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Abstract

Arginine methylation is a posttranslational modification that affects many cellular processes

in eukaryotes. The malaria parasite Plasmodium falciparum encodes three conserved protein
arginine methyltransferases (PfPRMTSs). We have determined that PfPRMT1 had authentic type
| PRMT activity to form monomethylarginines and asymmetric dimethylarginines. Compared

to mammalian PRMT1s, PfPRMT1 possesses a distinctive, ~50 amino acids longer N-terminal
sequence, which is essential for enzyme activity. Recombinant PFPRMT1 methylated histones H4
and H2A, and several conserved substrates involved in RNA metabolism, including fibrillarin,
poly(A) binding protein I1, ribosomal protein S2, and a putative splicing factor. Using synthetic
peptides and mass spectrometry, we determined target arginines in several substrates and studied
the enzyme kinetics. While the kinetic parameters of recombinant PFPRMT1 on an H4 peptide
and S-adenosylmethionine were similar to those of mammalian PRMT1s, PFPRMT1 had much
higher substrate turnover rates. In the histone H4 N-terminus, PFPRMT1 could only methylate
arginine 3, a mark for transcription activation. Western blots detected dynamic dimethylation

of H4R3 during parasite development, suggesting that histone arginine methylation may play a
conserved role in chromatin-mediated gene regulation. Consistent with the presence of potential
substrates in both the cytoplasm and nucleus, green fluorescent protein-tagged PfPRMT1 and
PfPRMT1 were localized in both cellular compartments with the majority in the cytoplasm.

In vitro assays showed that PFPRMT1 could be inhibited by several small molecule inhibitors
with 50% inhibitory concentrations in the sub-micromolar range. Most of these compounds also
effectively inhibited parasite growth, suggesting that parasite PRMTs are promising targets for
developing antiparasitic drugs.
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INTRODUCTION

Protein arginine (R) methylation is a widespread posttranslational modification in
eukaryotes, and its significance in regulating many cellular processes such as signal
transduction, RNA processing and transport, and transcription has been increasingly
appreciated [1-3]. Arginine methylation is catalyzed by a family of protein

arginine methyltransferases (PRMTs), which add one or two methyl groups from S
adenosylmethionine (AdoMet) to the guanidine nitrogens of arginine, resulting in three
major forms of methylated arginines: w-A, monomethylarginine (MMA), w-AC, NC-
asymmetric dimethylarginine (aDMA), or w-AC, AC-symmetric dimethylarginine (SDMA).
Four types of PRMTSs have been described with type I and Il enzymes as the main types in
mammalian cells. Type | enzymes catalyze the formation of MMA and aDMA, while type
I enzymes catalyze the formation of MMA and sDMA [3]. The human genome encodes at
least 11 PRMTSs, and PRMT1 (type 1) and PRMTS5 (type I1) are evolutionarily conserved in
most, if not all, eukaryotes [4, 5].

The many substrates identified for the type | enzymes often contain GAR (glycine and
arginine-rich) motifs in the sequences of RGG, RG, or RXG [2, 6]. Among them, the best
known RNA-binding proteins include hnRNPs, fibrillarin, nucleolin, and poly(A)-binding
protein Il (PABPII) which are involved in various aspects of RNA processing and transport
[3]. Recently, histone arginine methylation has been recognized as an important means of
transcription regulation. Three mammalian PRMTs have been identified to catalyze histone
methylation. PRMT1 methylates R3 in histone H4, and to a lesser extent R3 in H2A [7].
Another type | enzyme PRMT4 or CARML1 (cofactor associated arginine methyltransferase
1) methylates R2, 17, 26 and several arginines in the C-terminus of H3 [8]. The type Il
enzyme PRMT5 methylates R8 in H3 and R3 in H4 [9]. /n vivo, PRMTSs often interact
with other cofactors such as histone acetyltransferases and chromatin remodelers to regulate
transcription [10, 11]. In mammals, the asymmetric arginine dimethylation in histones
catalyzed by PRMT1 and CARML1 is associated with active genes, whereas PRMT5-
mediated histone symmetric dimethylation is often linked to transcription repression [12].

The malaria parasite Plasmodium falciparum is responsible for more than one million deaths
annually. Like other eukaryotes, £ falciparum genomic DNA is organized into nucleosomes
involving both core and variant histones [13, 14]. In addition to general conservation of

the basal transcription machinery in the parasite [15], the presence of a large number of
chromatin-modifying proteins suggests a prominent role of chromatin-mediated mechanisms
in transcription regulation [16]. While a deficiency of specific transcription factors in the
parasite genome has been considered [17], the recent identification of a large family of AP2-
domain proteins as transcription activators or repressors in several apicomplexan genomes
has changed this view [18, 19]. Therefore, it is very likely that the malaria parasite uses

both chromatin-based mechanisms and conventional DNA-binding transcriptional factors to
regulate gene expression [20, 21].

The malaria parasite histones have many covalent modifications that play evolutionarily
conserved roles in transcription regulation [14, 22]. Histone acetylation is generally
associated with active transcription, whereas the H3K9 trimethylation is negatively
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correlated with global gene expression [23]. Specifically, in the control of monoallelic
expression of the vargene families, H3K4 di- and tri-methylation and the heterochromatin
marker H3K9 trimethylation are associated with active and silent vargenes, respectively [24,
25]. Tandem mass spectrometry analysis of £ falciparum histones has revealed the presence
of arginine methylation on H3 and H4 [14]. Besides, several PRMTs have recently been
characterized in the protozoan parasite 7rypanosoma bruceiand Toxoplasma gondii [26-29].
In particular, H3R17 methylation, catalyzed by the CARM1-like PRMT in 7. gondiihas
been attributed to gene activation [27]. These findings have prompted us to characterize the
PRMTs in the malaria parasite and study their functions in transcription.

Here we report the identification and characterization of the PRMT1 homologue in P
falciparum, referred to as PFPRMT1. PfPRMT1 is an evolutionarily conserved protein with
type | PRMT activity towards histone H4 and a number of GAR-motif proteins as potential
substrates. PfPRMT1 is expressed in all asexual erythrocytic stages of the parasite and

the protein is localized in both cytoplasm and nucleus. The inhibitory effect of general
methyltransferase inhibitors on the parasite suggests that PRMTs could serve as potential
targets for developing antimalarial drugs.

EXPERIMENTAL

Identification of potential PFPRMTs and substrates in the parasite genome

To identify PRMTs in the Plasmodium genomes, we used the BLASTP algorithm to

search the malaria database (http://www.plasmoDB.org) using the protein sequences of
human PRMTs [4]. Protein pattern and architecture were further researched using a Hidden
Markov Model (HMM) embedded in the SMART program (http://smart.embl.de). To
identify the protein homologues for known PRMT substrates, we used the human fibrillarin
(CAA39935), PABPII (AAH10939), and ribosomal protein S2 (rpS2) (NP_002943), and
Saccharomyces cerevisiae Garlp (AAB68929) to search PlasmoDB using BLASTP.

Protein expression and purification

Full-length cDNA encoding PFPRMT1 was amplified by polymerase chain reaction (PCR)
with primer pairs PFPRMT1-F1/PfPRMT1-R1 (Supplemental Table 1) and cloned at the
BamH| and Sal sites of the vector pMAL-c2x (New England Biolabs) and pGEX-6P-1

to produce maltose binding protein (MBP)-PfPRMT1 and glutathione S-transferase (GST)-
PfPRMT1, respectively. Recombinant protein was expressed in bacterial strain BL21 after
induction with 0.3 mM of IPTG for 3 h at 37°C. For purification of recombinant MBP-
PfPRMT1, bacteria were resuspended in amylose column buffer (20 mM Tris, pH 7.5,

200 mM NacCl, 2 mM dithiothreitol [DTT], 1 mM PMSF) and lysed by sonication (four
pulses of 40 s each). The lysate was clarified by centrifugation at 14,000 x g for 20 min

at 4°C. The supernatant was diluted (1:5 with column buffer) and loaded to an amylose
resin column. The column was washed with 20 column volumes of amylose column

buffer. The MBP-PfPRMT1 fusion protein was eluted with column buffer containing 10
mM maltose. Similarly, GST-PfPRMT1 was purified using a glutathione Sepharose 4B
column (GE Healthcare) as described previously [22]. PFPRMT1 truncations corresponding
to amino acids (aa) 35-401, 56-401, and 1 to 348 were amplified with primer pairs
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PfPRMT1-F7/PfPRMT1-R1, PfPRMT1-F4/PfPRMT1-R1, and PfPRMT1-F1/PfPRMT1-R7,
respectively (Supplemental Table 1), and cloned into the pGEX-6P-1 at the BamHI and
Sall sites to produce GST fusion proteins. Tag-free PFPRMT1 was cleaved off the column
by using PreScission Protease (GE Healthcare). All purified recombinant proteins were
dialyzed twice in 1 L of 50 mM sodium phosphate buffer (pH 8.0) containing 2 mM

DTT and 10% glycerol at 4°C. When necessary, recombinant proteins were concentrated
by using MICROCON Centrifugal Filter Devices YM-10 (Millipore). Purified recombinant
PfPRMT1 was kept at —=70°C for binding and enzyme activity assays. For antibody
production, full-length PFPRMT1 was cloned into the pET28a (+) vector (Novagen) at
BamH| and Sall sites. Recombinant PFPRMT1 was purified with Ni-NTA resin (Qiagen),
and dialyzed in PBS. The purified recombinant PFPRMT1 was used to produce polyclonal
rabbit anti-PfPRMT1 antiserum (Proteintech Group Inc). This antiserum was used directly
in subsequent experiments without purification of the antibodies.

To identify potential methylation substrates for PFPRMT1, we have selected nine GAR-
motif-containing P, falciparum genes and expressed the full-length or truncated proteins
fused to either GST or MBP as described above using primers listed in Supplemental Table
1. These are PABPII (PFI1175c), fibrillarin (PF14_0068), putative PABP (MAL13P1.303),
Garl-like homologue (PF13_0051), rpS2 (PF14_0448), and four splicing factor-like proteins
(PFF1135w, PF10_0068, PF10_0217, and PFE0865c). Purified recombinant proteins were
used in methylation assays with MBP-PfPRMTL.

In vitro dimerization and AdoMet binding of recombinant PIPRMT1

To determine whether PFPRMT1 forms dimers and oligomers, purified recombinant protein
(1 pM) was incubated without or with 0.025% glutaraldehyde in 50 mM sodium phosphate
buffer (pH 8.0) at room temperature for 3 or 5 min [30]. The reactions were stopped by

the addition of an equal volume of 2 x Laemmli sample buffer, and the proteins were
separated by 10% SDS—polyacrylamide gel electrophoresis (PAGE), and then detected by
immunoblotting with the polyclonal rabbit anti-PfPRMT1 antiserum (1:5000) and horse
radish peroxidase-conjugated goat anti-rabbit 1gG (1:3000).

To determine whether PFPRMT1 binds to AdoMet as the substrate, ~3 g (1.2 uM) of
recombinant MBP-PfPRMT1 or PfPRMT1 were incubated with 1.6 uM of [3H]AdoMet
(82.0 Ci/mmol, GE Healthcare) in 30 pl of cross-linking buffer (50 mM sodium phosphate
[pH 8.0], 5 mM MgCl,, 2 mM DTT) at 4°C overnight [26]. For competition experiments,

a 1000-fold excess of unlabelled AdoMet or ATP (Sigma) was included the reaction.

The reactions were placed on ice and exposed to UV irradiation (254 nm) for 60 min

at a distance of 5 cm from the UV light. Afterwards, the proteins were resolved by

10% SDS-PAGE, stained with Coomassie blue, and processed for fluorography using an
autoradiographic enhancer (Perkin Elmer). The gel was dried and exposed to X-ray film for
five weeks.

In vitro methylation assay

In vitro methylation assay of PFPRMT1 activity was carried out in 20 pl of methylation
assay buffer (50 mM sodium phosphate [pH 8.0], 5 mM MgCl,, 2 mM DTT), 1 uCi
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[3H]AdoMet, 2-4 ug of substrates, and 1.5 pug (0.6 pM) of recombinant MBP-PfPRMT1 at
30°C for 1 h. The reactions were stopped by the addition 4 x SDS-PAGE sample buffer and
boiled for 5 min. Proteins were resolved by 10% or 15% SDS-PAGE, stained and processed
for fluorography as described above.

Mass spectrometry analysis of substrate peptides and enzyme kinetics

To further determine the methylated arginines in potential substrates, two histone

H4 peptides PfH4-21 (Ac-SGRGKGGKGLGKGGAKRHRKI) and PfH4-21R3K (Ac-
SGKGKGGKGLGKGGAKRHRKI), and two GAR-motif peptides PFI11175¢-16 (156-171)
(KISPFRGRGMKSALGV) and PF14_0068-15 (44-58) (GRGGGGGGRGGGGG) were
synthesized (GenScript Corporation). Methylation reaction was performed in 10 pl of
methylation buffer, 250 uM AdoMet, 20 uM of each peptide, and 3 ug (1.2 pM) of
recombinant MBP-PfPRMT1 at 37°C. Reactions were stopped at different time points by
adding 0.5% trifluoroacetic acid (TFA) and methylation products were detected by mass
spectrometry using the Micromass Matrix Assisted Laser Desorption lonization Time of
Flight (MALDI-TOF) mass spectrometer (\Waters).

Enzyme kinetics was determined for the recombinant PFPRMT1 using a similar method as
described [31]. To determine the kinetic parameters for the PfH4-21 peptide, the methylation
reaction was performed with 1.1 pM of MBP-PfPRMT1, a constant amount of [3H]AdoMet
(50 uM), and varying concentrations (2 - 20 uM) of PfH4-21 at 37°C for 5 min. For the
substrate AdoMet, methylation reaction was performed with a constant amount of PfH4-21
peptide (50 uM) and varying concentrations of [?H]AdoMet (0.2 - 2 pM) at 37°C for 10 min.
All reactions were performed in duplicate in a final volume of 10 pl, stopped by addition

of 0.5% TFA, and spotted onto Whatman P-81 cation exchange filter. The radiolabeled
products were processed for quantification using a liquid scintillation counter (LSC) as
previously described [32]. Data for each point were fitted to the Michaelis—Menten plot to
obtain the binding constant K}, and catalytic turnover kg, values.

Parasite culture

The R falciparum 3D7 clone was cultured as described [33]. For time-course studies,
parasites were synchronized by two rounds of treatment of ring-stage parasites with 5%
sorbitol, and then collected at ring, early trophozoite, late trophozoite and schizont stages
[34]. Parasites were released by lysing the erythrocyte membrane with 0.05% saponin and
washed twice with PBS.

In vivo PFPRMT1 expression and activity

Total RNA was extracted from the parasites using Trizol Reagent (Invitrogen) and treated
with RNase-free DNase | [35]. The 5’ and 3’ ends of the P/PRMT1 mRNA were determined
by using the FirstChoice RNA ligase-mediated rapid amplification of cDNA ends (RLM-
RACE) kit (Ambion) with PFPRMT1-specific primers (Supplemental Table 2) [36]. RACE
products were cloned in TOPO cloning vector (Invitrogen) and sequenced. The relative
levels of PPRMT1 expression were studied by real-time reverse transcriptase (RT)-PCR
analysis at four stages of the £, falciparum asexual erythrocytic cycle using HotStart-1T
SYBR Green One-Step qRT-PCR Master Mix Kit (USB) with primers PfPRMT1-F3 and
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PfPRMT1-R3 (Supplemental Table 2). The constitutively expressed sery/-tRNA synthetase
gene (PF07_0073) was used as the internal reference. Data analysis and determination of the
threshold cycle (C;) values were performed as described previously [14].

To study PfPRMT1 protein expression during intraerythrocytic development cycle (IDC),
synchronized parasites were lysed by sonication (three pulses of 10 sec each). Equal
amounts of the parasite lysates (30 pg) at each stage were separated by 10% SDS-PAGE
and transferred to nitrocellulose membranes. Western blots were performed using a standard
procedure [37] with rabbit anti-PfPRMT1 antiserum (1:2000) as the primary antibodies

and horse radish peroxidase-conjugated goat anti-rabbit 1gG (1:3000) as the secondary
antibodies. Blots were developed using the DAB substrate (Roche).

To determine PfPRMT1 activity /in vivo, the endogenous PfPRMT1 was obtained by
immunoprecipitation (IP) assay as described [40]. Briefly, 50 ul of protein A agarose
(Sigma) was washed three times with an IP buffer (150 mM NaCl, 1% Triton X-100, 50
mM Tris, pH 8.0, 1 mM DTT, 0.2 mM PMSF), and then bound with 50 pl of preimmune or
anti-PfPRMT1 antiserum. After washing with the IP buffer, the agarose beads were mixed
with 300 pl of precleared lysate from 2 x 108 parasites. Afterwards, the beads were washed
three times with the IP buffer, twice with the methylation assay buffer, and resuspended in
methylation buffer to a total of 50% slurry. The agarose beads were directly assayed for
methylation activity using recombinant PfH4 as the substrate.

Plasmid construction and parasite transfection

To generate green fluorescent protein (GFP)-tagged PfPRMT1, a construct containing
PfPRMT1 amino acids 1-401 fused with a downstream GFP tag and pDT3 terminator

was made in pBluescript. The resulting PFPRMT1-GFP-pDT3 cassette was then cloned into
pHD22Y [38] at BamHI and Nod sites to obtain the final transfection construct pHD22Y-
PfPRMT1-GFP. Parasite transfection was carried out by culturing the late stage schizonts
with RBCs preloaded with 100 pg of plasmid DNA [39]. Parasites containing the plasmid
were selected with 2.5 nM of WR99210 for about three weeks and replenished weekly with
fresh RBCs. Parasites with stable chromosomal integration of the plasmid were enriched by
two cycles of drug on-off selection, and single clones of transformed parasites were obtained
by limiting dilution [40]. Integration of the plasmid at the PfPRMT1 locus was screened by
integration-specific PCR and western blots. Primary antibodies were either anti-PfPRMT1
antiserum at 1:2000 or monoclonal anti-GFP antibody at 1:1000 (Roche).

Histone arginine methylation in parasites

To study histone arginine methylation, histones were isolated from the three IDC

stages of synchronized parasites as described previously [14]. Equal amounts of proteins
were separated by 18% SDS-PAGE analysis. Western blots were performed using anti-
dimethylated H4R3 and anti-dimethylated H3R17 (Millipore). These antibodies do not react
with recombinant 2. falciparum histones expressed in £. coli (data not shown). As a loading
control, the blot was probed with anti-H4 antibodies.
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Subcellular localization of PFPRMT1

Immunofluorescence assay (IFA) was performed as described [41]. Briefly, infected RBCs
were washed once with PBS buffer and cell pellet (~100 pl) was fixed with 1 ml of 4%
paraformaldehyde and 0.0075% glutaraldehyde in PBS for 30 min. Fixed cells were washed
twice with PBS and treated with 0.5% Triton X-100 in PBS for 10 min. Cells were washed
twice with PBS and blocked in 3% BSA for one hour at room temperature. The polyclonal
anti-PfPRMT1 antiserum (1:300) was added and incubated for another two hours. After
washing the cells three times with PBS, FITC-conjugated anti-rabbit 1gG antibodies (Sigma)
were added at 1:100 in 3% BSA containing 4-6-diamidino-2-phenylindole (DAPI) and
incubated for one hour. Images were captured using a Nikon Eclipse E600 epifluorescent
microscope. Localization of GFP-tagged PfPRMT1 was determined similarly.

To estimate the distribution of PFPRMT1 in the cytoplasmic and nuclear compartments of
the parasite, ~100 ul of parasite pellet was resuspended in 300 ul of a hypotonic buffer

(10 mM HEPES, pH7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT, 0.5 mM EDTA

and 1% protease inhibitor cocktail) and incubated on ice for 10 min. The parasites were
mechanically lysed by 30~40 strokes in a Dounce homogenizer with pestle B and then
centrifuged at 2,700 x g for 10 min at 4°C. The supernatant was used as the cytoplasmic
extract and the pellet was resuspended in 300 ul of PBS as the nuclear extract. Equal
proportions (1/15) of the protein extracts (20 pl) were resolved by 15% SDS-PAGE, stained
by Coomassie blue and detected by immunaoblotting using the anti-PfPRMT1 antiserum
(1:2000) and anti-histone H4 antibodies (1:1000, Millipore) as a control. For a cytoplasmic
protein, we used a rabbit antiserum against the recombinant His-tagged £ falciparum
histone-like protein (PfHLP, PF10230c), which was tested specific for PfHLP in the parasite
(data not shown).

Small molecule inhibitors

To evaluate the potential effect of small molecule inhibitors on recombinant PfPRMT1

and parasite growth, the following compounds were selected: sinefungin, 5-deoxy-5-
methylthioadenosine [MTA], AMI-5 (eosin), chaetocin, and adenosine dialdehyde (AdoX).
To estimate the 1Cgq values of these compounds for PFPRMT1, 0.8 uM of MBP-PfPRMT1
and different concentrations of the inhibitors were pre-incubated at room temperature for
15 min in the methylation buffer. Subsequently, 6 uM of recombinant PfH4 and 0.3 uM

of [3H]AdoMet were added and incubated at 30°C for 30 min. Reactions were stopped

by incubating at 80°C for 10 min and spotted onto P-81 filter for LSC. Assays were
performed in duplicates. To determine the effect of these chemicals for parasite growth, a
luciferase-expressing strain 3D7-luc was used [42]. Late ring-stage parasites (100 pl) were
seeded in triplicate in 96-well plates at 2% parasitemia and 2% hematocrit and incubated at
37°C for 48 h with different concentrations of the chemicals. 1C5ps were calculated by linear
regression analysis [42].
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RESULTS

Plasmodium encodes conserved PRMTs

BLASTP search of the £, falciparum genome in PlasmoDB has identified three PRMT
candidates (Fig. 1). Putative PFPRMT1 (PF14_0242) and PfPRMT5 (PF13_0323) have been
identified previously [4, 26]. PFO8_0092 encodes a putative PRMT with all conserved
methyltransferase motifs. It is probably a homologue of the mammalian CARM1 protein,
since its homologue in 7. gondii could methylate R17 in histone H3 [27]. No additional
domains were identified in the PFPRMT proteins. Phylogenetic analysis clearly identified
PF14_0242 and PF13_0323 as PRMT1 and PRMT5 homologues, respectively (Fig. 1B).
These three PRMTs are conserved in all Plasmodium genomes sequenced so far.

PfPRMT1 has 401 amino acids with a predicted molecular weight of 47.4 kDa. Compared
with the Rattus norvegicus (Rn) PRMTL and the Saccharomyces cerevisiae (Sc) HMT1
(heterogeneous nuclear ribonucleoprotein methyltransferase 1), of which the structures have
been solved [43, 44], PFPRMT1 is ~50 amino acids longer in the N-terminus (Fig. 1A).
PfPRMT1 contains the conserved methyltransferase motifs I, post-1, 11, I11 and THW loop.
Most of the residues (10/13) involved in AdoMet binding are conserved [44]. In addition, the
essential G68 for the yeast HMT1 activity, and the RnPRMT1 E144 and E153 involved in
binding the guanidine group in the arginine substrate are also conserved in PfPRMT1. The
dimerization domain shows a lesser degree of conservation with 62% amino acid identity.

Microarray data show that Pf/PRMT1 is expressed throughout the intraerythrocytic stages.
Real-time RT-PCR analysis using RNA from synchronized parasites yielded a similar
result, with the highest P/PRMT1 mRNA level being detected in early trophozoites and

the lowest level in schizonts (Fig. 1C). To determine the transcription initiation site and
polyadenylation sites of P/PRMTI mRNA, RLM-RACE and 3’ RACE analyses were
performed with RNA from asexual blood stage parasites. From a total of 18 clones
sequenced for the 5 RLM-RACE, the 5’ ends were mapped to —560 (8), —528 (6), =527
(1), =529 (1), -533 (1), and =537 bp (1) (number in parenthesis indicates number of clones
sequenced) upstream of the putative ATG codon, indicating that PFPRMT1 has a relatively
long 5’ untranslated region (5’UTR). Sequencing of 13 clones from 3° RACE analysis
detected two clusters of polyadenylation sites at 37 (1), 40 (6), 49 (1), and 363 (1), 364

(2), 365 bp (2) downstream of the stop codon. Therefore, the predicted PFPRMTI mRNA is
approximately 1.8-2.1 kb.

PfPRMT1 has conserved type | PRMT activity

Since PFPRMT1 has the conserved AdoMet-binding and dimerization motifs, we first tested
whether these motifs are functional. Recombinant PFPRMT1 was expressed in bacteria and
used in UV cross-linking experiments with radiolabeled AdoMet. The result showed that
recombinant PFPRMT1 could bind to AdoMet (Fig. 2A). This binding was not affected by
the addition of excessive amounts of non-substrate ATP, but was reduced to an undetectable
level when 1000-fold excess of cold AdoMet was added in the cross-linking reaction. This
suggests that the recombinant PfPRMT1 binds specifically to the cofactor AdoMet. The
presence of the MBP fusion did not affect AdoMet binding.
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Oligomerization is important for enzymatic activity of PRMTL, 3 and 5 [44-46].

To determine whether PFPRMT1 could form homo-oligomers, purified PFPRMT1 was
incubated with or without the crosslinking reagent glutaraldehyde. SDS-PAGE analysis
indicated that untreated protein migrated at the predicted size of 47 kDa, corresponding to
the monomer (Fig. 2B). In contrast, the treated samples showed proteins bands that migrated
at sizes corresponding to homo-dimers, -tetramers, and -oligomers, respectively (Fig. 2B).
As an internal control, a bacterial protein present in the sample did not form any oligomers.
This suggests that despite the lesser degree of homology in the dimerization arm between
PfPRMT1 and the mammalian PRMT1s, it has retained the ability to oligomerize.

Mammalian PRMT1 displays enzymatic activity towards histone H4 and H2A [7]. To
determine whether the recombinant PfPRMT1 has arginine methyltransferase activity, we
used purified recombinant £, falciparum core histones H2A, H2B, H3, and H4 in the
methylation assay [22]. We have expressed and purified PFPRMT1 using different tags
(GST, six histidines and MBP) and found that these tags did not interfere with the methylase
activity (data not shown). In comparison to the MBP protein as the control, MBP-PfPRMT1
displayed robust methylase activity towards H4, and to a lesser extent, H2A (Fig. 3A). We
then used specific antibodies against the monomethylated and asymmetrically dimethylated
H4R3 and showed that recombinant PfPRMT1 indeed catalyzed H4R3 monomethylation
and asymmetric dimethylation (Fig. 3B). To determine if PFPRMT1 from the parasite has

a similar activity on histone H4, we performed IP of parasite lysate using preimmune

serum or polyclonal antiserum against recombinant PfPRMT1. Precipitated proteins with
the PFPRMT1 antiserum had authentic methyltransferase activity to methylate recombinant
PfH4, whereas this activity was not observed with proteins precipitated with the preimmune
serum (Fig. 3C).

PRMT1 exhibits significant sequence variations in the first 40 amino acids at the N-
terminus. In the rat PRMTL1, deletion of the first 14 amino acids does not affect the
enzymatic activity, whereas truncation to amino acid 38 abolishes enzymatic activity [44].
In the yeast HMT1, the first 15 amino acids are not essential, but deletion of the first

20 amino acids results in markedly reduced enzyme activity [43]. PFPRMT1 has ~50
extra amino acids in the N-terminus comparing with the yeast and rat homologues (Fig.
1A). To determine whether this sequence is important for the methyltransferase activity,
we generated several truncations of PfPRMT1 and tested their enzyme activity using
recombinant H4 as the substrate. We found that deletion of the first 34 amino acids had
no effect on methyltransferase activity (Fig. 4). However, truncation to amino acid 56
completely abolished the enzyme activity. Similarly, the C-terminal 54 amino acids were
also critical for the enzyme activity.

PfPRMT1 has broad substrate specificity

In model eukaryotes, PRMT1 methylates a wide variety of substrates, including histones,
transcription factors, and a number of proteins involved in RNA processing, transport and
translation [1]. Among them, fibrillarin [47], PABPII [48, 49], Garlp homologue [50], and
rpS2 [51] are evolutionarily conserved in P, falciparum. In addition, we have also identified
several potential splicing factors, which have putative RGG, RG, or RXG boxes. We wanted
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to determine whether these P, falciparum proteins could serve as the PFPRMT1 substrates /n
vitro. These proteins or their GAR-motif containing domains were expressed in E. coli as
either GST- or MBP-fusion proteins (Supplemental Table 1), and were tested in methylation
reactions using [3H]-labeled AdoMet. The results showed that fibrillarin (PF14_0068),
PABPII (PFI1175c), rpS2 (PF14_0448), and a putative splicing factor (PFE0865c) could

be methylated /n vitro, indicating that they are potential physiological substrates for
PfPRMT1 (Fig. 5). It is noteworthy that PFPRMT1 methylated the N-terminal polypeptides
of fibrillarin (1-100 aa) and rpS2 (1-60 aa), which have extensive GAR motifs. Among

the putative splicing factor-like proteins, PFE0865c could be methylated by PfPRMT1,
suggesting that PFPRMT1 may affect pre-mRNA splicing events. PFE0865c is an arginine-
and serine-rich protein with two RNA recognition motifs (RRMs). One typical RGG motif
and three RG motifs are located in the N-terminus between the two RRMs, while the
C-terminal 100 amino acids are highly enriched with serine (36/100 amino acids). To
determine which region was methylated by PFPRMT1 in PFE0865c, we expressed the
N-terminal RG-containing fragment (1-112 aa) and the C-terminal Ser-rich domain (199-298
aa) separately. The results showed that both regions could be methylated by PfPRMT1.
Since the C-terminal domain contains only one RSG sequence, which was shown to be

a very poor substrate for PRMT1, this result supported the notion that PRMT1 could
methylate arginines beyond the RG maotifs [52].

PfPRMT1 enzyme kinetics with substrate peptides

Having determined that 2 falciparum histone H4, PABPII, and fibrillarin were in vitro
substrates of recombinant PFPRMT1, we wanted to identify the substrate arginines, and
determine their methylation status and dynamics. To confirm that H4R3 is the only arginine
in the N-terminus that is methylated by PfPRMT1, we synthesized the wild-type H4
peptide (1-21 aa) and H4 peptide with the R3K mutation (PfH4-21R3K). Despite that

the PfH4-21 peptide contains three arginines, only R3 is in the RG context. The results
showed that only the wild-type PfH4-21 peptide but not PfH4-21R3K was methylated by
PfPRMT1, demonstrating the specificity of PFPRMTL1 for R3 (Fig. 6A). In addition, the
PABPII peptide (PF11175¢-16) with two RG motifs was also methylated by PFfPRMT1 (Fig.
6A). To determine the methylation status of the peptides and its dynamics, time-course
studies were performed with these peptides and the methylation products were analyzed

by mass spectrometry. The spectra showed that the two RG maotifs in PABPII peptide and
the two RGG moaitifs in fibrillarin were both methylated by PFPRMT1 (Fig. 6B). For both
peptides, the predominant forms of the methylation products at 60 min contained two methyl
groups. For the H4 peptide, the presence of only one arginine for methylation allowed us to
analyze the dynamics of the methylation reactions. By 20 min of the reaction, approximately
equamolar amounts of MMA and DMA were detected (Fig. 6B, C), which conforms to

the partially processive mechanism of the reaction proposed for PRMT1 and suggests that
mono- and di-methylation occur sequentially without the release of the monomethylated
product [31]. In two hours, the R3 in the H4 peptide was predominantly dimethylated (Fig.
6C).

The Kinetics of the H4R3 methylation in the PfH4-21 peptide was characterized and
compared with the mammalian homologues. While the kinetic parameters were generally
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agreeable with those of the rat PRMT1 [31], PfPRMT1 had >5 and ~2 times higher Aca/Kn
value than the mammalian homologue for the peptide and AdoMet substrates, respectively
(Table 1).

PfPRMTL1 protein expression in the parasite

To detect PFPRMT1 expression in the parasite, we produced polyclonal rabbit antiserum
against recombinant PFPRMT1. We first assessed PFPRMT1 expression by western blots
using equal amounts of protein lysates from synchronized parasites. Western blots detected
a protein band of ~47 kDa, consistent with the predicted molecular weight of PfPRMT1
(Fig. 7A). PfPRMT1 was detected throughout the IDC with higher levels detected in
trophozoites. In addition, a protein band of ~70 kDa cross-reacted with the PfPRMT1
antiserum. Preimmune serum did not detect any of these protein bands (data not shown).
To further demonstrate that the 47 kDa protein is PFPRMT1, we tagged the endogenous
PfPRMT1 with GFP at the C-terminus. Chromosomal integration-specific PCR confirmed
the correct targeting of the endogenous PfPRMT1 locus (data not shown). Western blots
using both anti-GFP and anti-PfPRMT1 antibodies detected a protein band of ~72 kDa in
parasite lysates of two transgenic parasite clones, consistent with the predicted size of the
PfPRMT1-GFP fusion protein (Fig. 7B). Meanwhile, the 47 kDa band disappeared from the
GFP-tagged clones.

Histone arginine methylation during parasite development

With H4 being determined as a PFPRMT1 substrate /n vitro, we next wanted to determine
the presence and dynamics of H4R3 dimethylation during IDC. The result showed that
H4R3 dimethylation was present in all asexual erythrocytic stages with much higher levels
found in late trophozoites and schizonts (Fig. 8). In comparison, the level of dimethylated
H3R17, possibly modified by the CARM1-like PRMT in the parasite, was prevalent
throughout IDC.

Subcellular localization of PFPRMT1

In the parasite line with GFP-tagged PfPRMT1, strong GFP fluorescence was detected in
both the cytoplasm and the nucleus (Fig. 9A). Similar results were obtained with wild-type
3D7 parasites by IFA using anti-PfPRMT1 antiserum (data not shown). Further analysis of
the nuclear-cytoplasmic distribution of PfPRMT1 was performed using fractionated parasite
lysates. Parasites were fractioned into nuclear and cytoplasmic extracts and the proteins from
each fraction were resolved on SDS-PAGE and subjected to immunoblotting. The correct
fractionation of parasites was demonstrated by the predominant detection of histone H4 in
the nuclear fraction and the apicoplast-specific protein PfHLP in the cytoplasmic fraction
[53]. The results showed presence of PFPRMTL in both cellular fractions with the majority
localized in the cytoplasm (Fig. 9B). Only a minor fraction of PFPRMT1 was present in

the nucleus, which is similar to the cellular distribution of the human PRMTL1 [54]. This is
consistent with the presence of both nuclear (e.qg., fibrillarin and histones) and cytoplasmic
(e.g., rpS2) substrates.
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The effect of small molecule inhibitors

AdoMet-dependent methyltransferases are inhibited by the reaction product, S-adenosyl-L-
homocysteine (SAH). Among the two structural analogues of SAH, sinefungin was a potent
inhibitor of PFPRMT1 with an ICsq of <1 pM, whereas MTA was a poor inhibitor (Table
2). These values are compatible with those for the recombinant human PRMT1 [31]. The
recently identified AMI-5 as a general inhibitor for arginine and lysine methyltransferases
also displayed strong inhibitory activity for PFPRMT1 [55]. In comparison, the fungal
metabolite chaetocin, an inhibitor for lysine-specific histone methyltransferase Su(var)3-9
[56], displayed no obvious inhibition of PFPRMT1 in the lower micromolar concentration.
When tested on the intraerythrocytic stages of the malaria parasites, all compounds except
MTA had potent parasite growth inhibition activities with 1Cgys below 15 uM (Table 2).
Adox, an inhibitor for SAH hydrolase, also showed similar inhibitory activity on parasite
growth. Adox treatment may have affected all AdoMet-dependent methyltransferases, thus
leading to parasite growth inhibition, since it can elevate the cellular level of SAH [57].

DISCUSSION

Here, we present biochemical evidence to show that PfPRMT1 has intrinsic type | PRMT
activity, catalyzing the formation of MMA and aDMA. Particularly, PFPRMT1 shares
significant sequence homology and similar enzymatic activity on potential substrates

to PRMT1 homologues in higher eukaryotes. Although the methyltransferase motifs in
PfPRMT1are highly conserved, its extra 50 aa N-terminal sequence is not only highly
divergent from the mammalian orthologues, but also essential for its enzymatic activity.
Further, despite that enzyme kinetic parameters of the recombinant PfPRMT1 are similar to
those of its mammalian enzymes, PfPRMT1 has a much higher turnover rates. These and
other differences from the mammalian enzymes may serve the basis for developing specific
inhibitors for the parasite enzyme.

Methylation of arginines in histones has profound effects on gene expression [12]. We
showed that recombinant PFPRMT1 predominantly methylates H4 at R3, forming MMA

and aDMA. Besides, both forms of H4R3 methylation are present during the entire IDC.
Furthermore, both PFPRMT1 and asymmetric H4R3 dimethylation are dynamic during
parasite development, exhibiting similar patterns of increases as the parasites mature (Fig.

7 and 8). We have also confirmed the presence of H3R17 methylation in the parasite, a
potential substrate of the CARM1-like PRMT (Fig. 8). While methylation of H4R3 and R17
is involved in transcription activation in mammals [11, 58, 59], its significance in epigenetics
of the malaria parasite awaits further elucidation.

Besides histones, a large number of cellular proteins has been identified as the physiological
substrates of PRMT1s [1]. PfPRMT1 could methylate four of the nine selected P, falciparum
proteins, including conserved PRMT1 substrates fibrillarin and PABPII. Fibrillarin is an
evolutionarily conserved ribose-2’- O-methylase associated with C/D class small nucleolar
RNAs, and involves in rRNA maturation and ribosome assembly [60]. PABPII is a nuclear
protein involved in mRNA polyadenylation [49, 61]. In addition, PfPRMT1 could methylate
a new GAR-motif-containing splicing factor-like protein (PFE0865c) /n vitro. These results
strongly indicate conserved functions for PfPRMT1 in RNA processing and metabolism.
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In higher eukaryotes, the evolution of many more PRMTSs allows functional divisions

of PRMTs. Malaria parasites have only three PRMTs; thus, each of these protozoan

PRMTs may have a broader substrate range, which may represent their ancestral functions.
Interestingly, we also found that PFPRMT1 could methylate rpS2 in vitro, a physiological
substrate of PRMT3 [62], suggesting that PFPRMT1 might affect ribosome biogenesis and
the translational machinery. In trypanosomes, PRMT1 also methylates proteins that affect
the metabolism of specific mitochondrial mMRNAs [29]. Therefore, investigations into the /n
vivo substrates of protozoan PRMT1s may reveal novel pathways where these enzymes play
regulatory roles.

PRMTs have been considered promising pharmaceutical targets [4]. We have found that the
inhibitor sinefungin as well as AMI-5 had both lower micromolar 1Csgs for the recombinant
PfPRMT1 and the parasite growth. This result indicates that parasite methyltransferases
could serve as potential targets for development of antimalarials. Since most of the
compounds tested presumably affect all methyltransferase activities non-specifically, it is
highly desirable to screen for specific inhibitors for different PRMTs [55]. The robust
PRMT activity of the recombinant PFPRMT1 and its divergence from the mammalian
PRMT1s may provide such a tool for screening specific inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Alignment of PfPRMT1 with RnPRMT1 (NP_077339) and SCHMT1 (NP_009590).

Identical and similar amino acids are shadowed in black and grey, respectively. The
methyltransferase signature motifs I, post-1, 11, 111 and the THW loop are boxed. Borders

of the cofactor binding domain and dimerization arm are marked by arrows. Asterisks
below the sequences indicate residues involved in AdoMet binding. Downward arrows
indicate the sites of the truncation in PfPfPRMT1 for activity analysis. B. Phylogenetic
analysis of Homo sapiens (Hs) PRMT1 (NP_001527), HSPRMT3 (AAH37544), HSCARM1
(Q86X55), HSPRMTS5 (014744), HsSPRMT6 (AAH73866), HSPRMT7 (NP_061896),
HsPRMT8 (AAH22458), SCHMT1, RnPRMTL1 and three P, falciparum PRMTs. Shown here
is the UPGMA tree constructed using MEGA program (http://www.megasoftware.net). C.
Real-time RT-PCR determination of the relative expression levels of PFPRMT1 during the
IDC of P, falciparum. R —ring, ET — early trophozoite, LT — late trophozoite, S — schizont.
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A. UV-crosslinking to detect specific binding of PFPRMT1 to AdoMet. Either recombinant
MBP-PfPRMT1 (upper bands) or PFPRMT1 (lower band) was used in the binding reactions.
1000-fold excess of unlabeled ATP or AdoMet was included as the competitor. Upper

panel shows Coomassie blue-stained gel, and lower panel shows the fluorograph. B.
Oligomerization of recombinant PFPRMT1. Recombinant PFPRMT1 was incubated without
(lane 1) or with 0.025% glutaraldehyde for 3 min (lane 2) and 5 min (lane 3), respectively.
After cross-linking the proteins were separated in 10% SDS-PAGE and probed with the
anti-PfPRMT1 antiserum. Monomers, dimers, tetramers, and multimers are indicated. The
asterisk indicates a bacterial protein present in the purified PFPRMT1, which does not show

detectable crosslinking under these conditions.
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Figure 3.
PfPRMT1 enzymatic activity on histones. A. Methylase activity of MBP-PfPRMT1 on

histones. MBP-PfPRMT1 or MBP was used in methylation assays with recombinant

P, falciparum core histones, and the reactions were separated by 15% SDS-PAGE.

Left panel shows the Coomassie blue-stained gel, while the right panel shows the
fluorograph. B. MBP-PfPRMT1 methylates H4R3. The same methylation reaction was
performed using non-radioactive AdoMet and the blot was probed with polyclonal
antibodies against asymmetrically dimethylated H4R3 (H4R3m2) and monomethylated
H4R3 (H4R3m1). C. PfPRMT1 expressed in the parasite methylates H4. Parasite lysates
were immunoprecipitated with anti-PfPRMT1 antiserum or preimmune serum, and the
precipitated proteins were used in methylation reactions using recombinant PfH4 as the
substrate. H4 methylation was detected by fluorography.
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Figure 4.
The effect of terminal truncations on PfPRMT1 activity. Recombinant PfPRMT1s (full-

length and different terminal truncations) were incubated with PfH4 in methylation reactions
and the proteins were separated by SDS-PAGE. Upper panel shows the Coomassie blue-
stained gel, and the lower panel the fluorograph.
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Figure 5.

PfPRMT1 activity on potential substrates. Nine £ falciparum proteins were expressed in £.
coli as either GST- or MBP-fusion proteins, purified, and incubated with MBP-PfPRMT1
in methylation assays. Upper panel shows the Coomassie blue stained gel, and lower

panel is the fluorograph. GST-fusion proteins include PABPII (1-202), fibrillarin (1-100),
putative PABP (1-383), Garl-like (1-209), PF10_0068 (1-246), PFF1135w (128-347),

and PF10_0217 (391-538). MBP-fusion proteins include PFE0865c (1-298), FE0865¢c-C
(199-298), PFE0865c-N (1-112), and rpS2 (1-60).
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Figure 6.

PfPRMT1 activity on peptides. A. Recombinant MBP-PfPRMT1 activity on peptides.
Peptides PfH4-21, PfH4-21R3K, and PFI1175c-16 were incubated with MBP-PfPRMT1,
separated in a 20% SDS-PAGE gel and stained by Coomassie blue (upper panel), while
methylation of the peptides was detected by fluorography (lower panel). B. Spectra of

the MALDI-TOF analysis of methylation of peptides PfH4, PF14 0068, and PFI1175c by
recombinant MBP-PfPRMT1 to indicate the unmodified and methylated peptides (with an
increment of a mass of 14). H4 peptide has only one substrate arginine, while the other two
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peptides both contain two substrate arginines. C. A time-course analysis of methylation of
PfH4-21 by MBP-PfPRMTL. The graph is a representative of two experiments to show the
relative quantities of the unmodified substrate and the products with MMA (mono-R) and
aDMA (di-R).
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Anti-GFP

PfPRMT1 expression in the parasite. A. Time course expression of PFPRMT1 during IDC.
Equal amounts of parasite lysate (~30 g) were separated in 10% SDS-PAGE and probed
with polyclonal anti-PfPRMT1 antiserum. Left panel is the Coomassie blue-stained gel

to indicate approximately equal loading. Asterisk indicates the cross-reacting protein. R
—ring, ET — early trophozoite, LT — late trophozoite, S — schizont. B. Confirmation of

the C-terminal GFP tagging of the endogenous PfPRMT1 locus. Two clones (GFP-1 and
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GFP-2) were probed with the anti-PfPRMT1 antiserum (left panel) or the anti-GFP antibody
(right panel). Lysate from wild-type 3D7 parasite was included as a GFP-negative control.
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Figure 8.
Histone arginine methylation during IDC of the parasite. Histones from synchronized

parasites were purified, separated and probed with anti-dimethylated H4R3 (H4R3m2) and
anti-dimethylated H3R17 (H3R17m2) antibodies. Immunoblotting with anti-H4 antibodies
was included to indicate equal loading. R —ring, ET — early trophozoite, LT — late
trophozoite, S — schizont.
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Figure 9.

Subcellular localization of PfPRMTL1 in ring, trophozoite and schizont stages. A.
Localization of GFP-PfPRMT1. Representative images of GFP-PfPRMTL1 in a ring,
trophozoite, and schizont. Nuclei were stained with DAPI. Triple indicates merge of the
light, GFP and DAPI images of the same cells. B. Western blots of the parasite nuclear
(N) and cytoplasmic (C) fractions, separated by 10% SDS-PAGE, and probed with anti-
PfPRMT1 antiserum (upper panel), anti-H4 antibodies (middle panel), and anti-PfHLP
antiserum (lower panel).
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Table 1.

Characterization of the kinetics for the recombinant PfPRMT1

Km (HM) kcat (min_l) kcat/Km (M_l' min_l)
Substrates
PRRMTL | rpRMT1* | PIRMTL | rpPRMTL" | PIRMT1 | rPRMT1*
AcH4-21 | 1.3620.21 | 3.55:0.68 | 0.77+0.07 | 0.39+0.01 | 5.66x 105 | 1.10x 10°
AdoMet | 1.44%0.10 | 2.52+0.54 | 0.85:0.08 | 0.84+0.03 | 5.90x 105 | 3.36 x 105

*
Parameters for the rat PRMT1 (rPRMT1) were from reference [31].
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Inhibition of recombinant PFPRMT1 activity and AP, falciparum 3D7-luc growth by small molecule inhibitors.

Table 2.

Compounds Structures 1Csqs for PRMT1 activity (UM) | 1Csgqs for 3D7 growth (uM)
Sinefungin NH; 0.84 £0.15 2.71+£0.04
v
o] HaN k‘Nf‘m
HO o
NH;
OH OH
5-Deoxy-5-methylthioadenosine (MTA) NH 2 >360 >100
= N
R
N N
N
HsCS
@)
HO OH
Eosin Y (AMI-5) . P 11.62 +0.08 1479+1.01
Chaetocin 9 L >120 14.00 £ 1.56
HO ™ =8 " N— T
NS
& o
L, AN S _OH
H o
Adenosine-2’,3’-dialdehyde (AdoX) NH, Not determined 8.72+0.73

N N
|
HOCH,CHOCH
H-C C-—H
] 1]
o)
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