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Background: Histones are specifically modified in the Xenopus egg.
Results: A complex of Prmt5 and Mep50 methylates histones H2A and H4 and the histone chaperone nucleoplasmin on an

arginine in a conserved motif.

Conclusion: Arginine methylation is enriched in the egg and targets chromatin-acting proteins.
Significance: Histone arginine methylation probably results in specification of the pluripotent developmental program.

Histone proteins carry information contained in post-trans-
lational modifications. Eukaryotic cells utilize this histone code
to regulate the usage of the underlying DNA. In the maturing
oocytes and eggs of the frog Xenopus laevis, histones are synthe-
sized in bulk in preparation for deposition during the rapid early
developmental cell cycles. During this key developmental time
frame, embryonic pluripotent chromatin is established. In the
egg, non-chromatin-bound histones are complexed with stor-
age chaperone proteins, including nucleoplasmin. Here we
describe the identification and characterization of a complex of
the protein arginine methyltransferase 5 (Prmt5) and the
methylosome protein 50 (Mep50) isolated from Xenopus eggs
that specifically methylates predeposition histones H2A/
H2A.X-F and H4 and the histone chaperone nucleoplasmin on a
conserved motif (GRGXK). We demonstrate that nucleoplasmin
(Npm), an exceedingly abundant maternally deposited protein,
is a potent substrate for Prmt5-Mep50 and is monomethylated
and symmetrically dimethylated at Arg-187. Furthermore, Npm
modulates Prmt5-Mep50 activity directed toward histones,
consistent with a regulatory role for Npm in vivo. We show that
H2A and nucleoplasmin methylation appears late in oogenesis
and is most abundant in the laid egg. We hypothesize that these
very abundant arginine methylations are constrained to pre-
mid blastula transition events in the embryo and therefore may
be involved in the global transcriptional repression found in this
developmental time frame.
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Chromatin, the compacted higher order structure of DNA
packaged with proteins, is the physiological form of the genome
(1). The fundamental unit of chromatin is the nucleosome, in
which DNA is wrapped around an octamer of the four core
histones, H2A, H2B, H3, and H4 (3). Linker histones (somatic
H1 and embryonic isoforms such as B4 in the frog Xenopus) and
other protein components further condense and arrange chro-
matin (4, 5). Post-translational modifications of histones, along
with deposition of histone variants and linker histones, form a
“histone code” (6) regulating the usage of the underlying DNA.

Dynamic changes in deposition of histone variants and alter-
ations of post-translational modification patterns occur
throughout the life of a multicellular organism and vary in each
cell type (7). Furthermore, these dynamic alterations are spec-
ified on individual gene loci (8). The histone code is highly cor-
related with and predictive for active processes utilizing the
DNA information in the chromatin. These include transcrip-
tion, repair, and replication (9). The sum of these modifications,
variants, and DNA methylation form the molecular basis of
epigenetic information, the increased complexity of the
genome without changes in the underlying gene sequence (10).
Epigenetics has been implicated as a cause and effect in many
events during cellular differentiation, animal development, and
aging (11). Furthermore, reprogramming of somatic cells, both
in somatic cell nuclear transfer and the generation of induced
pluripotent stem cells, is ultimately driven and signaled by
rewriting of the epigenetic state (12).

Arginine methylation is an underexplored histone post-
translational modification. It has been implicated in regulation
of many realms of biology, including development, somatic
transcriptional regulation, and cancer development. The family
of protein arginine methyltransferases (PRMTs)? in metazoans
includes at least 10 proteins that have diverse roles (13, 14). The

2The abbreviations used are: PRMT, protein arginine methyltransferase;
AdoMet, S-adenosylmethionine; NPE, nucleoplasmic extract; rPrmt5-
Mep50, recombinant Prmt5-Mep50; rNpm, recombinant Npm; PCNA, pro-
liferating cell nuclear antigen.
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majority of these enzymes are Type I enzymes that are capable
of monomethylation and asymmetric dimethylation of arginine
(15-17). Prmt5 is one of the few Type II enzymes capable of
monomethylation and symmetric dimethylation (17). The
functional difference between these methylation states has not
been distinguished. Prmt5 has been identified in somatic and
embryonic as well as nuclear and cytoplasmic contexts with
distinct targets, including Smn proteins (survival of motor neu-
ron) and histones H2A, H3, and H4 (17-19). It also has been
identified partnered with a number of cofactors, including
Blimp1 (20), MBD/NuRD (21), pICIn (22), and Mep50 (the
Prmt5-pICln-Mep50 complex is called the “methylosome”) (23,
24). Prmt5 was recently shown to methylate histone H2A Arg-3
in the cytoplasm of mouse embryonic stem cells (25), consistent
with a global predeposition role for this modification. Finally,
Prmt5 and Mep50 were both recently shown to be misregulated
by aberrant phosphorylation, resulting in changed activity, in
leukemia and lymphoma (26, 27).

Histone chaperones shield non-chromatin interactions of
histones with other proteins or nucleic acids (28). Other roles
include deposition onto and removal of histones from DNA
during replication and transcription (29). The chaperone
nucleoplasmin (Npm) is a homopentamer comprised of 22-kDa
subunits. It forms a storage complex with multiple copies of
newly synthesized H2A and H2B in Xenopus oocytes and eggs
(30). Npm, one of the most abundant proteins in the frog egg, is
phosphorylated during oogenesis and hyperphosphorylated
upon progesterone-induced meiosis II and subsequent egg lay-
ing (31-36).

Previously, we showed that histone variant H2A.X-F is heav-
ily enriched specifically in Xenopus oocytes, eggs, and embryos
(37). H2A.X-F comprises at least 50% of the H2A protein in the
frog egg. H2A X-F is mostly identical to canonical H2A in its N
terminus, including its conserved N-terminal SGRGK motif
(see Fig. 1 in Ref. 37). Here we present the identification and
characterization of a complex of the arginine methyltransferase
Prmt5 and Mep50 isolated from Xenopus laevis eggs that spe-
cifically methylates predeposition histones H2A and H4. We
also show that the Prmt5-Mep50 complex targets the histone
chaperone nucleoplasmin on a conserved motif (GRGXK). We
show that Npm and histones modulate their respective abilities
to be methylated by Prmt5-Mep50, consistent with an in vivo
role of the histone storage chaperone in regulating a predepo-
sition global histone code. Finally, we present evidence demon-
strating the in vivo presence of these modifications on Npm and
histones H2A.X-F and H4.

EXPERIMENTAL PROCEDURES
General Reagents and Tissue Culture

AMI-1 was purchased from EMD Chemicals, and tritiated
S-adenosylmethionine ([*H]AdoMet) was purchased from GE
Healthcare. Silver staining was performed with SilverSNAP
stain (Pierce). XL2 and A6 cells were grown in L15 medium
(Hyclone) with 10% fetal bovine serum and 10 pg/ml hypoxan-
thine at 27 °C.
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Xenopus Extract Preparation and Histone Isolation

Xenopus interphase egg extract, nucleoplasmic extract
(NPE), and sperm chromatin were prepared as described (38).
Histones from S3 and A6 tissue culture cells were all acid-ex-
tracted as described (31). Egg histones were isolated as
described (38).

Purification of H2A Methyltransferase Activity from Xenopus
Egg Extract

15 ml of clarified interphase egg extract was applied to two
connected 5-ml HiTrip SP columns. The flow-through was col-
lected and immediately loaded onto a DEAE-FastFlow 16/10
column previously equilibrated in 50 mm Tris, pH 8.0, 10% glyc-
erol, 1 mm EDTA, 5 mMm DTT, and 50 mMm NaCl. The column
was washed with six column volumes of buffer and eluted with
a 20-column volume linear gradient to 500 mm NaCl. Fractions
were assayed immediately for H2A methyltransferase activity.
Peak activity fractions were raised to 9% (w/v) polyethylene
glycol 3350 and incubated on ice for 20 min, and the precipitate
was pelleted at 14,000 rpm in an SS34 rotor. The supernatant
was raised to 12% PEG 3350 and incubated on ice for 20 min,
and the precipitate was pelleted as before. The pellets were
dissolved in 50 mm NaCl buffer (above) and assayed for H2A
methyltransferase activity. The majority of the activity was
found in the 9-12% PEG 3350 fraction, which was then applied
to two Superdex 200 10/300 columns connected in series.
Eluted fractions were assayed for methyltransferase activity,
and the peak fractions were then applied to a MonoQ 5/50
column. The MonoQ column was eluted with a 10-column vol-
ume linear gradient to 500 mm NaCl. The activity and protein
peaks are shown in Fig. 1.

Mass Spectrometry Identification of Proteins in Peak Activity
Fraction

Visible protein bands were excised from the Coomassie-
stained SDS gel and destained in 55% ammonium bicarbonate
(100 mm), 45% acetonitrile. Gel slices were treated with iodoac-
etamide (50 mm) to alkylate cysteines.

Proteins were digested in-gel with 75 ng of trypsin (Roche
Applied Science) per gel band in 50 mM ammonium bicarbon-
ate for 6 hat 37 °C. Tryptic peptides were extracted from the gel
pieces with an 8-ul slurry of 1 volume of POROS R2 20 reverse-
phase resin (Applied Biosystems, Foster City, CA) to 10 vol-
umes of 5% formic acid, 0.2% trifluoroacetic acid (TFA) at 4 °C
for 16 h. POROS R2 20 resin was transferred to Ziptips (Milli-
pore, Billerica, MA), washed with 0.1% TFA, and eluted onto
the matrix-assisted laser desorption ionization (MALDI) target
with one-third saturated 2,5-dihydroxybenzoic acid (Lancaster
Synthesis, Windham, NH) in 50% methanol, 20% acetonitrile,
0.1% TFA. Tryptic peptides were identified by MALDI mass
spectrometric analysis and identified using XProteo (Chao
Zhang; available on the World Wide Web).

Identification of the Site of Methylation

To identify the site of methylation, recombinant histone
H2A incubated in the active MonoQ fraction was propiony-
lated, as described (39), and digested with trypsin for 6 h. The
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propionylation reaction was performed again on the newly gen-
erated N termini, and the tryptic peptides were separated by
online nanoflow HPLC and analyzed using an LTQ-Orbitrap
mass spectrometer (Thermo Electron) operated in a data-de-
pendent mode with a full MS scan followed by MS/MS scans. A
gradient of 0—60% B (70% acetonitrile, 100 mm acetic acid in
water) in 40 min was used. The mass spectra were searched
against a histone database by using the SEQUEST algorithm,
and the peptide assignments were manually confirmed.

Cloning of Expression Vectors and Baculovirus Production

The X. laevis prmt5 (hsl7) gene was a generous gift of S.
Kornbluth (40) (GenBank™ accession number BF613396). All
cloning was performed using ligation-independent cloning
techniques (41). We initially subcloned it into pMCSG7 for
Escherichia coli expression and then into a custom pFastBacl
vector engineered with the pMCSG7 ligation-independent
cloning site for baculovirus production. We then subcloned
mep50 (Open Biosystems IMAGE clone 6316264) into
pMCSG7 and pFastBacl. All clones contained a His, tag fol-
lowed by a TEV protease site on the N terminus of the
expressed protein. We produced recombinant baculovirus
DNA in DH10Bac cells (Invitrogen) according to the manufac-
turer’s instructions.

Nucleoplasmin was subcloned from pET16 (42) into
pMCSG7 using ligation-independent cloning. The long N-ter-
minal tag present on the original construct was eliminated and
replaced with the His,TEV tag in pMCSG7. Npm C-terminal
mutations and truncations were created using 3’ PCR primers
containing the mutations. This clone produced the 200-amino
acid protein isoform (GenBank™™ accession number 128910)
(43). The numbering scheme we use for the C terminus, how-
ever, refers to the 196-amino acid protein found in vivo.?

Purification of Recombinant Prmt5-Mep50

X. laevis Prmt5 and Mep50 protein complex was expressed in
Hi5 cells by infecting 600 ml of 2 X 10° cells/ml culture in
MaxXP medium (BD Biosciences) with both Prmt5 and Mep50
viruses for 48 h, shaking at 27 °C. Cells were pelleted and sus-
pended in a cold hypotonic lysis buffer (40 mm Hepes, pH 7.8,
and 5 mm KCl with 5 mm B-mercaptoethanol and protease
inhibitors) and lysed by Dounce homogenizing with 15 strokes.
The suspension was raised to 1 M NaCl to extract the nuclei and
then sonicated and centrifuged. The supernatant was immedi-
ately applied to Ni>“-NTA resin in the presence of 10 mm imid-
azole and 250 mMm NaCl, and the complex was eluted with 300
mM imidazole. The eluate was spin-concentrated and applied to
a Superose 6 column, and the peak complex fractions were
pooled and used for all experiments.

Other Protein Production and Purification

Recombinant nucleoplasmin was expressed in E. coli and
purified in batch via Ni*"-NTA followed by Superdex 200
16/60 chromatography on an ATKA Purifier 10 (GE Health-
care). Peak fractions were spin-concentrated to 1 mg/ml final

3 Unpublished mass spectrometry evidence; Joshua J. Nicklay and Donald F.
Hunt, GenBank™ accession number 46249828.
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concentration (Costar). GST-Prmt1 (rat) (44) was expressed in
E. coli and purified in batch on glutathione-Sepharose followed
by MonoQ chromatography. Core histones and histone dimers
and octamers were expressed and purified as described (45).
Oocyte and egg nucleoplasmin were purified as described (46).

Antibody Production and Other Antibodies

Recombinant His,-tagged Xenopus Mep50 purified via urea
solubilization from E. coli inclusion bodies was injected into
rabbits (Proteintech), and the resulting serum was used for all
immunoblots. Commercial Mep50 antibodies against the
mammalian protein do not recognize the Xenopus Mep50 pro-
tein. Xenopus Prmt5 is recognized by a commercial Prmt5 anti-
body (Upstate/Millipore 07-405). Two different sets of antibod-
ies recognizing arginine methylation were used for this work;
their characterization is shown in supplemental Fig. S3. The
first set was produced by Upstate Biotechnology. The antibody
recognizing monomethylarginine is referred to as anti-R3mel,
labeled 8039, whereas anti-R3me2s, labeled 8040, specifically
recognizes symmetrically dimethylated arginine. Both antibod-
ies also recognize either mono- or dimethylated Npm. The sec-
ond set of antibodies was produced by Proteintech; these are
referred to as R3mel and R3me2. These sera recognize H2A
and H4 Arg-3 and Npm Arg-187 mono- or dimethylation.
R3mel is specific for the monomethylation, and R3me?2 is spe-
cific for dimethylation, although it cannot distinguish between
symmetric and asymmetric dimethylation.

Endogenous Immunoprecipitation

Protein A-Sepharose beads (GE Healthcare) were coupled to
antibodies in egg lysis buffer (10 mm HEPES, pH 7.7, 250 mm
sucrose, 2.5 mm MgCl,, 50 mm KCl, 1 mm DTT, 1 mm PMSF)
for 2 h. After washing in egg lysis buffer, the antibody-coupled
beads were incubated with egg extract for 3 h at 4°C. The
washed beads were resuspended in 1X Laemmli buffer, and the
samples were resolved by SDS-PAGE and analyzed via Western
blot.

Histone Methyltransferase Assay

All assays were conducted at 30 °C.

p81 Filter Binding Assay—The reaction mix was spotted on
P81 filter paper and air-dried. After washing five times with 100
ml of sodium carbonate buffer (0.1 M, pH 8.5) and a final wash
with acetone, the filter papers were air-dried and put into scin-
tillation vials containing 2.5 ml of scintillation liquid. Counts
per minute (cpm) were measured via a scintillation counter
(Beckman).

SDS-PAGE Fluorography— Tritiated labeled proteins were
run on SDS-PAGE, stained with Coomassie R-250 dye, soaked
in Amplify solution (GE Healthcare) for 30 min, vacuum-dried
onto filter paper, and exposed to preflashed x-ray film (Eastman
Kodak Co.); exposures ranged from overnight to 1 week at
—80°C.

RNA Isolation and RT-PCR

Embryos were staged according to Nieuwkoop and Faber
(47), whereas early stage embryos were collected according to
the number of observed cell divisions. RNA was isolated from
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FIGURE 1. Purification and identification of an abundant histone H2A and H4 arginine 3 methyltransferase in Xenopus laevis egg extract as a complex
of Prmt5 and Mep50. a, Xenopus egg extract was incubated with recombinant histones H2A, H2B, H3, and H4 and with the methyl donor [*H]AdoMet
(PHISAM). Shown are a Coomassie-stained SDS gel (bottom) and a fluorogram (top). b, recombinant H2A was incubated with egg extract and [*H]AdoMet in the
presence or absence of 50 um AMI-1. Bottom, Coomassie-stained SDS gel; top, corresponding fluorogram. ¢, chromatography scheme for the purification of the
H2A methyltransferase activity. d, full-length histone H2A methyltransferase activity across the fractions of the MonoQ column (final column in the purification)
performed as a P81 filter binding assay; the HMTase activity histogram showed peak activity in fractions 32-34. e, silver-stained gel of the peak activity fractions.
f, Coomassie-stained SDS gel of the pooled peak activity fractions 32-34. Stained bands were identified by mass spectrometry (supplemental Fig. S1), and the
location of the arginine methyltransferase Prmt5 and its known cofactor Mep50 are shown with arrows on the gel and in the silver-stained gel. g, Coomassie-
stained SDS gel of recombinant Prmt5 and Mep50 produced in baculovirus-infected Sf9 cells. h, methyltransferase assay demonstrating that the recombinant
Prmt5-Mep50 complex methylates recombinant H2A (fluorogram, top); lane 1 did not contain enzyme, whereas lane 2 did contain enzyme, and both lanes
contained H2A.

five embryos at each stage in TRIzol. Reverse transcription was
performed using Superscript III (Invitrogen) and random hex-
amer primers. The cDNA was amplified with 21 cycles of PCR
with [*?P]dATP and exposed to a PhosphorImager plate.

RESULTS

We initially tested the histone methyltransferase activity of
Xenopus laevis cell-free egg extract by adding exogenous
recombinant core histone proteins and [*’H]AdoMet, followed
by electrophoresis and fluorography. As shown (Fig. 1a), we
observed pronounced activity directed toward histone H2A,
with minor activity toward H3 and H4. To identify the enzyme
responsible for this activity, we treated the extract with AMI-1,
an arginine methyltransferase inhibitor, which completely
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abrogated the activity (Fig. 1), suggesting that the enzyme was
an arginine methyltransferase. We then used conventional
chromatography to purify this protein. We followed full-length
H2A methyltransferase activity by spotting reactions on P81
filter paper, washing untransferred tritium, and scintillation
counting. The purification scheme is outlined in Fig. 1c. The
peak activity from fractions of the final MonoQ column is
shown in Fig. 1d. We then silver-stained the peak fractions (Fig.
le) and pooled fractions 31-34. We ran a larger mass of the
pooled fractions on an SDS-polyacrylamide gel, and the Coo-
massie-stained bands (Fig. 1f) were subjected to mass spec-
trometry analysis (supplemental Fig. S1). The arrows in Fig. 1, e
and f, indicate the location of the most likely candidate for the
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FIGURE 2. Prmt5-Mep50 monomethylates and symmetrically dimethylates H2A at Arg-3. g, the peak activity fraction from the MonoQ was incubated with

H2A and [*

H]AdoMet and then subjected to mass spectrometry analysis. The MS/MS spectrum shown confirms that the activity resulted in H2A Arg-3

methylation; masses from y ions are underneath sequence, and b ions are above. Pr, propionyl. b, the peak activity fraction from the MonoQ (ePrmt5-Mep50)
was incubated with H2A and AdoMet and then immunoblotted with antibodies directed against R3me1 and R3me2s (Upstate), demonstrating that Prmt5
methylates H2A on arginine. The figure is cropped for clarity from the same gel and exposure. ¢, egg-purified (e) Prmt5-Mep50 (in the peak MonoQ fraction from
Fig. 1) was titrated into a methyltransferase reaction with a constant amount of H2A (1 ng), and the reaction products were immunoblotted with the Upstate

antibodies against R3me1 (top), R3me2s (middle), and H2A (bottom).

methyltransferase activity, a potential complex of the arginine
methyltransferase Prmt5 (also known as Hsl7), and the WD-
repeat protein Mep50. We cloned these genes into baculovirus
and co-infected Sf9 cells. We purified the recombinant protein
complex via Ni*"-NTA chromatography and size exclusion
chromatography (supplemental Fig. S2). The purified complex
is shown in Fig. 1g.

The recombinant Prmt5-Mep50 complex recapitulated the
H2A methyltransferase activity in the purified peak from the
egg extract (Fig. 1k). It also eluted from a sizing column at the
same molecular weight as the endogenous protein complex.
Therefore, we concluded that Prmt5-Mep50 was the enzyme
complex responsible for our observed methyltransferase activ-
ity in the egg extract. We cannot rule out the possibility that
other polypeptides in the peak fraction contribute to or modu-
late the activity. However, the Prmt5 and Mep50 bands track
tightly with the activity profile (Fig. 1, 4 and e), and none of the
other proteins in the peak fraction are known to bind to or
regulate enzyme activity (supplemental Fig. S1).
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We did attempt to produce recombinant Prmt5 and Mep50
individually. Prmt5 was completely insoluble expressed by itself
in baculovirus-infected cells and in E. coli. Mep50 was soluble
when expressed alone in baculovirus-infected cells (data not
shown) (supplemental Fig. S2, second elution peak).

Next, we investigated the targeted residue for methylation on
the substrate. We incubated purified egg Prmt5-Mep50 with
recombinant histone H2A and subjected the protein to mass
spectrometry analysis (Fig. 2a) and immunoblotting (Fig. 2b).
Mass spectrometry showed the presence of an ion with a +14
mass on arginine 3, consistent with methylation of this residue.
There was no +28 species detectable. Immunoblotting of the
H2A sample treated with endogenous Prmt5-Mep50 showed
that Prmt5 promoted monomethylation and symmetric dim-
ethylation of Arg-3 on H2A. The specificity of these antibodies
for R3mel and R3me2s is shown in supplemental Fig. S3.
Finally, we demonstrated that this activity is distributive,
because only high relative concentrations of Prmt5-Mep50
enzyme complex led to dimethylation (Fig. 2¢).
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FIGURE 3. Prmt5 exists only in complex with Mep50 in vivo and is found in the nucleus and on chromatin. g, total clarified egg extract was applied to a
Superose 6 sizing column, and every other fraction was immunoblotted for Prmt5 and Mep50. Elution positions of 670 and 158 kDa mass markers are shown
above. b, endogenous co-immunoprecipitation of Prmt5 with a-Mep50 in egg extract. ¢, 0.5 ul of clarified egg extract and 0.5 ul of NPE were immunoblotted
for Prmt5 and PCNA (a nuclear marker). A small proportion of Prmt5 was found in the nuclear extract. d, sperm pronuclei were assembled in egg extract and
collected immediately after incubation (1 min; first lane) or after 45 min (second lane). Chromatin was isolated through a sucrose cushion and immunoblotted
for Prmt5, H2A, H3,and Mcm?7. e, rPrmt5-Mep50, total egg extract, XL2 whole cell extract, and A6 whole cell extract were immunoblotted for Prmt5, Mep50, and
PCNA. The bottom panel shows the total protein content in each lane by Direct Blue 71 staining of the membrane. The protein contents for the egg and whole
cell extracts were normalized by a Bradford assay, with an identical total mass of protein loaded in each lane. r, recombinant. f, purified histones from Xenopus
eggs, XL2 cells, and A6 cells were immunoblotted for H2A (as control) and R3me1 (Proteintech). The antibodies recognize both H2A and H2A X-F in the egg
extract; for the R3me1 antibody, we refer to both as H2A/H2A.X-F because we cannot distinguish between H2A and its variant in this case. Equal masses of
histones were loaded in each lane as shown by Coomassie staining (bottom). IP, immunoprecipitation.

To determine if Prmt5 and Mep50 are only in complex in  masses of total egg extract, Xenopus XL2 whole cell extract, and
vivo, we immunoblotted fractions from total egg extract sepa- A6 whole cell extract on a gel and immunoblotted for Prmt5,
rated on a Superose 6 gel filtration column for Prmt5 and Mep50, and PCNA. XL2 cells are derived from tadpole epithe-
Mep50 (Fig. 3a). We only observed Prmt5 and Mep50 in the lium, and A6 cells are derived from adult kidney (49). As shown
identical column fractions with no other peaks of elution. Spec-  in Fig. 3¢, Prmt5 and Mep50 were substantially more abundant
ificity of these antibodies is shown in supplemental Fig. S3. We  in the egg extract as compared with the cultured cell extracts,
then performed an immunoprecipitation with Mep50 antise- consistent with Prmt5-Mep50 playing a bigger role in early
rum from egg extract and specifically enriched for Prmt5 (Fig. embryogenesis. We immunoblotted histones isolated from the
3b). To determine the subcellular localization of Prmt5, we egg, XL2, and A6 cells for R3mel and demonstrated that
immunoblotted total egg extract and NPE. We found Prmt5 H2AR3mel was only present in the egg, whereas H4R3mel, in
modestly enriched in the NPE, although not to the extent that  contrast, was also present in the cultured cells but substantially
PCNA was enriched, suggesting that Prmt5 may mainly act in  more abundant in the egg (Fig. 3f).
the cytoplasm. However, we did isolate pronuclear chromatin Because we hypothesized that Prmt5 targeted undeposited
after remodeling by egg extract and found that Prmt5 was histones in the egg, we probed a potential role for Npm, the
enriched on the chromatin, along with H2A . X-F (top band in H2A-H2B storage chaperone, in modulation of the methyl-
the H2A panel) and Mcm?7, a known chromatin-binding pro-  transferase activity. Surprisingly, when we first added excess
tein control (48) (Fig. 3d). recombinant Npm (rNpm) to the egg extract with tritiated

Next, we wanted to determine if Prmt5 and Mep50 were AdoMet, we observed methyltransferase activity on it. Further-
enriched in Xenopus eggs as compared with somatic and cul- more, the addition of 50 um AMI-1 abrogated this activity, sug-
tured cells. We ran recombinant Prmt5-Mep50 and identical — gesting that Npm may itself be the target of a PRMT (Fig. 4a).
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FIGURE 4. Prmt5 methylates the histone chaperone nucleoplasmin on a conserved motif in its C-terminal tail. g, egg extract incubated with or without
1 g of recombinant Npm and 1 mm AMI-1 in the presence of [PHJAdoMet. Reactions were run on an SDS gel, stained with Coomassie Blue, and exposed for
fluorography. rNpm, recombinant nucleoplasmin. b, recombinant Prmt5-Mep50 complex (left) or recombinant Prmt1 was incubated in with H2A, nucleoplas-
min, or both and with [*H]AdoMet; the reactions were Coomassie-stained (bottom) and exposed for fluorography (top). ¢, purified recombinant Npm, oocyte
Npm, and egg Npm were immunoblotted for Npm, monomethylarginine, and symmetric dimethylarginine; the Upstate antibodies that recognize Arg-3
methylation were used for Npm. The Coomassie-stained SDS gel of the purified proteins is shown at the bottom. d, egg extract (immunoprecipitation (/P) input),
protein A resin without antibody, resin coupled to R3me1 or R3me2 (both from Proteintech), or Prmt5 antibody incubated in egg extract were blotted for Npm.
e, the first 10 amino acids of histones H2A, H2A.X-F, and H4 and the C-terminal amino acids of nucleoplasmin are shown. The known (histones) and putative
(nucleoplasmin) Prmt5-targeted arginines are boxed. f, recombinant wild type and mutant (1-185 C-terminal truncation, R187A, R189A, and R187A/R195A)
nucleoplasmin were incubated with 0.2 ug of recombinant Prmt5-Mep50 and [*H]AdoMet; the reactions were Coomassie-stained (bottom) and exposed for
fluorography (top). g, recombinant wild type or mutant R187A/R189A nucleoplasmin were incubated with all four core histones, H2A-H2B dimers, or histone
octamers and with 0.2 ug of recombinant Prmt5-Mep50 and [?H]AdoMet; the reactions were Coomassie-stained (bottom) and exposed for fluorography (top).
h, recombinant Prmt5-Mep50 complex and [*H]AdoMet were incubated alone or with H2A, H4, or H2A-H2B dimers or H2A-H2B-H3-H4 histone octamers and
also incubated with recombinant nucleoplasmin (first column of panels), oocyte nucleoplasmin (second column of panels), or egg nucleoplasmin (third column
of panels). The reactions were Coomassie-stained (bottom) and exposed for fluorography (top).
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To determine if Prmt5-Mep50 may be the enzyme complex
responsible for this activity, we incubated H2A and Npm with
recombinant Prmt5-Mep50 (rPrmt5-Mep50) and with recom-
binant rat Prmt1, a Type I enzyme and the most abundant argi-
nine methyltransferase in most cells (14). As shown in Fig. 45,
Prmt5-Mep50 specifically methylated Npm, and the activity
was enhanced in the presence of H2A, whereas Prmt1 was only
able to methylate H2A.

Next, we used the R3mel and R3me2s antibodies (Upstate)
to probe purified recombinant, oocyte, and egg Npm. As shown
in Fig. 4¢, endogenous oocyte and egg Npm were recognized by
the methylarginine antibodies, whereas the recombinant Npm
was not recognized. Note that the gel shift in the purified oocyte
and egg Npm proteins is due to phosphorylation. In Fig. 4d, we
used the methylarginine antibodies (Proteintech) to immuno-
precipitate Npm, whereas a control Prmt5 antibody did not
precipitate Npm. These data show that endogenous Npm is
arginine-methylated.

To determine the site of methylation, we inspected the pri-
mary amino acid sequence of Npm. The extreme C terminus of
Npm contains a “GRGRK” motif, reminiscent of the N terminus
of H2A and H4 (Fig. 4e). To test if one of these arginines was the
target of Prmt5 methyltransferase activity, we produced recom-
binant Npm either truncated on the last 10 amino acids (Npm
1-185) or site-specifically mutated in the Arg-187 or Arg-189
sites. We then incubated these recombinant proteins with
recombinant Prmt5-Mep50 and [’H]AdoMet. As shown in Fig.
4f, deletion or mutation of Arg-187 completely abrogated the
activity, whereas residual activity was apparent in the
NpmR189A mutant. These data confirmed that Arg-187 was
the target of Prmt5. We further corroborated this result with
mass spectrometry analysis of Npm.*

To further analyze the activity of Prmt5-Mep50 directed
toward Npm and histones, we incubated rPrmt5-Mep50 with
core histones, H2A-H2B dimers, or histone octamers in the
presence or absence of Npm or NpmR187A/R189A and
[*H]AdoMet. Intriguingly, the presence of Npm, particularly
the unmethylatable Npm mutant, dramatically reduced the
methyltransferase activity directed toward histones H2A and
H4 (Fig. 4g). We also note that Prmt5-Mep50 only methylates
H4 in octamers (Fig. 4¢) (data not shown). Finally, to test the
potential cross-talk between modifications on Npm and Prmt5-
Mep50 activity toward histones, we incubated rPrmt5-Mep50
with H2A, H4, H2A-H2B dimers, or histone octamers in the
presence of rNpm, oocyte Npm, or egg Npm (Fig. 4/1). The
presence of unmodified rNpm reduced the Prmt5-Mep50
activity directed toward H2A-H2B dimers or octamers (left-
hand panels). However, endogenous oocyte Npm, although not
a potent substrate for Prmt5 because it is already partly meth-
ylated (Fig. 4¢) (mass spectrometry data not shown), did sub-
stantially modulate Prmt5 activity toward histone H2A alone
and in octamers, as well as H4 in octamers (middle panels). Egg
nucleoplasmin was completely unmethylatable by Prmt5 but
dramatically stimulated the H2A and octamer H4 activity by
Prmt5 (right-hand panels). Egg Npm is almost completely

4 Joshua J. Nicklay, Takashi Onikubo, Jeffrey Shabanowitz, Donald F. Hunt,
and David Shechter, manuscript in preparation.
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methylated on Arg-187 as shown by mass spectrometry (data
not shown).

Histones are synthesized during oogenesis in the frog and
stored in complex with chaperones, in particular Npm. To
determine the developmental timing of Npm and histone argi-
nine methylation, we prepared blots with total lysate from early
stage II/11I pools of oocytes, late stage VI oocytes, and laid eggs.
We blotted with antibodies, as shown in Fig. 5a. Prmt5 and
Mep50 appeared in late oogenesis. Npm was present in stage
II/I1I oocytes but was only methylated in stage VI oocytes and
laid eggs. Note the gel shift of Npm, due to phosphorylation
(33), as indicated by the up arrow. We observed H4 methylation
in all three stages of oogenesis, whereas H2A methylation
appeared only in stage VI and laid eggs.

There are at least eight PRMT genes in Xenopus. We
extracted prmt5 transcription abundance data from a recent
RNA-Seq analysis of Xenopus tropicalis oocytes (50) and
microarray analysis of developing X. laevis embryos (51). As
shown in supplemental Fig. S4, prmt1 was by far the most abun-
dant transcript, whereas prmt5 was the second most abundant
transcript in the egg, and the expression level dropped off after
the mid-blastula transition. prmt7, the only other Type II
enzyme found in Xenopus capable of symmetric dimethylation,
was substantially less abundant in X. laevis eggs and early
embryos. We also performed RT-PCR on RNA extracted from
staged embryos with primers for prmt5, mep50, and maternal
and zygotic mcm6 (52) to mark zygotic gene activation. These
experiments, consistent with data extracted from the microar-
ray study (51), showed that prmt5 and mep50 RNA abundance
drops after the mid-blastula transition (supplemental Fig. S5).

Next, we asked if H2A and H4 containing Arg-3 methylation
were deposited into pronuclear chromatin assembled in egg
extract. First, we performed Npm immunoprecipitation with
polyclonal Npm antisera. As expected and shown in Fig. 5, the
Npm IP enriched for H2A but not H3. Intriguingly, H2AR3mel
was enriched, but no H2AR3me2s was precipitated at all. Npm-
bound histones are used for pronuclear chromatin assembly.
Consistent with this pathway, we only observed H2AR3mel,
but no H2AR3me2s, in deposited histones on pronuclei (Fig.
5¢). H4R3mel and H4R3me2s were both found in pronuclear
histones.

DISCUSSION

Here, we described the identification of a potent H2A meth-
yltransferase activity in X. laevis eggs. Following conventional
chromatography, we isolated a peak fraction containing Prmt5
and Mep50, a known enzyme complex. We showed that recom-
binant Prmt5-Mep50 methylated histone H2A and histone H4.
Surprisingly, we also showed that Prmt5-Mep50 methylated
the histone storage chaperone nucleoplasmin on a conserved
motif on its unstructured C terminus. We showed that nucleo-
plasmin modulated the Prmt5 activity directed toward his-
tones, suggesting an iz vivo mechanism by which global histone
modification may be regulated. Finally, we showed that sym-
metrically dimethylated histone H2A is not bound by Npm and
is not deposited into pronuclear chromatin in contrast to
monomethylated Npm.
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FIGURE 5. H2A.X-F is preferentially methylated, whereas symmetrically dimethylated H2A does not bind to nucleoplasmin. g, total stage Il/lll and stage
Vloocyte extract and laid egg extract were immunoblotted as shown. b, nucleoplasmin was immunoprecipitated from crude egg extract (lane 2; lane 1 contains
0.5% of the input egg extract) and immunoblotted for nucleoplasmin, histones H3 and H2A, and R3me1 and R3me2s (Upstate). ¢, isolated histones from
chaperone-bound complexes in the egg (lane 1) and from acid-extracted pronuclear chromatin (lane 2) were immunoblotted against R3me1 and R3me2s
(Upstate); the bottom panel was Coomassie-stained. d, isolated egg histones were run on a Triton-acid urea gel and immunoblotted for H2A (left) and R3me1
(right; Upstate). The migration positions of H2A.X-F and H2A are noted, as shown previously (37).

The stoichiometry of the Prmt5-Mep50 complex is currently
unknown, although previous reports show oligomer formation
for Prmt5 (53). Endogenous and recombinant Prmt5-Mep50
complexes elute from sizing columns at high apparent molec-
ular weight (Fig. 3a and supplemental Fig. S2). Therefore, we
assume that Prmt5-Mep50 forms a larger structure than a sim-
ple 1:1 ratio of Prmt5 and Mep50.

Intriguingly, not every egg extract preparation exhibited this
methyltransferase activity toward full-length histone H2A; nor
did oocyte extract, whereas all preparations did target an H2A
N-terminal 1-21 peptide. However, the activity was still pres-
ent in the extract, because chromatography through a gel filtra-
tion column always recovered the activity coincident with
Prmt5-Mep50. There is likely to be a stoichiometric inhibitor of
Prmt5 in the oocyte and egg extract, because the addition of a
fraction from the gel filtration chromatography to egg extract
or recombinant Prmt5-Mep50 inhibited the H2A-directed
methyltransferase activity (data not shown). The nature of this
inhibitor is still unclear because we have been unable to further
purify it.

The function of Npm as a substrate and a modulator of
Prmt5-Mep50 activity directed toward histones is intriguing,
both biochemically and biologically. Because endogenous H2A
is only found bound to Npm in the egg, the likely endogenous
histone substrate for Prmt5-Mep50 is bound to Npm. Npm
binding to histones possibly alters the conformation so that the
unstructured tails of both Npm and histones may be no longer
accessible for binding and methyltransferase activity (54). Fur-
thermore, endogenous modifications on Npm, including phos-
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phorylation and arginine methylation, substantially alter the
Prmt5 activity toward histones as well. This suggests that Npm
phosphorylation, in particular, alters its interactions with his-
tones; we are currently testing this hypothesis. Our assays
shown in Fig. 4 did demonstrate altered activity of Prmt5-
Mep50 toward histone octamers and only modest changes
upon binding to histone H2A-H2B dimers. The actual endoge-
nous histone binding partner for Npm is still unclear, and nei-
ther dimers nor octamers may be the true partner. Regardless,
our observations are consistent with a significant role for Npm
in modulation of Prmt5 activity toward H2A. Furthermore, as
shown in Fig. 4g, the presence of histones substantially stimu-
lates the activity of Prmt5 toward Npm itself, suggesting that
this substrate modulation activity is mutual.

We propose the model shown in Fig. 6. During the months-
long process of oogenesis in the ovary of the female frog, mas-
sive pools of histones are synthesized and captured by the stor-
age chaperones Npm and N1 (only Npm is illustrated in Fig. 6
for clarity). Prmt5 and Mep50 are synthesized late in oogenesis.
This enzyme probably functions in the cytoplasm outside of the
oocyte germinal vesicle to methylate the Npm-H2A complex as
well as histone H4 bound to N1. We have not tested the func-
tion of N1 in modulating Prmt5 activity toward H4, although it
is possible that it may play a similar role to Npm. However, N1
itself is not a substrate for Prmt5 (data not shown). Upon fer-
tilization, Npm releases its histone load, which is then depos-
ited onto the growing chromatin by downstream chaperones.
Intriguingly, only monomethylated H2A is deposited into chro-
matin, whereas dimethylated H2A appears to be specifically
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Nucleoplasmin Stored Histones in the Egg:
Substrate for PRMT5/MEP50

Chromatin assembly in the early embryo or egg extract

O methylarginine

Cartoon Model of
Npm bound to
H2A/H2B

“R3me primed chromatin”

Presently unknown methylarginine effector proteins:
A “reader” of Npm and H2A and H4 methylarginine?

FIGURE 6. A schematic model for the function of Prmt5-dependent methylation of histones H2A and H4 and the histone chaperone nucleoplasmin.
During oogenesis, core histone proteins H2A, H2B, H3, and H4 are synthesized and stored by the storage chaperones Npm and N1. For clarity, in this figure we
only show Npm and its known interacting partners H2A and H2B. The Prmt5-Mep50 complex is produced later in oogenesis, at which time we hypothesize that
it methylates Npm and H2A/H2A X-F and H4. Methylated Npm then acts upon fertilization to deposit histones, specifically monomethylated H2A.X-F and H4,
in the growing chromatin. Specific effector proteins recognize the methylarginine in Npm and histones, during oogenesis and/or during early development.
We hypothesize that these putative “readers” of methylarginine play a significant role in developmental regulation of gene expression and plasticity. Mep50

has six WD40 domains, illustrated as a single polypeptide (24).

excluded from deposition. We hypothesize that distinct effec-
tors, such as Tudor domain-containing proteins, recognize the
methylarginine on Npm and on the histones deposited into
chromatin. These effector proteins then act or recruit other
proteins to perform particular biological outcomes, such as
modulation of nucleosome spacing. We are currently investi-
gating potential effector proteins.

Our discoveries are consistent with a wide literature demon-
strating a significant role for arginine methylation in early
embryogenesis of metazoans (25, 55). First of all, we showed
that Prmt5 and Mep50 were substantially enriched in the egg
compared with somatic cultured cells. We also demonstrated
that prmt5 and mep50 gene expression drops off substantially
after zygotic gene activation. Furthermore, our discovery of
nucleoplasmin as a novel substrate for Prmt5 is consistent with
a particular early embryogenesis function for Prmt5-catalyzed
arginine methylation. Nucleoplasmin protein expression is lim-
ited to oocytes, eggs, and early embryos (data not shown). Our
unpublished observations* show that the vast majority of
endogenous nucleoplasmin is methylated on Arg-187. Further-
more, we previously showed that egg and pronuclear H4 is
methylated on Arg-3 (7, 56). Additional unpublished observa-
tions* show that egg and pronuclear H2A, primarily the abun-
dant variant H2A . X-F (37), are highly methylated on Arg-3. As
we had previously demonstrated, H2A.X-F expression and pro-
tein levels decline substantially after the mid-blastula transi-
tion, and the protein is not present in somatic cells (37). Histone
H2A and H2B are more labile in nucleosomes in general than
H3 and H4, and H2A-H2B post-translational modifications are
likely to be more transient (57). These observations in general
are strongly consistent with a particularly specific biological
function for Npm and H2A arginine methylation in early
embryogenesis. We hypothesize that these very abundant argi-
nine methylations are constrained to pre-midblastula transi-
tion events in the embryo and therefore may be involved in the
global transcriptional repression found in this developmental
time frame (58).
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