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ABSTRACT: Protein arginine N-methyltransferases
(PRMTsS) act in signaling pathways and gene expression by
methylating arginine residues within target proteins. PRMT1 is
responsible for most cellular arginine methylation activity and
can work independently or in collaboration with other
PRMTs. In this study, we demonstrate a direct interaction
between PRMT1 and PRMT?2 using co-immunoprecipitation,
bimolecular fluorescence complementation, and enzymatic
assays. As a result of this interaction, PRMT2 stimulated
PRMT1 activity, affecting its apparent V,, and Ky, values in
vitro and increasing the production of methylarginines in cells.
Active site mutations and regional deletions from PRMT1 and
-2 were also investigated, which demonstrated that complex

formation required full-length, active PRMT1. Although the inhibition of methylation by adenosine dialdehyde prevented the
interaction between PRMT1 and -2, it did not prevent the interaction between PRMT1 and a truncation mutant of PRMT2
lacking its Src homology 3 (SH3) domain. This result suggests that the SH3 domain may mediate an interaction between
PRMT]1 and -2 in a methylation-dependent fashion. On the basis of our findings, we propose that PRMT1 serves as the major
methyltransferase in cells by forming higher-order oligomers with itself, PRMT2, and possibly other PRMTs.

Protein arginine N-methyltransferases (PRMTs) methylate
arginine residues within proteins by transferring methyl
groups from S-adenosyl-L-methionine (AdoMet) to the terminal
guanidino nitrogens of arginine residues, a post-translational
modification that in part controls chromatin organization and cell
growth.! Nine conserved members of the PRMT family have
been reported to date. Except for PRMT9(4q31) in which
activity has yet to be reported,2 PRMT1,> PRMT2,* PRMT3,®
coactivator-associated arginine methyltransferase 1 (CARM1/
PRMT4),%” PRMT6,° and PRMTS’ all form «-N-mono-
methylarginine (MMA or NMMA) and asymmetric &-N¢N¢-
dimethylarginine (aDMA). PRMTS forms MMA and symmetric
-N¢ N C-dimethylarginine (sDMA),"® and PRMT7 forms
MMA and possibly sDMA.""

PRMTT1 is the predominant arginine methyltransferase in
human cells responsible for at least 85% of all arginine
methylation activity,'"”"? targeting an array of different pro-
teins, including nuclear receptors (NRs) such as hepatocyte
nuclear receptor 4 (HNF4)'* and estrogen receptor a (ERa),"
chromatin-associated proteins such as histone H4 and
H2A,%'%" and RNA-binding proteins such as heterogeneous
nuclear ribonucleoproteins (hnRNPs).'>'*7%° Studies have
demonstrated that PRMT1 may collaborate with other
PRMTs in specific cellular pathways. For example, PRMT1
and CARMI have been shown to activate gene transcription
synergistically.”' ~>* Additionally, PRMT1 and -6 have been

v ACS Publications  © 2011 American Chemical Society 8226

shown to work together in the base excision repair pathway by
methylating DNA polymerase f in vivo in response to DNA
damage.”>*® It has been also demonstrated that PRMTSs can
exist within the same protein complexes as shown by co-
immunoprecipitation.9’27

Structural studies of PRMT1,*® its yeast homologue Rmt1p/
Hmtlp,29 PRMT3,*® and CARM1°*"*? have suggested that
PRMTs function as canonical homodimers in which a
dimerization arm (helix—turn—helix motif) from one subunit
makes reciprocal contact with the other subunit in the AdoMet-
binding domain to form a ring structure with 2-fold symmetry.
As evidence of these interactions, endogenous PRMTs have
been co-immunoprecipitated by their ectopically expressed and
tagged PRMT counterparts in cells.”**** Indeed, mutagenesis
studies on rat PRMT1 and Rmtlp have demonstrated that their
dimerization arms are required to form homodimers and
stabilize cofactor binding for methyltransferase activity.”>*’
Also, phosphorylation of Ser-229 within the arm of CARM1
prevents its homodimerization, resulting in compromised
enzyme activity.35

Relative to PRMT1, less is known about PRMT?2 activity and
its cellular functions. PRMT?2 was first identified because of its
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similarity to PRMT1,°**” yet it is the only PRMT family

member that bears an N-terminal Src homology 3 (SH3)
domain. Similar to PRMT1, PRMT?2 has also been shown to
act as a coactivator of transcription in response to ligand-
dependent activation of NRs.***” The coactivator function of
PRMT]1 has been attributed to its methylation of H4R3 and
several translation factors (reviewed in ref 1). Our recent
demonstration that PRMT2 can selectively methylate the
N-terminal tail of histone H4, albeit several orders of magnitude
less in vitro than PRMT 1, suggests that its coactivator function
may be a direct result of this activity.*

In this study, we investigate the relationship between
PRMT1 and -2. Because both enzymes share overlapping
substrate specificity in vitro, we initiated a series of experiments
to see whether PRMT2 would affect PRMT1 activity toward
histone H4 or vice versa, and we observed a synergistic (ie.,
nonadditive) increase in the level of substrate methylation.
Assaying combinations of wild-type and catalytically inactive
PRMTs indicated that both PRMT1 and -2 mutants increased
PRMTT1 activity. The interaction between PRMT1 and -2 was
confirmed in vitro and in HeLa cells by co-immunoprecipita-
tion, as well as by bimolecular fluorescence complementation
(BiFC). The BiFC technique can demonstrate a direct
interaction in cells between two proteins that, when bound,
mediate the reassembly of a fluorescent protein from its N- and
C-terminal fragments attached to each binding partner.**" We
analyzed combinations of wild-type and mutant PRMT1 and -2
to further investigate their interaction in cells and determined
that binding required the dimerization arm and catalytic activity
of PRMTI. In the presence of adenosine dialdehyde (AdOx),
which globally inhibits methylation, the interaction between
PRMT1 and -2 was compromised, yet deletion of the PRMT2
SH3 domain restored the interaction in AdOx-treated cells or
when PRMT1 was inactive. Our results reveal that the SH3
domain regulates the interaction between PRMT1 and -2 in a
methylation-dependent manner. Moreover, this work repre-
sents the first evidence of a direct interaction between two
PRMTs that culminates in a change in activity for one of the

enzymes.

B EXPERIMENTAL PROCEDURES

DNA Constructs. All DNA primers used in this study are
listed in Table S1 of the Supporting Information. The
humanized rat PRMTI gene encoding PRMT1vl (isoform ¥
was subcloned into pcDNA3.1(+)/Neo (Invitrogen) using
BamHI and Xhol restriction sites. The human PRMT2 gene
previously subcloned into pGEX-2T* was amplified via
polymerase chain reaction (PCR) with primers as described
in Table S1 of the Supporting Information, digested with
BamHI and Xhol, and subcloned into pcDNA3.1(+)/Neo.
Mutually annealing primers generated DNA sequences flanked
by Nhel sites encoding the hemagglutinin (HA) (YPYDVP-
DYA) and c-Myc (EQKLISEEDL) tags. Nhel-digested DNA
fragments encoding the c-Myc tag were subcloned into
pcDNA3.1(+)/Neo-PRMT1 to generate pcDNA3.1(+)/Neo-
c-myc-PRMT1 that encodes an N-terminal c-Myc-tagged
PRMT]1 protein. Nhel-digested DNA fragments encoding the
HA tag were subcloned into pcDNA3.1(+)/Neo-PRMT?2 to
generate pcDNA3.1(+)/Neo-HA-PRMT2 that encodes an
N-terminal HA-tagged PRMT?2 protein. The gene for histone
H4 in pET3 was a generous gift from K. Luger (Colorado State
University, Fort Collins, CO).
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BiFC constructs encoding either mCitrineN (amino acid
residues 1—173 of mCitrine) fused to the N-terminus of a
PRMT or mCitrineC (amino acid residues 174—239 of
mCitrine) fused to the C-terminus of a PRMT each contained
a short and flexible amino acid linker (GGGGS) separating the
fluorescent protein fragment from the enzyme that was
successfully used in another study.*> To make BiFC constructs,
PRMT genes were first cloned into the pET28a vector at Ndel
and Xhol sites for mCitrineN constructs, and at BamHI and
Xhol sites for mCitrineC constructs. The mCitrineN PRMTs
were then amplified via PCR with primers containing HindIII
and Xhol sites, and the mCitrineC PRMTSs were amplified with
primers containing BamHI and EcoRI sites. The amplicons
were subcloned into pcDNA3.1(+)/Hygro and pcDNA3.1(+)/
Neo, respectively. Control constructs pcDNA3.1(+)/Hygro-
mCitrineN-Only and pcDNA3.1(+)/Neo-mCitrineC-Only
were made by PCR with primers containing HindIIl and
BamHI sites for mCitrineN, and an Xhol site for mCitrineC.
The amplicons were subcloned into pcDNA3.1(+)/Hygro for
mCitrineN-Only and pcDNA3.1(+)/Neo for mCitrineC-Only.

Primers used for mutagenesis are listed in Table S2 of the
Supporting Information. Site-directed mutagenesis reactions
were conducted using the QuikChange method (Agilent
Technologies).

Protein Expression and Purification. GST-PRMT?2,
GST-E220Q (PRMT2), 6xHis:PRMT1, and 6xHis-E153Q
(PRMT1) were expressed and purified using previously
described methods.*** Histone H4 and its R3K mutant were
overexpressed in BL21 DE3 pLysS Escherichia coli cells (Agilent
Technologies) according to previously described methods.**
Histone H4 and its R3K mutant were purified from inclusion
bodies by denaturation in 20 mM Tris (pH 8.0), 8.0 M
guanidinium hydrochloride, and 4.0 mM DTT, followed by
rapid dilution in 100 mM Tris (pH 8.0), 400 mM arginine,
2 mM EDTA, 1 mM PMSEF, and 0.5 mM oxidized glutathione
and 5.0 mM reduced glutathione (total dilution of ~1:50).
Histone H4 and its R3K mutant were further purified using a
Zorbax 9 mm X 250 mm C8 semipreparative reverse phase
high-performance liquid chromatography column using 0.1%
TFA in water and 0.1% TFA in acetonitrile (S to 95% gradient
developed over 20 min). Enzyme concentrations were deter-
mined using a previously described method.* The concen-
trations of histone H4 and its R3K mutant were determined
using UV spectroscopy (&30 = 5120 M~ em™).

Tissue Culture. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) supplemented
with 5% fetal bovine serum (FBS) (Gibco) and 100 pg/mL
Primocin (InvivoGen) at 37 °C in 5% CO,. Approximately
0.1 X 10° HeLa cells were seeded in each well of a 24-well plate
containing a 12 mm microscope cover glass (Fisher) coated
with poly-p-lysine (Sigma) and grown in standard growth
medium for 24 h prior to transfection. Immediately before
transfection, the growth medium was replaced with Opti-MEM
medium (Invitrogen). HeLa cells were transiently cotransfected
with the desired BiFC constructs (0.4 ug of DNA each) using
Lipofectamine 2000 (Invitrogen) per the manufacturer’s
instructions. The medium was replaced with DMEM
supplemented with 5% FBS, but without antibiotic 7 h post-
transfection. The transfected cells were cultured for an
additional 18 h before they were fixed. To inhibit cellular
methylation, HeLa cells were transfected in a growth medium
supplemented with 20 uM periodate-oxidized adenosine
(AdOx) (Sigma).
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Confocal Microscopy. The cells were allowed to grow for
25 h after cotransfection with BiFC constructs and before
fixation with a 4% paraformaldehyde solution in phosphate-
buffered saline (PBS) (Gibco, catalog no. 10010). The cells
were then stained with Alexa Fluor 594 phalloidin (Invitrogen)
and 2-(4-carbamimidoylphenyl)-1H-indole-6-carboximidamide
(DAPI) (Invitrogen). Representative cell images of BiFC
combinations were examined using a FluoView FV10i confocal
microscope (Olympus), which provided an initial scan at 10X
magnification to aid in identifying the fluorescence signal in all
cells. High-resolution cell images were then captured with an
oil lens at 60X magnification and subsequently processed
with Image] (NIH image). Because of the strong background
signal caused by the PRMTI1E153Q-mCitrineC construct
(Figure S1 of the Supporting Information), the laser input
used for generating images of cells cotransfected with the
PRMT1E153Q-mCitrineC construct was reduced by half to
7.2%. Otherwise, all images for BiFC were obtained with the
same aperture (1X), sensitivity (49.6%), and laser input
(14.1%) settings and processed without brightness and contrast
adjustment.

Immunoprecipitation and Western Blotting. For im-
munoprecipitation of proteins from cells, 8 X 10° HeLa cells
cultivated in a 100 mm dish for 24 h were transfected with
24 pg of DNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. To inhibit cellular
methylation, HeLa cells were transfected in a growth medium
supplemented with 20 M AdOx.

After transfection, cells were harvested and lysed in 250 uL of
hypotonic lysis buffer [20 mM HEPES-KOH (pH 7.4), 2 mM
MgCl,, 0.2 mM EGTA, 10% glycerol, and 1X protease inhibitor
cocktail (Roche catalog no. 04693132001)] by repeated freezing
and thawing. The NaCl concentration was then adjusted to
400 mM. The lysed cells were incubated on ice for S min and
centrifuged at 14000 rpm at 4 °C for 15 min in an Eppendorf
centrifuge (5417 R). Cell lysate (500 ug of protein) was
aliquoted and the buffer adjusted to S0 mM HEPES-KOH and
150 mM NaCl. Aliquoted cell lysate was then supplemented
with 2.0 pg of monoclonal anti-HA antibody (HA-7, Sigma),
monoclonal anti-c-Myc antibody (9E10, Sigma), or mouse IgG
(15381, Sigma), and the volume was adjusted to SO0 L with
co-IP buffer [SO mM HEPES-KOH (pH 7.4), 150 mM NaCl,
and 1X protease inhibitor cocktail]. The protein/antibody
mixtures were incubated at 4 °C for 4 h with rotation. The cell
lysate/antibody mixture was added to 50 pL of prewashed
protein G-Sepharose (Invitrogen) and was rotated at 4 °C for
16 h. Subsequently, the resin was washed thoroughly with 0.05%
Tween 20 in PBS five times before the bound proteins were
eluted in sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) sample buffer.

For in vitro immunoprecipitation, purified recombinant
enzymes were preincubated at 37 °C for 1 h in 10 uL of
methylation buffer (see below) without DTT, followed by the
addition of 2.0 ug of anti-PRMT2 antibody (PRMT2—340)
(Abcam) or 2.0 ug of mouse IgG (15381) (Sigma), and the
volume was adjusted to S00 uL with co-IP buffer [SO mM
HEPES-KOH (pH 7.4), 150 mM NaCl, and 1X protease
inhibitor cocktail]. The protein/antibody mixtures were
incubated at 4 °C for 4 h with rotation before being combined
with S0 uL of prewashed protein G-Sepharose (Invitrogen) and
incubated with rotation overnight at 4 °C. The resin was
washed with PBS six times before the bound proteins were
eluted in SDS—PAGE sample buffer.
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For Western blots, proteins were separated on 10% SDS—
PAGE gels and transferred to nitrocellulose membranes. The
membranes were blocked with a $% TBS/milk solution at
37 °C for 2 h and blotted with monoclonal anti-c-Myc antibody
(9E10) (Sigma), monoclonal anti-HA antibody (HA-7)
(Sigma), monoclonal anti-PRMT1 antibody (PRMT1-171)
(Sigma), or monoclonal anti-PRMT?2 antibody (PRMT2—340)
(Abcam) in a 3% TBST/milk solution at 4 °C for 16 h. Goat
anti-mouse light chain horseradish peroxidase-conjugated
secondary antibody (Millipore) or goat anti-mouse IgG-HRP
(sc-2005) (Santa Cruz) and ECL Western blotting detection
reagents (GE Healthcare) were used for protein visualization.

Methylation Assays. Purified PRMTs and mutants were
preincubated at 37 °C for 1 h in methylation buffer [SO mM
HEPES-KOH (pH 8.0), 10 mM NaCl, and 1 mM DTT] as
previously described to equilibrate heteromeric complexes®**
before initiation of the methylation reaction with final
concentrations of 10 uM histone H4 and 100 uM
S-adenosyl-L-[methyl **C]methionine (Perkin-Elmer; 1.8056
Gbq mmol™'; concentrated as described in ref 42). Either
wild-type PRMT or mutant concentrations were fixed, and
the other was increased to molar ratios of 0, 2, 4, 7, 11, 19, 30,
and 50 with one noted exception (Figure 1C). The final
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Figure 1. Synergistic methylation of histone H4 by PRMT1 and -2.
Preincubations of enzymes without substrates were performed at
37 °C for 1 h in methylation buffer prior to initiation of 1 h
methylation reactions. (A) Reaction mixtures included 100 nM
PRMTT1 alone (lane 1), 100 nM PRMT]1 with 210—5000 nM PRMT?2
(lanes 2—8), and S000 nM PRMT? alone (lane 9). Similar reactions
were prepared with PRMT1 and (B) PRMT1 E153Q, (C) 100—2500
nM PRMT2 E220Q, and (D) BSA. (E) Samples were prepared as
described for panel A except 100 nM PRMT1 E153Q was used in
place of PRMT1. (F) Preincubations were performed as described for
panel A with 400 nM PRMT?2 alone (lane 1), 400 nM PRMT?2 with
800—20000 nM PRMT1 E153Q (lanes 2—8), and 20000 nM PRMT1
E153Q alone (lane 9) prior to initiation of 16 h methylation reactions.
Similar reaction mixtures were prepared with PRMT2 and (G)
PRMT?2 E220Q and (H) BSA. Coomassie-stained gels and full-size
storage phosphor images are shown in Figure S4 of the Supporting
Information.

concentration of glycerol was less than 2.5% so that enzyme
activities were not affected.”** Methylation proceeded at 37 °C
for 1 h, where the level of PRMT1 was held constant, and 16 h,
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where the level of PRMT?2 was held constant, and stopped by
a 10 min incubation at 90 °C. Samples were then dried in a
vacuum centrifuge and reconstituted in SDS—PAGE sample
dilution buffer with 6 M urea. Dissolved samples were
separated on 15% Tricine gels and exposed to storage phosphor
screens for 18 h before being imaged on a Typhoon 9400
instrument (GE Healthcare).

Enzyme Kinetics. Apparent enzymatic kinetic parameters
were determined at a 25 nM:750 nM (1:30) ratio for PRMT1
with its E153Q mutant, and PRMT1 with the PRMT2 E220Q_
mutant. Reactions were preformed like the gel assays described
above in methylation buffer with a 1 h preincubation of the
enzymes at 37 °C in the absence of substrates to equilibrate
heteromeric complexes. The 1:30 ratio was chosen because it is
the minimum ratio that produces the maximum increase in
PRMT]1 activity observed in Figure 1, and the PRMTI1 con-
centration falls within the linear range of the enzyme because a
linear increase in the level of formation of methylated arginines
with an enzyme concentration increasing from 6.25 to 100 nM
was observed (Figure S2 of the Supporting Information). For
both groups of enzymes, reactions to determine the apparent
kinetic parameters with histone H4 were performed with a
constant AdoMet concentration of 100 yM and varied histone
H4 concentrations of 0, 0.25, 0.5, 1.0, 2.0, 5.0, 10, 20, 30, and
40 puM. Reactions to determine the apparent kinetic parameters
for AdoMet were performed with a constant histone H4
concentration of 40 M and varied AdoMet concentrations of
0, 0.25, 0.5, 1.0, 2.0, 5.0, 10, 20, 50, and 100 uM. Reactions
were stopped by a 10 min incubation at 90 °C, and the dried
samples were hydrolyzed with 6.0 M HCI at 110 °C for 24 h
under vacuum.

An Agilent 1290 Infinity LC system was connected to a
Waters UPLC BEH C18 column (2.1 mm X 100 mm) at a flow
rate of 0.15 mL/min at 45 °C. The mobile phases of 0.1%
aqueous formic acid and 0.05% TFA (A) and 0.1% formic acid,
0.05% TFA, and 30% methanol (B) were used in a linear
gradient from 0 to 20% B over 2.3 min. Samples were analyzed
on an AB SCIEX 5500 QTRAP tandem mass spectrometer using
positive ion multiple-reaction monitoring in separate channels
for MMA and aDMA. Parent and fragment ions used for
quantitation corresponded to amino acids as follows: MMA, m/z
189 and 74; aDMA, m/z 203 and 46. The cone voltage was 30 V,
and the collision energy was 20 eV for aDMA and 17 eV for
MMA. Apparent enzymatic kinetic parameters were determined
by fitting the data to the Michaelis—Menten equation using
SigmaPlot 8 (SYSTAT). The k., values were calculated on the
basis of the molecular weight of the active monomer.

Methylation in Cells. Approximately 8 X 10° HeLa cells
cultivated in a 100 mm dish were transfected with mammalian
expression vectors (24 ug of total DNA; 12 g of each construct
for cotransfections) using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s protocol. After being transfected,
cells were harvested and resuspended in 1.0 mL of 50 mM
sodium phosphate (pH 7.5). Cells were lysed by four 10 s
sonicator pulses (50% duty, setting 2) on ice and centrifuged at
18000g for 30 min at 4 °C. Total protein concentrations were
determined using the Bradford protein assay (Bio-Rad).

For simultaneous quantification of MMA, aDMA, and sDMA
using mass spectrometry, 100 uL aliquots (approximately
200 ug of protein) of cell lysates from transfected HeLa cells
described above were mixed with an equal volume of acetone
and dried in a vacuum centrifuge. Dried samples were
hydrolyzed as described above and reconstituted in 300 uL of
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10 mM NaH,PO, (pH 5.0), and basic amino acids were purified
using Oasis MCX solid phase extraction (SPE) cartridges
(Waters) according to previously described methods.** Dried
purified samples were reconstituted in 100 L of 0.1% aqueous
formic acid and 0.05% TFA. Simultaneous quantification of
MMA, aDMA, sDMA, and histidine was achieved with a Waters
Acquity chromatographic system using the column, mobile
phases, and conditions described in Enzyme Kinetics. A Quatro
Premier XE electrospray tandem mass spectrometer (Micromass
MS Technologies) was operated in positive ion mode for
multiple-reaction monitoring in separate channels for MMA,
aDMA, sDMA, and histidine. Parent and fragment ions used
for quantitation corresponded to amino acids as follows: MMA,
m/z 189, and m/z 74 and 144; aDMA, m/z 203 and 46; sDMA,
m/z 203 and 172; histidine, m/z 156 and 110. In all cases, the
cone voltage was 30 V and the collision energy was 20 eV except
for MMA (for which it was 17 eV).

Using the conditions described above, we were able to
unambiguously differentiate aDMA and sDMA despite their
similar retention times and the same parent ion mass. Even at
concentrations used for standards, >5.0 yM aDMA was not
spuriously detected as SDMA and vice versa (Figure S3 of the
Supporting Information). Standards of MMA, aDMA, and
sDMA (Sigma) were used to prepare standard curves for
quantification. All derived concentrations for MMA, aDMA,
and sDMA were normalized by the relative peak area for
histidine to control for differences in total protein (values
typically varied by <10%). Histidine was used for this purpose
because it is a basic amino acid that is retained on SPE
cartridges along with arginine derivatives (data not shown). All
samples were prepared in quadruplicate, and total levels of
MMA, aDMA, and sDMA derived from vector-only controls
(average values of 0.73 + 0.05, 8.2 & 0.4, and 1.1 = 0.05 uM,
respectively) were subtracted from experimental values. HeLa
cells untransfected and transfected with the vector-only
controls differed by <10% in methylarginine content.

B RESULTS

PRMT2 and Its Inactive Mutant Potentiate the
Methylation Activity of PRMT1 in Vitro. In our previous
work, the comparatively high activity of PRMT1 toward histone
H4 contrasted to the approximately 600-fold lower activity of
PRMT?2 toward the same substrate.* We wanted to then test if
these two enzymes could interact and thereby change their
respective activities. In this study when we mixed both enzymes
with substrates at stoichiometric concentrations, no change in
histone H4 methylation occurred (data not shown). When a
2—50-fold excess of PRMT2 was preincubated for 1 h with
PRMT1 prior to the addition of AdoMet and histone H4, an up
to 6.7-fold increase in methylation activity was found at the
highest enzyme ratio as measured by densitometry (Figure 1A).
Importantly, to elicit the synergistic increase in methylation
activity, PRMT1 and -2 were preincubated for 1 h without
substrates in accordance with our previous studies on PRMT
interactions.*” These facts suggest that the effect was caused by
a direct interaction between PRMT1 and -2.

We then wanted to determine which enzyme was activating
which by first using catalytically inactive PRMT1 mutation
E153Q”" and the corresponding E220Q mutation in PRMT2
(Figure SSA of the Supporting Information). As shown in
panels B and C of Figure 1, an increasing concentration of
E153Q or E220Q with a constant concentration of PRMT1

dx.doi.org/10.1021/bi200644c | Biochemistry 2011, 50, 8226—8240
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Figure 2. Synergistic methylation of histone H4 by PRMT1 with inactive PRMT1 and —2 mutants. The initial rate of enzymatic activity of PRMT1
with its E153Q mutant at a 25:750 ratio (@) and PRMT1 with the E220Q mutant of PRMT?2 at a 25:750 ratio (/\). (A) The concentration of
AdoMet was held constant at 100 #M and that of histone H4 varied. (B) The concentration of histone H4 was held constant at 40 uM and that of
AdoMet varied. Shown are means and standard deviations of two samples determined using UPLC MS/MS (Experimental Procedures). Total
methylation was summed using the equation 2aDMA + MMA. For comparison, the initial rate of enzymatic activity of PRMT1 in the absence of
other PRMTs (---) using data replotted from ref 4 is shown. In this case, the concentration of AdoMet was constant at 20 M while that of histone
H4 varied (A) and the concentration of histone H4 was constant at 32 uM while that of AdoMet varied (B).

demonstrated a maximum 15- or 8-fold increase in the level of
histone H4 methylation, respectively. To show that the results
from Figure 1A—C were not the result of nonspecific protein
binding, the same amounts of bovine serum albumin (BSA)
were preincubated with PRMT1, which showed in Figure 1D a
comparatively modest increase (1.8-fold) in PRMT1 activity at
the highest BSA concentration. These results imply that the
increase in PRMT1 activity observed with PRMT?2 (Figure 1A),
as well as with the mutants of PRMT1 (Figure 1B) and
PRMT?2 (Figure 1C), was the result of specific protein—protein
interactions. In contrast, increasing the level of wild-type
PRMT2 with a constant concentration of E153Q did not
result in any above-background methylation of histone H4
(Figure 1E). These results indicate that PRMT?2, independent
of its own activity, increased the activity of PRMT1. Moreover,
the synergistic effect of E153Q on PRMT1 activity suggests
that a higher-order oligomeric complex may be required for
maximum PRMT1 activity.

To test for any change in PRMT?2 activity in response to
other PRMT subunits, a constant concentration of PRMT?2 was
incubated with increasing concentrations of E153Q (Figure 1F)
and E220Q_(Figure 1G). Increasing concentrations of E153Q
and E220Q resulted in 1.4- and 2.1-fold increases in PRMT2
activity up to molar ratios of 11 and 19, respectively, before the
activities decreased to background levels. A similar titration
was performed with constant PRMT2 and increasing BSA
concentrations, which produced no increase in PRMT?2 activity
(Figure 1H).

Because PRMT1 methylation of histone H4 at the Arg-3
position has already been well established,'®'” and we have
demonstrated PRMT?2 activity toward histone H4 in vitro*
(Figure SS of the Supporting Information), we wanted to
determine if PRMT?2 affected where PRMT1 methylates
histone H4. Wild-type histone H4 and its R3K mutant were
used as substrates for preincubated PRMT1, PRMT2, and a
mixture of both enzymes. In all cases in which the histone H4
R3K mutant was employed, the level of methylation was similar
to the level of automethylation for the respective enzyme,
whereas when wild-type histone H4 was used, the level of
methylation was higher than the no-substrate control and

8230

histone H4 R3K substrate reactions (Figure S6 of the
Supporting Information). The preincubated combination of
PRMTI1 and -2 produced the largest amount of arginine
methylation formed on wild-type histone H4. These results
confirmed that the major site of methylation on histone H4 in
vitro is R3 for PRMT1 and -2 individually and together.

The effects of the interactions between PRMT1 and the
inactive mutants of PRMT1 and PRMT2 on the enzyme
kinetics of PRMT1 were determined by estimation of apparent
enzyme kinetic parameters. We intentionally avoided estima-
tions in which both enzymes were active because this scenario
would be too complex to model and difficult to interpret. We
note, however, that the potential for catalytically inactive
enzyme to bind substrate could be a possible confounding
variable in the estimation of the apparent K.

The initial rates of PRMT1 in the presence of E153Q_or
E220Q with a fixed concentration of AdoMet and variable
histone H4 are plotted in Figure 2A, and the apparent kinetic
parameters are listed in Table 1. For both enzyme combina-
tions, the activity of PRMT1 was enhanced with respect to that
of PRMT1 alone. When combined with E153Q_the histone H4
Vinax for PRMT1 was more than 4-fold greater than PRMT1
alone and the k., was more than 2.5-fold higher. Smaller
increases in V., and k., were also observed for PRMT1 with
E220Q. This difference appears to be driven primarily by a
doubling in the rate of formation of aDMA in the PRMT1/
E153Q groups versus the PRMT1/E220Q groups (Figure S7 of
the Supporting Information). PRMT1 with E153Q or E220Q
resulted in a 2- or 4-fold reduction in Ky, for histone H4,
respectively, compared to that for PRMT1 alone. The changes
in PRMT1 activity were also reflected in a 6- or 5-fold increase
in the histone H4 specificity constant (k/Ky) for PRMT1
with E153Q_or E220Q, respectively.

The initial rate of PRMT1 in the presence of E153Q or
E220Q with a fixed concentration of histone H4 and a variable
level of AdoMet is plotted in Figure 2B, and the apparent
kinetic parameters are listed in Table 1. As with histone H4,
the AdoMet V. and k_,, for PRMT1 with either mutant were
increased with respect to those of PRMT1 alone. However, the
AdoMet Ky, for PRMT1 with E153Q resulted in a 3.5-fold
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Table 1. Apparent Kinetic Parameters for PRMT1 with E153Q or E220Q“

enzyme substrate Ky (uM)
PRMT1/E153Q AdoMet 3.5 (0.4)
PRMTI1/E153Q histone H4 1.8 (0.1)
PRMT1/E220Q AdoMet 0.9 (0.04)
PRMT1/E220Q histone H4 1.0 (0.01)
PRMT1Y AdoMet 1.0 (0.1)
PRMT1” histone H4 42 (0.2)

Vinax (nmol min™" mg™)

Keat (X10_3 S_l) Keat/ Knt (M_l S_l)

44 (0.02) 32 (0.02) 910 (100)
49 (0.1) 3.6 (0.1) 2000 (40)
2.0 (0.07) 1.5 (0.05) 1700 (10)
2.3 (0.1) 1.7 (0.08) 1700 (70)
12 (02) 1.3 (02) 1400 (20)
1.2 (0.2) 14 (0.2) 320 (40)

“The apparent kinetic parameters were determined by measuring the initial rate of enzymatic activity of PRMT1 with its E153Q mutant at a 25:750
ratio, and PRMT1 with the E220Q mutant of PRMT?2 at a 25:750 ratio, and were derived from the total amount of methylation. The values are listed
as means (standard deviation) of two measurements. YValues derived from ref 4.

increase compared to that of PRMT1 alone, a change not
observed for PRMT1 with E220Q. The addition of mutants
to PRMT1 resulted in an AdoMet k_./Ky; for PRMT1 with
E153Q_that was 0.33-fold lower than that of PRMTI alone,
while the AdoMet k_/Ky; for PRMT1 with E220Q was 1.25-
fold higher. Altogether, the results of these kinetic experiments
suggest that various oligomeric combinations of PRMT1 with
mutants of PRMT1 and PRMT2 exhibit different enzymatic
activities and substrate specificities.

Ectopic Expression of PRMT1 and -2 Synergistically
Increases Protein Arginine Methylation in Cells. To test
whether PRMT?2 and its inactive mutant can also potentiate the
methylation activity of PRMT1 in a cellular environment, we
transiently transfected HeLa cells with wild-type and mutant
PRMT1 and -2 individually and in combination. Cell lysates
were hydrolyzed and analyzed for their MMA, aDMA, and
sDMA content via tandem mass spectrometry. As shown in
Figure 3, the concentrations of methylarginines are displayed
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Figure 3. PRMTI- and PRMT2-dependent increases in cellular
Protein Arginine Methylation. Cell lysates from transfected HeLa cells
were prepared for tandem mass spectrometry to quantify MMA,
aDMA, and sDMA derived from cellular protein. Concentrations are
reported after background subtraction from the vector-only control.
The set of bars on the far right shows the sum of PRMT1 and -2
groups to reveal the synergistic methylation with PRMT1 and -2 and
PRMT1/E220Q_groups. Values represent the mean and standard
deviation (n = 4). Because of large differences in analyte
concentrations, the right y-axis is scaled for MMA and sDMA and
the left y-axis for aDMA.

after background subtraction from vector-only controls. The
ectopic expression of PRMT1 or -2 alone resulted in small
increases in the levels of MMA and aDMA as a likely
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consequence of increased PRMT levels. Interestingly, the levels
of sSDMA also increased, which neither PRMT1 nor PRMT?2 is
expected to make. HeLa cells transfected with E153Q_or E220Q
produced similar amounts of methylarginines to vector-only
controls. On the other hand, Hela cells cotransfected with
PRMT1 and PRMT?2 or its E220Q mutant produced a synergistic
increase in the level of aDMA and to a lesser extent MMA, results
consistent with the observed increases in the level of methylation in
vitro (Figure 1). Surprisingly, a similar synergistic increase in the
level of formation of sDMA was also observed with cells
cotransfected with PRMT1 and -2, but not with PRMT1 and
E220Q or E153Q and PRMT?2, implying that the combination of
enzymes can increase the level of formation of SDMA when
PRMT1 is active. These dramatic increases in the number of
protein methylarginines detected by tandem mass spectrometry did
not closely match differences between samples observed by
Western blotting for aDMA in proteins (Figure S8 of the
Supporting Information), so we were unable to pinpoint which
substrates other than histone H4 were more methylated in response
to ectopically expressed PRMT1 and -2 as compared to controls.

PRMT1 and -2 Interact in Vitro and in Cells. To
confirm a direct interaction between PRMT1 and -2 implied
by in vitro experiments described above, we performed in vitro
co-immunoprecipitation experiments between the wild type
and inactive mutants of PRMT1 and PRMT?2. Regardless of
whether wild-type or mutant enzymes were used, the immuno-
precipitated proteins were enriched above the level of the IgG
controls (Figure 4A). These results demonstrate that PRMT1 and
PRMT?2 can interact directly in the absence of both AdoMet and
protein substrates. Moreover, the in vitro interaction between these
enzymes was not dependent upon their enzymatic activities based
on binding results with E153Q_and E220Q mutants.

We then tested if PRMT1 and -2 interact in cells. We
expressed HA-tagged PRMT1, E153Q, PRMT?2, and E220Q _in
HeLa cells, immunoprecipitated the HA-tagged proteins, and
performed Western blots for endogenous PRMTs. Consistent
with the in vitro co-immunoprecipitation results, endogenous
PRMT?2 was co-immunoprecipitated with HA-tagged PRMT1
or E153Q (Figure 4B). Similarly, endogenous PRMT1 was
co-immunoprecipitated with HA-tagged PRMT2 or E220Q
(Figure 4C). These results suggest that PRMT1 and -2 interact
in cells, as well. We have also noticed that endogenous PRMT2
was also co-immunoprecipitated with HA-tagged PRMT2 or
E220Q (Figure S9A of the Supporting Information).

Visualization of PRMT Interactions in Cells. To capture
potential interactions between PRMTs in cells, we have
employed a technique that was initially pioneered by Regan
and co-workers, who showed that the stable reconstitution of
green fluorescent protein (GFP) from its N- and C-terminal
fragments (i.e., separate polypeptides) was mediated only by

dx.doi.org/10.1021/bi200644c | Biochemistry 2011, 50, 8226—8240
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Figure 4. PRMT1 and -2 co-immunoprecipitate in vitro and in cells.
(A) Indicated combinations of PRMTs (0.5 ug each) were
preincubated at 37 °C for 1 h in methylation buffer and subsequently
immunoprecipitated with anti-PRMT?2 antibody or with mouse IgG
(negative control). Immunoprecipitates were immunoblotted with
either anti-PRMT1 (top) or anti-PRMT2 (bottom) antibodies. (B)
HA-PRMT1 and HA-E153Q were expressed in HeLa cells, and the
cell lysate was immunoprecipitated with anti-HA antibody or with
mouse IgG (negative control). Immunoprecipitates were immuno-
blotted with anti-PRMT?2 (top) or anti-HA (bottom) antibodies. (C)
HA-PRMT2 or HA-E220Q was expressed in HeLa cells, and the cell
lysate was immunoprecipitated with anti-HA antibody or with mouse
IgG (negative control). Inmunoprecipitates were immunoblotted with
anti-PRMT1 (top) or anti-HA (bottom) antibodies. Nonspecific
bands are labeled with red asterisks.

interacting proteins attached to each fragment of GFP.***

Kerppola and co-workers adapted this concept to fluorescence
microscopy in mammalian cells, which is termed bimolecular
fluorescence complementation (BiFC).*' BiFC has since
emerged as a powerful tool for capturing images of specific
and even transient protein—protein interactions in cells.*’~>°
An important feature of this technique is the fact that requisite
post-translational modifications, subcellular localization, and
association with other proteins that may facilitate specific
protein binding can occur within the native environment
provided by the mammalian host cell. We designed expression
vectors that produce N- and C-terminal fragments of the
fluorescent protein mCitrine®' fused to wild-type and mutant
PRMTs to test for reconstituted fluorescence as evidence of
PRMT—PRMT interactions in cells. Negative control vectors
were devoid of PRMT genes.

Using BiFC in HeLa cells that have been transiently
cotransfected with mCitrineN-PRMT1 and PRMT1-mCitrineC
(Figure SA), we observed a robust fluorescence signal via
confocal microscopy that provides direct evidence that PRMT1
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has the capacity to self-associate in the nucleus of cells (Figure
5Bi). When PRMT?2 was tested in different BiFC combinations,
only coexpression of mCitrineN-PRMT2 and PRMT1-
mCitrineC resulted in a fluorescence signal (Figure SBiv),
revealing a potential orientation-specific interaction between
PRMT]1 and -2. Although detected in co-immunoprecipitation
experiments (Figure S9A of the Supporting Information),
we did not observe PRMT2 homodimerization with BiFC
(Figure SBv). This result may be a function of the inability of
PRMT2-mCitrineC to form any BiFC interactions despite its
successful expression in cells (data not shown). Additionally,
the mCitrineN-PRMT1/PRMT2-mCitrineC pair did not
produce any above-background signal either (Figure SBii),
which may have been caused by insufficient expression of
mCitrineN-PRMT1 (Figure S10 of the Supporting Informa-
tion), although this scenario is unlikely because the fusion
protein was capable of participating in other BiFC complexes.
To demonstrate that BiFC was selective for PRMT—PRMT
interactions, HeLa cells were cotransfected with mCitrineN-
Only or mCitrineC-Only in combination with mCitrine
fragments attached to PRMTs, and these cells exhibited low-
level background fluorescence (Figure SBiii,vi—ix). Therefore,
fluorescence signals generated by PRMT1 and PRMTI-
PRMT2 complexes represent specific protein—protein inter-
actions in HeLa cells.

PRMT Domains Required for Formation of the BiFC
Complex in Cells. Having established an interaction between
human PRMT1 and -2, we sought to determine the structural
features important for their binding. Although no structure of
the PRMT2 catalytic core has been determined, its 64%
sequence similarity to PRMT1 within the arm region (PRMT1,
residues 188—222; PRMT2, residues 256—294) evokes the
possibility that PRMT2 may exhibit a similar binding modality.
To test this hypothesis, we cotransfected BiFC constructs of
PRMT1 and -2 lacking their respective dimerization arms in
combination with wild-type enzymes (Figure 6A). Consistent
with results from a previous study that showed the requirement
of the dimerization arm for PRMT1 oligomerization,28 the
PRMT1A188—222 mutant did not yield any fluorescence
indicative of a PRMT1 complex (Figure 6Bi,ii) or a PRMT1—
PRMT?2 complex (Figure 6Bv). These negative BiFC results
were not due to unsuccessful cotransfection of HeLa cells
because these proteins were detected by Western blot analysis
(Figure S10 of the Supporting Information). We did detect
some fluorescence signal in cells expressing the mCitrineN-
PRMT2A256—294/PRMT1-mCitrineC pair; however, co-
immunoprecipitation results between HA-PRMT2A256—294
and endogenous PRMT1 did not show any interaction (Figure
S9B of the Supporting Information), making our results
pertaining to the dimerization arm of PRMT?2 inconclusive.

We explored the possibility that the SH3 domain of PRMT2
may mediate complex formation. Clarke, Bedford, and co-
workers had previously shown that the PRMT2 SH3 domain
could interact with the N-terminus of PRMTS, which contains
two stretches of proline-rich amino acid sequences.’> Even
though PRMT1 does not contain any polyproline sequences,
perhaps the SH3 domain of PRMT2 could potentially mediate
an interaction with PRMT1. Therefore, the BiFC construct
from which the PRMT2 SH3 domain was deleted
(ASH3PRMT?2) was cotransfected with PRMT1-mCitrineC
to explore this possibility. As shown in Figure 6Bvii, even
without its SH3 domain PRMT?2 was still able to form the BiFC
complex with PRMT1. This result indicates that the SH3

dx.doi.org/10.1021/bi200644c | Biochemistry 2011, 50, 8226—8240



Biochemistry

A

mCitrineN-PRMTI > mCitN |

1

353

mCitrineN-PRMT2

mCitN | SH3 |

1

mCitrineN-Only

=

vy

PRMT1-mCitrineC

mCitrineN-PRMT1

mCitrineN-PRMT2

vii

Vil

mCltrineN-Only

PRMT2-mCitrineC

-
-
v

83 433
‘ mCitC PRMT1-mCitrineC
‘ mCitC PRMT2-mCitrineC
mCitrineC-Only
mCitrineC-Only

vi
X

Figure 5. Visualization of PRMT1 and -2 interactions via BiFC. (A) Ilustration of BiFC fusion proteins used in these experiments. (B) HeLa cells
were cotransfected with the two constructs indicated in the columns and rows (representative images are shown). The left image of each row shows
the formation of a BiFC complex. The right image of each row shows an overlay of BiFC (green), DAPI (blue), and fluorescence-labeled phalloidin

(red). The scale bar is 10 ym.

domain was not directly responsible for the interaction between
PRMT1 and -2.

PRMT Activity Requirements for Formation of the
BiFC Complex in Cells. To further explore conditions that
affect PRMT—PRMT interactions in HeLa cells, BiFC constructs
of E153Q and E220Q mutants were employed (Figure 7A).
Cells expressing combinations of wild-type and mutant PRMT1
showed BiFC signals (Figure 7Bi and Figure S9ijii of the
Supporting Information), indicating that enzyme activity from
one or both subunits was not a requirement for self-association.
When E153Q was tested with PRMT2, no above-background
fluorescence was observed (Figure 7Bii), thus directly implicating
PRMT1 activity as a requirement for the formation of the BiFC
complex between PRMT1 and -2 in cells. This result contrasts
with the co-immunoprecipitation results for E153Q and PRMT?2
for which an interaction was detected (Figure 4), revealing that
PRMT1 inactivity from the E153Q mutation prevented
reassembly of fluorescent protein fragments. Interestingly,
when the combination of E153Q and ASH3PRMT?2 was tested
for BiFC, a predominantly nuclear fluorescence signal was
observed (Figure 7Biii). The results of these pairings imply that
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the BiFC complex between PRMT1 and -2 requires PRMT1
activity, but not when the SH3 domain of PRMT2 is removed.

The E220Q mutant behaved like wild-type PRMT2 in the
BiFC assay with wild-type PRMT1 (Figure S1liii of the
Supporting Information) and E153Q (Figure 7Biv). These
results indicate that PRMT2 activity is not required for its
interaction with PRMT1 and does not contribute to formation
of the PRMT1—-PRMT?2 complex.

Because the PRMT1 E153Q mutation prevented its
interaction with full-length PRMT2, we wanted to see if
small-molecule inhibition of methyltransferase activity could
also affect the interaction between PRMT1 and -2. Thus, we
tested these BiFC combinations in the presence of 20 uM
AdOx, which increases the intracellular levels of S-adenosyl-L-
homocysteine to globally inhibit the methylation of arginine
residues and other AdoMet-dependent enzyme substrates.'>>
HeLa cells grown in AdOx did not appear to affect BiFC
complex formation for PRMT1 constructs (Figure 7Bv), thus
providing further evidence that PRMT1 activity is not essential
for its self-association. When PRMT1 was tested for BiFC
with PRMT2 in AdOx-treated cells, however, little if any
fluorescence was observed (Figure 7Bviviii). This result is
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similar to what occurred between both wild-type and mutant
versions of PRMT2 and E153Q_(Figure 7Biiiv), and it is
also consistent with the result for the PRMT1 and -2 co-
immunoprecipitation performed in AdOx-treated cells for
which no enrichment over background was observed
(Figure 8A). In contrast, deletion of the PRMT2 SH3 domain
did not affect its interaction with PRMTI1 in the presence
of AdOx as determined by BiFC (Figure 7Bvii) and co-
immunoprecipitation (Figure 8B), providing additional evi-
dence that the interaction between PRMT1 and -2 exhibits an
SH3-dependent sensitivity to the state of methylation within
the cell.

B DISCUSSION

Activated PRMT1 via PRMT2 Association. The obser-
vation that PRMTT1 is responsible for the bulk of total arginine
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methylation activity in cells'>" suggests two possibilities: (i)
PRMT1 is the enzyme solely responsible for most of this
activity, or (ii) most of the activity is dependent on PRMT1,
but not to the exclusion of other PRMTs. In this study, we have
identified a novel interaction between PRMT1 and -2 that
provides evidence for the latter possibility in which PRMT1
shoulders most of the burden of transferring methyl groups as
an activated complex with PRMT2.

Some studies have indicated that PRMT2 function in cells
may be independent of any enzymatic activity, as in the cases in
which PRMT2 in complex with the retinoblastoma gene
product RB was shown to repress the transcriptional activity of
E2F1°* or in which it was demonstrated to promote apoptosis
by retaining IkB-a in the nucleus to prevent NF-kB-dependent
transcription.”® The transcriptional coactivator functions of
PRMT?2, however, have been shown to require a functional
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enzyme.****® The ability of wild-type and catalytically inactive
PRMT?2 to potentiate PRMT1 activity in vitro supports an
interaction between the two enzymes in which PRMT?2 plays a
scaffolding role for PRMT1. This role is further supported by
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the observed increase in methylarginine levels when PRMT?2 as
the wild type or inactive mutant was overexpressed in HeLa
cells (Figure 3). The fact that the level of SDMA also increased
along with those of aDMA and MMA implies that PRMTS
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Figure 8. Co-immunoprecipitations of PRMT1 and PRMT?2 in hypomethylated cells. (A) HA-PRMT1 was expressed in HeLa cells treated with
20 uM AdOx, and the cell lysate was immunoprecipitated with anti-HA antibody or with mouse IgG (negative control). Inmunoprecipitates were
immunoblotted with anti-PRMT?2 (top) or anti-HA (bottom) antibodies. (B) c-Myc-ASH3PRMT?2 was expressed in HeLa cells treated with 20 uM
AdOx or not treated, and the cell lysate was immunoprecipitated with anti-Myc antibody or with mouse IgG (negative control). Inmunoprecipitates
were immunoblotted with anti-PRMT1 (top) or anti-Myc (bottom) antibodies. Nonspecific bands are labeled with red asterisks.

activity or expression may have been affected by the PRMT2-
dependent activation of PRMT1.

The role that PRMT2 played in activating PRMT1 in cells
appeared to result from its ability to serve as a subunit of a
heteromeric complex as demonstrated in our in vitro studies.
The apparent kinetic parameters for both combinations of
PRMT1 with either E153Q or E220Q showed augmented V..,
and k_, values compared to those for PRMT1 alone (Table 1),
and differences in Ky values for PRMT1 toward histone H4
and AdoMet. Similar changes in enzymatic activity and
substrate specificity have been observed with PRMTs based
on interactions with other proteins. For example, immediate-
early/primary response gene products have been shown to
modulate PRMT1 activity.® In addition, the substrate
preference of PRMTS can change depending on its interaction
with either cofactor protein pICln or MEP50.%” It follows then
that other heteromeric complexes involving PRMT1 may form
and exhibit altered activity and/or substrate specificity. In this
study, we can only speculate that the increases in PRMT1 activity
with excess PRMT1 or PRMT2 subunits (Figures 1 and 2) can
be attributed to the formation of higher-order oligomeric
structures, perhaps resembling complexes observed for crystal
structures of PRMT1 and its yeast homologue.”**

PRMT1 and -2 Associations in Cells. The association
between endogenous PRMT1 or -2 and HA-tagged PRMT1 or
-2 from HelLa cells was demonstrated by Western blot analysis
after co-immunoprecipitation (Figure 4B,C). This interaction
can barely be seen in a Western blot from another study in
which GFP-PRMT1 was co-immunoprecipitated from cells
with GFP-PRMT?2 using anti-PRMT2 antibodies,’ indicating
that the interaction between PRMT1 and -2 may be transient
with a binding affinity weaker than what has been observed for
PRMT1 and -6 homodimers.** The use of BiFC in this instance
has provided for an alternative means of capturing direct
partnering between PRMT1 subunits, as well as between
PRMT1 and -2 subunits. Because deletion of the SH3 domain
on PRMT2 did not eliminate complex formation, we were
able to rule it out as a possible binding module that is directly
responsible for the PRMT1—PRMT? interaction (Figure 6Bvii).
Despite the fact that two PRMT?2 subunits did not form a BiFC
complex (Figure SBv), we were able to co-immunoprecipitate
endogenous PRMT2 with HA-tagged PRMT2 (Figure S9A
of the Supporting Information). Indeed, Fackelmayer and co-
workers as well as our own group have previously reported
evidence of PRMT?2 dimerization.**’
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In this study, we used only one of the seven PRMT1 splice
variants, PRMT1v1.%® Neither PRMT1v1l nor PRMT?2 contains
nuclear localization signals within their sequences, but it is
possible that the observed complexes may initially associate in
either cytoplasmic or nuclear compartments and become
trapped in the nucleus (Figure SBiiv). We are aware that
differences in the efficiency of fixation for organelles from
experiment to experiment have been reported as a source of
potential artifacts in the localization of soluble proteins.>
PRMT1, PRMT?2, and ASH3PRMT?2 expressed individually in
HeLa cells as fusions with full-length mCitrine were localized in
both cellular compartments consistent with previous results,®
and this pattern was not altered when cells were coexpressed
mCitrine-PRMT1 and mCitrine-PRMT2 (Figure S12 of the
Supporting Information). Fackelmayer and co-workers have
demonstrated that PRMT subcellular localization can be
different depending on cell type.”” Thus, it is unclear if the
mostly nuclear localization of BiFC complexes for PRMT1 and
-2 observed in HeLa cells is representative of where they may
reside in other cell lines. Additionally, PRMT1 isoforms
characterized by Co6té and co-workers that exhibited distinct
subcellular localizations, particularly the PRMT1v2 isoform
bearing a nuclear export signal that localizes it to the cytoplasm,*®
may have an impact on where PRMT1 interactions present as
BiFC complexes in cells. Whether PRMT? interacts with all seven
PRMT1 isoforms is currently under investigation.

Methylation-Dependent Mediation of Formation of
the PRMT1-PRMT2 Complex. The inactive PRMT1
E153Q mutant was previously shown to exhibit oligomeric
structure and AdoMet binding ability similar to those of the
wild-type enzyme.”® Using this mutation in our BiFC assay
confirmed that PRMT1 self-association is independent of its
catalytic activity (Figure 7Bi and Figure S7ijii of the Supporting
Information). AdOx treatment to reduce the methylation
potential of the cell also did not impact PRMT1 pairing (Figure
7Bv), which is consistent with the finding from Fackelmayer
and co-workers that a PRMT1—GFP fusion protein maintained
a presence in a high-molecular mass complex with or without
AdOx treatment.?’ In contrast, the interaction between PRMT1
and -2 was solely dependent on PRMT1 activity as determined
either by inactive mutant E153Q_(Figure 7Biiiv and Figure
S7iii of the Supporting Information) or by AdOx treatment
(Figures 7Bvi,viii and 8A). Unlike the effect on PRMT1-GFP
with AdOx treatment, the mobility of the PRMT2-GFP fusion
protein was reduced in cells, indicating, as the authors point
out, that PRMT's responded differently to the accumulation of
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PRMT7 23 HYDYHQEIARSSYADMLHDKDRNVKYYQGIRA---AVSRVKDRGQKA-L 67
PRMTS8 82 HFGIHEE-=-==—--=- MLKDEVRTLTYRNSMYH--~NKHVFKDK—-~-~~~ v 114
PRMT9 149 VERWHFI-=-=====- MLNDTKRNTIY-NAAIQ--~-KAVCLGSK===== S 180
PRMT1 74 VLDVGSGTGILC---MFAAK-AGAR-KVIGIE-CSSISDYAVKIVKANK 116
PRMT2 140 ILDVGCGTGIIS-—-LFCAHYARPR-AVYAVE-ASEMAQHTGQLVLONG 184
PRMT3 259 VLDVGCGTGILS---MFAAK-AGAK-KVLGVD-QOSEILYQAMDIIRLNK 301
PRMT4 189 VLDVGCGSGILS---FFAAQ-AGAR-KIYAVE-ASTMAQHAEVLVKSNN 231
PRMT5 361 LMVLGAGRGPLVNASLRAAKQADRRIKLYAVE-KNPNAVVTLENWQFEE 408
PRMT6 86 VLDVGAGTGILS---IFCAQ-AGAR-RVYAVE-ASAIWQQAREVVRFNG 128
PRMT7 68 VLDIGTGTGLLS---MMAVT-AGAD-FCYAIEVFKPMADAAVKIVEKNG 111
PRMT8 115 VLDVGSGTGILS---MFAAK-AGAK-KVFGIE-CSSISDYSEKIIKANH 157
PRMT9 181 VLDIGAGTGILS---MFAKK-AGAH-SVYACELSKTMYELACDVVAANK 223
I3 PRMT1 193 YKIHWW---EN-VYGFDM=--S----CIKDVAIKE 216
PRMT2 260 SKVLFW---DN-AYEFNL--S----ALKSLAVKE 283
PRMT3 378 DRIAFW---DD-VYGFKM=--S----CMKKAVIPE 401
PRMT4 309 TKANFWYQ-PS-FHGVDL--S----ALRGAAVDE 334
PRMT6 203 WRLGFWSQVKQ-HYGVDM==S----CLEGFATRC 229
PRMT7 186 ESGRMWS-WNK-LFPIHVQTSLGEQVIVPPVDVE 217
PRMT8 234 FKIHWW---EN-VYGFDMT=-=====— CIRDVAMKE 257

Figure 9. Sequence alignment of residues at the PRMT dimer interface. Sequences for human PRMTs that may be involved in dimer contacts were
aligned using protein-protein BLAST (NCBI). In some instances, sequences could not be aligned because of insufficient similarity and are not
included. Residues reported in PRMT crystal structures to make direct contacts at the dimer interface between sequences in panels A and B are

1 . . . 28-32
indicated with a colon, and dimer residues**™>

similar to the PRMT1 sequence are highlighted in red.

unmethylated substrates.”” In this study, we have found that the
interaction between PRMT1 and -2 appeared to be sensitive to
the methylation state of one or more unknown substrates,
which were presumably modified by PRMT1 on the basis of
evidence presented above.

A deletion of the SH3 domain from PRMT2 had restored
formation of the PRMT1-PRMT2 complex regardless of
PRMT1 inactivity or AdOx treatment. These results imply that
the recognition of SH3 domain ligands, possibly as methylated
substrates, has an impact on assembly of the PRMT1—-PRMT?2
complex. We propose that the SH3 domain or another mediator
bearing a proline-rich sequence to which the SH3 domain can
bind controls the formation of the complete complex.

A handful of PRMT2 SH3 domain ligands that are also
methyl acceptors have already been identified. The first ligand
shown to bind to PRMT2 through its SH3 domain was the
arginine methyltransferase substrate hnRNP E1B-APS, an
interaction that was initially found via a yeast two-hybrid
screen and demonstrated using co-immunoprecipitation and in
situ immunofluorescence.” In a protein domain microarray, an
immobilized GST-SH3 (PRMT2) was able to tightly bind to
the core small nuclear ribonucleoprotein SmB’ and Samé68,*!
both of which contain polyproline stretches that are known
recognition sequences for SH3 domain binding.*” Indeed, the
proline-rich N-terminus of PRMTS8 was also shown to bind to
the PRMT2 SH3 domain.>” Recently, a yeast two-hybrid screen
identified an interaction between the PRMT2 SH3 domain and
mammalian cleavage factor I (CF 1.,59), which is an hnRNP
and PRMT substrate that contains polyproline sequences.””
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Given the importance of the SH3 domain in mediating
interactions for PRMT?2, it is conceivable that the methylation
state of specific substrates affects the interaction between
PRMT1 and -2. The association of PRMT1 with its substrates,
such as hnRNP U® and Sam68,%* suggests that these RNA-
binding proteins are ideal candidates for serving an additional
scaffolding role in mediating the interaction between PRMT1
and -2. Sam68 has been shown to bridge the interaction
between PRMT1 and the Mixed Lineage Leukemia oncogenic
complex (MLL-EEN) as a required scaffold for hematopoietic
cell transformation, and mediating this interaction is the SH3
domain from MLL-EEN binding to polyproline sequences
in Sam68.%° Because the SH3 domain is a unique feature of
PRMT?2 within its enzyme family, the identification of its
endogenous ligands will aid in our understanding of its role in
PRMT?2 interactions.

Conclusion. In this study, we have presented evidence that
PRMT1 and -2 interact in vitro and in cells, and that PRMT1
activity increases as a result. A kinetic analysis of PRMT1
with a catalytically inactive E153Q or E220Q_ mutant revealed
that these subunits increased V. and k., for PRMT1 while
differentially affecting AdoMet and histone H4 Ky values.
These data suggest that the PRMT1 binding partner, in this
case PRMT?2, can influence the substrate specificity of the
resulting complex. A sequence alignment of regions purported
to be involved in dimer formation among human PRMT family
members indicates that dimer-contacting residues are con-
served (Figure 9). Therefore, it is interesting to speculate that
different heteromeric PRMT combinations could form,

dx.doi.org/10.1021/bi200644c | Biochemistry 2011, 50, 8226—8240
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resulting in a host of distinct substrate preferences that enhance
the diversity of PRMT functions on the cellular level.
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Bl ABBREVIATIONS

aDMA asymmetric @-NNC-dimethylarginine

AdoMet  S-adenosyl-L-methionine

AdOx periodate-oxidized adenosine

BiFC bimolecular fluorescence complementation

BSA bovine serum albumin

CARM1  coactivator-associated arginine methyltransferase

DAPI 2-(4-carbamimidoylphenyl)-1H-indole-6-carboxi-
midamide

GFP green fluorescent protein

GST glutathione S-transferase

HA hemagglutinin

hnRNP heterogeneous nuclear ribonucleoprotein

mCitrineC amino acid residues 174—239 of monomeric citrine

mCitrineN amino acid residues 1—173 of monomeric citrine

MMA @-N°-monomethylarginine

NR nuclear receptor

PRMT protein arginine N-methyltransferase

sDMA symmetric @-N¢ N ©-dimethylarginine

SH3 Src homology 3.
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