shown. The right panel is a schematic representation of the
middle panel, with PRMT monomers shown as rectangles. The superimposed bottom
monomers are shown and colored in white. (B)–(E) Views of the dimeric AtPRMT10, rat
PRMT1, rat PRMT3 and mouse CARM1. The top and bottom monomers are shown in
surface and ribbon representation, respectively. The cofactor analog SAH is shown in
surface representation. The accessibility angle for the active site of each PRMT is labeled.
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Figure 8. Effects of dimerization on the motion of AtPRMT10
(A) Local fluctuation of residues in dimeric and monomeric AtPRMT10. Major differences
between monomeric and dimeric AtPRMT10, including the two N-terminal helices αY-αZ
and the dimerization arm (αE-αG), are highlighted by arrows and labeled. (B) The structure
of a dimeric AtPRMT10. The two monomers are colored in blue and green respectively. The
regions that displayed dramatically reduced local fluctuations in dimeric PMT10 are colored
in light green in one monomer and in light blue in the other monomer. The putative substrate
sites are represented in orange balls. Covariance analysis of dimeric AtPRMT10 (C) and
monomeric AtPRMT10 (D). The values of residue-residue correlation coefficients range
from blue (anticorrelated, −0.62) to red (correlated, +1.0), with non-correlated residue pairs
colored in yellow. Schematic representations of the secondary structure corresponding to the
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residues on x-axis and y-axis are presented from left to right and bottom to top. (E), (F)
Clustering of correlated residues in dimeric AtPRMT10 (E) and monomeric AtPRMT10 (F).
Clusters with correlation coefficients higher than 0.7 are shown in different colors (other
than gray) and all other regions are colored in gray. SAH is shown as sticks and spheres to
highlight the location of the SAM binding pocket, although it is removed from the crystal
structures before MD simulations. (G) An expanded stereo-view of the SAM binding
domain of Figure 8E, with the secondary structures labeled.
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Table I

Crystallographic data and refinement statistics

Resolution (Å) (highest shell) 33.0–2.61 (2.67–2.61)

Space group P21

Unit-cell parameters (Å, °) a= 80.55 b=86.69 c=114.74 β=89.97

Twinning fraction 0.5

Number of total reflections 48404

Number of unique reflections 46744

Rsym
a (%) (highest shell) 12.0 (58.0)

Completeness (%) (highest shell) 96.6 (91.0)

Mean I/σ (highest shell) 13.0 (2.30)

Average redundancy 2.90 (2.60)

Rcryst b(%) (highest shell) 18.2 (35.0)

Rfree
c (%) (highest shell) 22.4 (41.2)

RMSD

 Bond lengths (Å) 0.007

 Bond angles ( ° ) 1.17

 Dihedral angles ( ° ) 16.2

Number of atoms per AU

 Protein 10751

 Ligand 104

 Solvent 174

a
Rsym = Σ|I − 〈I〉|/ΣI where I is the observed intensity and 〈I〉 is the average intensity of multiple symmetry-related observation of the reflection.

b
Rcryst = Σ||Fobs| − |Fcalc||/Σ|Fobs| where Fobs and Fcalc are the observed and calculated structure factors, respectively.

c
Rfree = Σ||Fobs| − |Fcalc||/Σ|Fobs| for 5% of the data not used at any stage of the refinement.
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