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ABSTRACT

Arginine methylation is a posttranslational modifi-
cation that impacts wide-ranging cellular functions,
including transcription, mRNA splicing and transla-
tion. RNA binding proteins (RBPs) represent one of
the largest classes of arginine methylated proteins in
both mammals and the early diverging parasitic pro-
tozoan, Trypanosoma brucei. Here, we report the ef-
fects of arginine methylation on the functions of the
essential and previously uncharacterized T. brucei
RBP, DRBD18. RNAseq analysis shows that DRBD18
depletion causes extensive rearrangement of the T.
brucei transcriptome, with increases and decreases
in hundreds of mRNAs. DRBD18 contains three
methylated arginines, and we used complementa-
tion of DRBD18 knockdown cells with methylmimic
or hypomethylated DRBD18 to assess the functions
of these methylmarks. Methylmimic and hypomethy-
lated DRBD18 associate with different ribonucleopro-
tein complexes. These altered macromolecular inter-
actions translate into differential impacts on the T.
brucei transcriptome. Methylmimic DRBD18 prefer-
entially stabilizes target RNAs, while hypomethylated
DRBD18 is more efficient at destabilizing RNA. The
protein arginine methyltransferase, TbPRMT1, inter-
acts with DRBD18 and knockdown of TbPRMT1 reca-
pitulates the effects of hypomethylated DRBD18 on
mRNA levels. Together, these data support a model
in which arginine methylation acts as a switch that
regulates T. brucei gene expression.

INTRODUCTION

Trypanosoma brucei, T. cruzi and Leishmania spp. are pro-
tozoan parasites of the Order Kinetoplastida, which are to-

gether responsible for 20 million infections worldwide. T.
brucei infection causes African Sleeping Sickness in humans
and the related disease, nagana, in livestock, thereby im-
posing a large human health and economic burden on sub-
Saharan Africa. Transmission of T. brucei occurs through
its insect vector, the tsetse fly. The parasite’s complex life
cycle necessitates that it adapts to varied environments. For
example, bloodstream form (BF) parasites in the mam-
malian host are subject to 37◦C, whereas procyclic form
(PF) cells in the tsetse fly midgut live at variable ambient
temperatures around 27◦C. Parasite metabolism also dra-
matically changes in response to the environment in which
the organism finds itself. In BF, the major pathway for en-
ergy generation is glycolysis; however, upon entry into the
tsetse midgut, the parasite elaborates its single mitochon-
drion and relies primarily on oxidative phosphorylation
for energy (1,2). The surface coat of the parasite is exten-
sively remodeled upon transition from one host to another.
Moreover, within both its mammalian and insect hosts,
the parasite transitions from a proliferative form to a non-
proliferative transmission-competent form. Thus, the gene
expression profile of T. brucei is dramatically regulated to
permit adaptation to its changing environment.

Regulation of gene expression in kinetoplastids occurs al-
most entirely at the posttranscriptional level; thus, RNA
binding proteins (RBPs) are key determinants of cell fate
(2,3). Transcribed RNAs form long polycistrons that are
processed through 5′ trans-splicing with the addition of
spliced leader RNA and 3′ polyadenylation (4,5). Ele-
ments generally located in the RNA 3′ untranslated regions
(UTRs) modulate RNA abundance through coordinated
interactions with trans-acting factors. Abundances can vary
widely among RNAs, and these are controlled through nu-
merous processes mediated largely by RBPs. Indeed, a re-
cent genome-wide tethering screen identified over 300 pro-
teins that, when bound to RNA, were capable of modu-
lating gene expression, both positively and negatively (6).
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Additionally, RBPs are major regulators of T. brucei differ-
entiation (3,7,8). Many RBPs regulate gene expression by
modulating the stability of target RNAs (9–11). For exam-
ple, the zinc finger protein, ZC3H11, actively stabilizes the
heat-shock protein 70 transcript in BF cells through bind-
ing to elements in its 3′ UTR (9). Expression of an RNA can
also be regulated through interactions with translational
machinery, which again is aided by RBPs. For example, the
Alba proteins in T. brucei stimulate translation of a major
surface coat protein while having little to no affect on the
overall mRNA abundance (12). Due to the extraordinary
reliance on RBPs to modulate gene expression, it follows
that the RBPs themselves must be regulated as well. How-
ever, to date, little is known regarding the mechanisms by
which posttranslational modifications expand and regulate
the functions of RBPs in kinetoplastid parasites.

Arginine methylation is a widespread posttranslational
modification that involves the transfer of a methyl group
from the methyl donor S-adenosylmethionine (AdoMet) to
the terminal nitrogen of a peptidyl arginine. The reaction
is catalyzed by a family of enzymes termed protein argi-
nine methyltransferases (PRMTs). PRMTs are divided into
types based on the end product they catalyze, with all types
being able to catalyze ω-NG-monomethylarginine (MMA).
Type I PRMTs subsequently yield asymmetric ω-NG,NG-
dimethylarginine (ADMA) as a final product, while type
II PRMTs produce symmetric ω-NG,NG-dimethylarginine
(SDMA) (13,14). Methylarginines are most commonly
found in RGG, RG, or RXR motifs contained within
unstructured regions (15–17). The addition of a methyl
group(s) affects the residue’s mass, hydrophobicity and hy-
drogen bonding capabilities, thereby modulating macro-
molecular interactions (13,14,18). Because arginine residues
are overrepresented at protein–protein and protein–RNA
interfaces, the potential for arginine to act as a key reg-
ulator of interactome dynamics is vast. While the major-
ity of arginine methylation research has focused on his-
tones and epigenetics, it is becoming increasingly clear that
arginine methylation affects many critical cellular functions
(13,14,19). Interestingly, RNA binding and processing pro-
teins represent one of the most abundant methylated classes
of protein in both mammals and trypanosomes (15,16,20).
While the impact of arginine methylation on the functions
of these substrates is not known in most cases, arginine
methylation of RBPs in higher eukaryotes reportedly af-
fects processes such as pre-mRNA splicing (21,22), RNA
trafficking (23), RNA stability (24) and translation (25,26).
Thus, arginine methylation can be a critical regulator of cel-
lular function through its modulation of RBPs.

In addition to its medical importance, T. brucei is an ex-
cellent model organism in which to study the role of argi-
nine methylation in RNA biology both due to its reliance
on RBPs for gene regulation and its genetic tractability. T.
brucei contains four characterized PRMTs which, together,
catalyze each type of methylation (27–31). In a global screen
aimed at identifying the arginine methylome of T. brucei, we
identified over 800 PRMT substrates (15,16). These methyl-
proteins represent a number of different cellular compart-
ments and are implicated in a variety of cellular processes,
suggesting that arginine methylation has widespread im-
pacts on trypanosome biology. Of the 844 methylated pro-

teins, 100 are either predicted or known to be involved in
RNA metabolism, thereby implicating arginine methyla-
tion as an important regulator of parasite gene expression.
We previously showed that arginine methylation affects T.
brucei mitochondrial gene expression through at least one
effector protein, RBP16 (32). TbPRMT1-catalyzed argi-
nine methylation disrupted RBP16’s protein–protein and
protein–RNA interactions, which led to a destabilization
of specific mitochondrial RNAs (33). However, the role
of arginine methylation in regulating non-mitochondrial
RBPs in T. brucei has yet to be examined.

To gain insight into how arginine methylation regulates
RBPs in T. brucei, we set out to characterize the pre-
viously unstudied RBP, DRBD18 (Tb927.11.14090), and
to define the impact of arginine methylation on its func-
tion. DRBD18 was named according to convention (34),
as it is the eighteenth described protein containing two
(Double) RNA Binding Domains, or RNA recognition
motifs (RRMs). Here, we demonstrate that DRBD18 is
an abundant and essential cytoplasmic protein in PF T.
brucei, whose RNAi-meditated depletion results in signifi-
cant increases and decreases in hundreds of mRNAs. Our
global methylome studies revealed three methylarginine
residues on DRBD18 (15). Utilizing knockdown cells com-
plemented with mutant DRBD18 that is either hypomethy-
lated or methylmimic, we demonstrate that DRBD18
methylation at these three arginine residues promotes the
stabilization of the cohort of mRNAs that are normally
stabilized by DRBD18. Conversely, methylation can ad-
versely affect DRBD18-mediated mRNA destabilization.
These effects on gene expression are likely due to the dra-
matic effects of arginine methylation on DRBD18 macro-
molecular interactions. As predicted by its domain struc-
ture, DRBD18 interacts with RNA in vivo; however, hy-
pomethylated and methylmimic DRBD18 exhibit different
RNA binding specificities in vivo consistent with their ef-
fects on RNA stability. Hypomethylated and methylmimic
DRBD18 also engage in substantially different protein–
protein interactions, some of which entail proteins with
known functions in gene regulation. Finally, we implicate
TbPRMT1 as an arginine methyltransferase that modulates
DRBD18 function. DRBD18 interacts with TbPRMT1 in
vivo, and TbPRMT1 knockdown recapitulates the effects
of DRBD18 hypomethylation on gene expression. Collec-
tively, our data support a model in which arginine methyla-
tion acts as a switch that changes the function of DRBD18
from an mRNA destabilizing to an mRNA stabilizing pro-
tein.

MATERIALS AND METHODS

T. brucei cell culture and generation of cell lines

PF T. brucei strain 29–13 (35) and all cell lines derived
from this strain were grown in SM media supplemented
with 10% fetal bovine serum. To create tetracycline
inducible RNAi against DRBD18 (Tb927.11.14090),
520 bps of its 3′ UTR was amplified using DRBD18 5′
BamHI primer (5′-GAGGATCCAATACCTGAGCATT
GGGTATATGC-3′) and DRBD18 3′ XhoI primer (5′-
GGCTCGAGAGCGGTAGGGCGTTCAATACCAAC-
3′) and ligated into the BamHI-XhoI sites of RNAi vector
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p2T7–177 creating p2T7–177-DRBD18. Tet inducible
MHT-DRBD18 cell lines were generated by amplifying
DRBD18 ORF using DRBD18 5′ HindIII (5′-TAAAAT
TCACAAGCTTATGCAAGGCGCATACGGAGG-3′)
and DRBD18 3′ BamHI (5′-TCTGTTCCATGGATCC
TGCTGAACCATTTTCCCCAGCAC-3′) primers and
ligated into the HindIII/BamHI sites of pLEW100 (35)
containing an MHT C-terminal tag using Infusion cloning.
Constructs expressing an untagged version of DRBD18
were produced by insertion of a stop codon directly up-
stream of the MHT tag. Triple R to K and triple R to F
mutant constructs were generated through QuikChange
(Stratagene) mutagenesis and verified by DNA sequencing.

TAP purification

TAP purification of MHT-DRBD18(WT) and mutants was
carried out essentially as in (15). Briefly, cells were harvested
2 days post-induction with 4 �g/ml of tetracycline and lysed
in 50 mM HEPES (pH 7.5), 150 mM KCl, 150 mM sucrose
and 3 mM MgCl2. Lysates were then incubated with IgG
Sepharose resin (GE Healthcare Life Sciences), and washed
in buffer containing 20 mM Tris (pH 7.7), 150 mM KCl and
3 mM MgCl2 before cleavage with AcTEV protease (Invit-
rogen). TEV eluates were then subjected to mass spectrom-
etry.

Sample preparation for LC/MS

The protein mixture was spiked with 1% SDS followed by
reduction and alkylation, as described previously (36,37).
The mixture was precipitated by stepwise addition of 6 vol-
umes of cholorform:acetone(1:2) mixture with continuous
vortexing and then incubated overnight at −20◦C. After
centrifugation at 20 000 g for 30 min at 4◦C, the super-
natant was removed and then washed with cold acetone,
then the pellet was allowed to air-dry. Two consecutive di-
gestion steps were employed to achieve a complete proteoly-
sis. In step 1 (digestion-aided pellet dissolution), Tris buffer
(50 mM, pH 8.5) containing trypisn at an enzyme/substrate
ratio of 1:40 (w/w) was added and incubated at 37◦C for 6
h with vortexing at 500 rpm in a ThermoMixer shaking in-
cubator; in step 2 (complete cleavage), another portion of
trypsin solution was added at an enzyme/substrate ratio of
1:40 (w/w), the final volume was controlled at 50 �l. The
mixture was incubated at 37◦C overnight (12 h). The diges-
tion was terminated by adding 1% (v:v) formic acid and cen-
trifuged at 20 000 g for 30 min at 4◦C; the supernatant was
used for mass spectrometry anaylsis.

Nano-LC/high-resolution-MS

A nano-LC system, including an ultra-high pressure Eksi-
gent ekspert NanoLC 425 system (Eksigent, Dublin, CA)
and a Spark autosampler NLC 400, was used for separation
of the complex peptide mixture for highly sensitive identi-
fication. Mobile phases A and B were 0.1% formic acid in
1% acetonitrile and 0.1% formic acid in 88% acetonitrile,
respectively. Samples were loaded onto a large ID trap (300
�m ID × 5 mm, packed with Zorbax 5 �m C18 material)
with 1% B at a flow rate of 10 �l/min for 3 min. A series

of nanoflow gradients were used to back-flush the trapped
samples onto the nano-LC column (75 �m ID × 100 cm,
packed with Pepmap 3-�m C18 material). The column was
heated to 52◦C to improve both chromatographic resolu-
tion and reproducibility. Gradient profile was as follows: (i)
a linear increase from 3 to 8% B over 5 min; (ii) an increase
from 8 to 27% B over 117 min; (iii) an increase from 27 to
45% B over 10 min; (iv) an increase from 45 to 98% B over
20 min; and (v) isocratic at 98% B for 20 min.

The nano-LC was coupled to a high-resolution Orbi-
trap Fusion Tribrid mass spectrometer with ETD (Thermo
Fisher Scientific, San Jose, CA), which was operating under
data-dependent product ion mode. For the identification of
the binding protein, a 3 second scan cycle was used, includ-
ing an MS1 scan followed by MS2 scans by CID activation.
For the arginine methylation identification, MS2 scan in-
cludes alternating CID and ETD, to fragment the most in-
tense precursors found in the MS1 spectrum. The param-
eters used for MS and MS/MS data acquisition under the
CID mode were: top speed mode for cycles; FTMS: scan
range (m/z) = 400–1600; resolution = 120 K; AGC target =
5 × 105; maximum injection time (ms) = 50; charge states of
2–7 were fragmented; dynamic exclusion was used for sen-
sitive identification. A duration time of 60 s with data de-
pendent mode was employed. The isolation device was the
front end quadrupole with an isolation window = 1.6 units.
In-trap CID was used for CID fragmentation with collision
energy of 30%, while the dual-cell ion trap was used as the
detector. For ETD, reaction time of 200 ms was used with
a reagent target of 2.0 × 105.

Database searching and methylation calculation

CID and ETD activation spectra were processed us-
ing Proteome Discoverer (Thermo Scientific) incorporat-
ing the SEQUEST algorithm, and merged with Scaf-
fold. Briefly, for associated protein identification, raw
files were searched against a decoyed database of TriT-
rypDB 7.0 TbruceiTREU927 AnnotatedProteins, with the
precursor mass tolerance of 15 ppm and peptide fragment
mass tolerance of 1 Da. The static carbamidomethyl modi-
fication (57.021) was assumed on cysteine, and dynamic side
modifications of Oxidation (15.995) was used. The search-
ing result was merged with scaffold and peptide FDR at
0.5% was used for cutoff, with 2-peptide per protein re-
quirement. For identification of arginine methylation, dif-
ferential modifications of MMA (14.0156 Da) and DMA
(28.0313 Da) on Arg residues were examined for both CID
and ETD spectra, and confirmation of the most proba-
ble assignment was obtained by manual inspection of c
and z ions, for putatively identified methylated peptides.
Based on the data search, the methylation types were iden-
tified via characteristic neutral losses under CID activation,
combined with high-resolution product ion scan. For each
methylated peptide identified by ETD, the corresponding
CID spectrum was manually inspected to determine the
symmetry of the methylation. The relative quantification of
different methylated peptides was calculated by extracting
ion currents of the precursors obtained by the Fusion Or-
bitrap. For each identified methylated peptide, the extract-
ing ion currents were extracted in a narrow m/z window
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(0.005 units) around the monoisotopic m/z for each avail-
able charge state. The area under the curve for each precur-
sor at each charge state was calculated using Qualbrowser
(Thermo Scientific) and then the percentage of each prod-
uct was calculated. The calculation of different methylation
type of the same molecular weight was based on the spectra
count information generated by Sequest.

Antibodies

The entire ORF of DRBD18 was cloned into pGEX4T-1
(GE Healthcare Life Sciences) to generate an N-terminal
GST tagged DRBD18. GST-DRBD18 was expressed in
BL21 E. coli cells and purified using glutathione resin fol-
lowed by anionic exchange. The resultant eluate was di-
alyzed against a physiological buffer and used to immu-
nize rabbits (Bethyl Laboratories). For affinity purification
of anti-DRBD18 antibodies, GST-DRBD18 was separated
by SDS-PAGE and immobilized on nitrocellulose mem-
brane. GST-DRDB18 was stained with Ponceau stain, ex-
cised as membrane chips and bound in batch with anti-
DRDB18 serum. The antibodies were washed using PBS
with 0.1% Tween-20, and then eluted with 100 mM glycine
(pH 2.5). Resultant eluates were neutralized with 1M Tris
(pH 8.0). Anti-myc antibodies were purchased from ICL
labs and used at a dilution of 1:3000. Controls for subcellu-
lar fractionation consisted of � NOG1(1:5000) and � Hsp70
(1:2000), which were generous gifts from Marilyn Parsons
and Jay Bangs, respectively. � p22 (1:5000) (38) was used as
a loading control.

qRT-PCR analysis

Total RNA was extracted from 1 × 108 cells using Tri-
zol. Four �g of RNA was treated with a DNase kit (Am-
bion) to remove any residual DNA. RNA was reverse tran-
scribed using random hexamers or oligo(dT) primers (Ap-
plied Biosystems). To detect endogenous DRDB18 tran-
scripts, the following primers were used that are comple-
mentary to the 5′ UTR of DRBD18: 5′ end of DRBD18
5′ UTR (5′- AGCAAAAAGAATAAAAAGGAGAGA-3′)
and to the 3′ end of DRBD18 5′ UTR (5′-GCTCTTTTCT
TCTCTTCCCCTA-3′). The following primers pairs spe-
cific for each RNAseq transcript were utilized: primers
complementary to the 5′ end of Tb427.07.2030 ORF (5′-
GAGCCTACTCGCTTAAAACA-3′) and to the 3′ end
of the Tb.427.07.2030 ORF (5′-CTTCGGAGGTAGTT
CAAATG-3′); to the 5′ end of Tb427.07.2160 ORF (5′-
GGTTGTACTCTCAAGGGTGA-3′) and to the 3′ end
of the Tb427.07.2160 ORF (5′-CTGTATGTATCGCATT
GTGG-3′); to the 5′ end of Tb427.10.1500 ORF (5′-
TGAGCCTAGTGGATGACTTT-3′) and to the 3′ end
of the Tb427.10.1500 ORF (5′-ATGTCTTTCCCAATAA
CGTG-3′); to the 5′ end of Tb427.10.5250 ORF (5′-
CCTCAAGGCACC TATTACTG-3′) and to the 3′ end
of the Tb427.10.5250 ORF (5′-CCACCACTGTTTCCAT
TACT-3′); to the 5′ end of Tb427.08.4200 ORF (5′-CC
AGTGGATATGTTGGAACT-3′) and to the 3′ end of
the Tb427.08.4200 ORF (5′-AGTTGAGACCACGAAA
AAGA-3′); to the 5′ end of Tb427.10.5150 ORF (5′-
TAACGCAACGTAATCAACAG-3′) and to the 3′ end

of the Tb427.10.5150 ORF (5′-ACGTGGTGGACTTATC
TGAC-3′). To assay mRNA stability, cells either uninduced
or induced for DRBD18 RNAi for 24 h before being treated
with 10 �g/ml Actinomycin D. Total RNA was extracted
at 0, 20, 30 and 60 min, reverse transcribed using a mix of
oligo(dT) and gene specific primers and analyzed by qRT-
PCR. All mRNA levels were normalized to mitochondrial
9S rRNA and the percentage of mRNA remaining from
time 0 was calculated.

Biochemical fractionation

PF cells harboring the MHT-DRDB18 constructs were in-
duced with 4�g/ml of tet. Cells were harvested by centrifu-
gation, washed with buffer A containing 20 mM Hepes pH
7.9, 20 mM KCl, 150 mM sucrose, 3 mM MgCl2 and 1
mM DTT and resuspended at 5 × 108 cells/ml. Cells were
permeablized using 0.2% NP40 and passed through a 26-
gauge needle. The extract was centrifuged and the resultant
supernatant comprises the cytoplasmic fraction. The pellet
was resuspended in buffer A and re-extracted through a 26-
gauge needle. The rinsed pellet was resuspended in buffer A
and is considered the nuclear fraction.

Immunofluorescence

PF cells harboring the MHT-DRDB18 constructs were ei-
ther left uninduced or induced with 4�g/ml of tet. Cells
were harvested by centrifugation, washed with PBS and
resuspended at 5 × 107 cells/ml. Cells were fixed with
4% formaldehyde in PBS for 30 min, before permeabliza-
tion using 0.2% NP40. Permeable cells were blocked us-
ing 10% normal rabbit serum and then incubated for 1 h
with monoclonal mouse anti-myc antibody (c-Myc(9E10),
Santa Cruz) diluted 1:50 in PBS/BSA. The secondary Alexa
Fluor 488 goat anti-mouse antibody was diluted 1:200 and
incubated with cells for 30 min at room temperature. Cells
were mounted using ProLong Gold antifade reagent with
DAPI (Invitrogen). Images were taken with a Zeiss Axio
Imager.M2 microscope using Volocity software.

RNAseq

Two biological replicates of DRBD18 RNAi cells were in-
duced with 4 �g/ml of tet for 24 h. Cells were harvested
and total RNA was isolated using Trizol. Residual DNA
was removed using DNAase away (Ambion) and the RNA
was purified using RNAaseEasy. RNA was quantified using
the Ribogreen Assay (Invitrogen), and its quality checked
using Agilent Bioanalyzer 2100 RNA nano 6000 chip (Ag-
ilent). The Illumina TruSeq RNA sample preparation kit
was used to prepare cDNA libraries from RNA samples.
Briefly, samples were poly(A) selected to isolate mRNA, the
mRNA was cleaved into fragments, the first strand reverse
transcribed to cDNA using SuperScript II reverse Tran-
scriptase (Invitrogen) and random primers, followed by sec-
ond strand cDNA synthesis using Second Strand Master
Mix supplied with the kit. Following end repair, the ad-
dition of a single ‘A’ base, and ligation with adapters, the
products were enriched and purified with PCR to create the
final cDNA library as per manufacturer’s protocol. cDNA
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libraries were quantified using the Picogreen Assay (Invit-
rogen) and Library Quantification kit (Kapa Biosystems).
An Agilent Bioanalyzer 2100 DNA 7500 chip was used to
confirm the sizes of the cDNA libraries. The cDNA prod-
ucts were then sequenced using the Illumina HiSeq2500 at
the UB Genomics and Bioinformatics Core Facility (Buf-
falo, NY). RNAseq reads were aligned to the genome of
Trypanosoma brucei TREU927 using TopHat v2.0.9 (39)
with the genes annotated by TriTrypDB v6.0. Reads were
mapped with at most two mismatches using Bowtie1. We
used Cufflinks v2.1.1 to detect genes that were differentially
expressed in uninduced and induced DRBD18 RNAi cells
with the default parameters (40).

Cross-linking immunoprecipitation

Cells harboring either MHT-DRBD18(WT), MHT-
DRBD18(R→K), or MHT-DRBD18(R→F) were induced
with 4 �g/ml tet for 2 days. Cells were resuspended in PBS
and CLIP was carried out essentially as in (41,42). Briefly,
cells resuspended in PBS were UV irradiated before snap
freezing in liquid nitrogen. Cells were thawed, lysed with
NP40, treated with 1 U/�l of RNAase T1 (Ambion) and
precleared with uncoated beads. The sample was then
incubated with anti-myc conjugated resin at 4◦C for 2 h.
The supernatant was removed, and the beads were washed
several times to remove all unbound proteins and RNAs.
A second RNAase T1 incubation step was performed at a
final concentration of 10 U/�l followed by dephosphory-
lation using calf intestine phosphatase (NEB). The sample
was further washed and resuspended in one bead volume
of polynucleotide kinase (PNK) buffer. � -32P-ATP was
added to a final concentration of 0.5 �Ci/�l and T4 PNK
(NEB) to 1 U/�l before incubation at 37◦C for 30 min. The
sample was washed, electroeluted in SDS-PAGE loading
buffer and separated via SDS-PAGE. The protein signal
was quantified using the ImageLab software. The 32P RNA
signal was detected using the Typhoon Scanner Control
v5.0 software and quantified using ImageJ software. For
qRT-PCR analysis RNA was extracted prior to RNAase
T1 treatment, reverse transcribed using gene specific
primers, and analyzed by qRT-PCR. mRNA levels were
normalized against 18S rRNA.

RESULTS

Identification of arginine methylation sites in DRBD18

DRBD18 was initially identified as a substrate for arginine
methylation through our global mass spectrometry anal-
ysis (15). As shown in Figure 1A, four peptides contain-
ing three sites of methylation were mapped to this protein.
Arg199 is methylated in three of the four peptides, in all
cases decorated by MMA. Arg202 is also methylated in
three out of the four recovered peptides, but the type of
methylation differs in the distinct peptides. In peptides 1
and 3, Arg202 is MMA, and in peptide 4 it is DMA. Be-
cause the surrounding arginines in peptides 1 and 4 are
identically modified, it suggests that other factors determine
whether Arg202 becomes mono- or dimethylated. Arg204
is methylated in two peptides, and each time is observed as
MMA. To confirm these sites of methylation, we generated

a cell line expressing Myc-His-TAP (MHT)-DRBD18 in
a tetracycline (tet)-inducible manner, immunoprecipitated
MHT-DRBD18, and subjected it to mass spectrometry to
detect posttranslational modifications. In this targeted ex-
periment, we recovered the identical four peptides covering
this region, containing the same methylarginines, as were
detected in our methylome screen. These data suggest that
Arg199, 202 and 204 are bona fide sites of arginine methyla-
tion on DRBD18 and that the identified modifications con-
stitute the predominant types of methylation at these sites.

DRBD18 contains two predicted RNA binding domains
(RBDs; InterProScan SSF54928), the first spanning amino
acids 38–124, and the second from residues 244–334. The
three sites of arginine methylation lie between the two RBDs
(Figure 1B). To further address the likely structural con-
text of these methylarginines, we performed a secondary
structure prediction of DRBD18 using the Phyre2 program
(43). As shown in Figure 1C, the three sites of methyla-
tion are predicted to lie in a proline-rich unstructured re-
gion of the protein. We previously reported that in T. brucei
methylarginines are generally found in unstructured regions
and that, in RBPs, they typically reside outside of RBDs
(15). Thus, DRBD18 follows these global trends with re-
gard to methylarginine context. Together, our data show
that DRBD18 contains three methylarginines in an unstruc-
tured region in between its two predicted RBDs. Based
on their location within DRBD18, it is unlikely that these
three methylarginines are integral to the overall structure of
DRBD18.

DRBD18 is an abundant and essential protein that is localized
primarily to the cytoplasm

To begin to understand DRBD18 function, we down-
regulated its expression through tet-inducible RNAi and
assayed PF T. brucei growth. qRT-PCR analysis showed
that upon tet induction, DRBD18 mRNA levels were
reduced by approximately 90% compared to uninduced
cells (Figure 2A, top). To assess DRBD18 protein expres-
sion, we generated an antibody against recombinant GST-
DRBD18. Anti-DRBD18 antibodies recognize one band
at the correct molecular weight, and upon induction of
RNAi we observe a robust reduction in DRBD18 protein
(Figure 2A, bottom). Cells in which DRBD18 expression
was repressed exhibited slowed growth on day two post-
induction and began to die four days post-induction. By
day 6 post-induction, few live cells remained (Figure 2B).
We next used our specific anti-DRBD18 antibodies to deter-
mine the abundance of DRBD18 in parental (strain 29–13)
cells. Increasing amounts of recombinant GST-DRBD18
protein were separated by SDS-PAGE alongside extract
from 106 PF T. brucei cells, and the anti-DRBD18 signals
were quantified. A representative western blot and quantifi-
cation from triplicate determinations are depicted in Figure
2C. There are approximately 400 000 molecules of DRBD18
per cell, making DRBD18 one of the more abundant RBPs
characterized to date (12,44,45). Given that there are ap-
proximately 50 000 mRNA molecules per cell (46), there are
roughly eight molecules of DRBD18 per mRNA, suggest-
ing that DRBD18 may pose a significant impact on the PF
T. brucei transcriptome. Finally, we used our anti-DRBD18
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Figure 1. Methylated arginine residues in DRBD18. (A) Peptides recovered from mass spectrometry. Four peptides encompassing three sites of arginine
methylation were mapped to DRBD18. Methylated arginines are in red, MMA is denoted with asterisks and DMA is denoted with the pound sign. (B)
Schematic representation of DRBD18 domain structure with amino acid numbers indicated below. Blue boxes represent RBDs as defined by InterProScan
SSF54928. The three sites of arginine methylation are indicated with red stars. (C) Secondary structure prediction of DRBD18 using the Phyre2 algorithm.
Alpha helices (coils) and B sheets (arrows) are depicted under the primary sequence. Dotted lines indicate unstructured regions. The three sites of arginine
methylation are indicated with red stars.
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Figure 2. DRBD18 is an abundant, cytoplasmic protein essential for viability of procyclic form T. brucei. (A) DRBD18 RNAi leads to a reduction of
DRBD18 mRNA and protein levels. Top: qRT-PCR analysis of DRBD18 mRNA levels represented as the value in cells induced for RNAi for one day
relative to that in uninduced cells. RNA levels were normalized against 18S rRNA and represent the average and standard error of six determinations.
Bottom: western blot analysis of uninduced (−) or tet induced (+) cells using affinity purified anti-DRBD18 antibodies. Bottom panel shows the p22
protein which serves as a load control. (B) PF cells either expressing (triangles) or repressed for (circles) DRBD18 were assessed for parasite growth
over the course of six days. Cells were counted every two days and diluted back to a starting concentration of 8 × 105 cells/ml. (C) Quantification of
DRBD18 abundance. GST-DRBD18 (50–200 ngs) and 1 × 106 strain 29–13 cells were separated via 10% SDS-PAGE and analyzed by western blot using
anti-DRBD18 antibodies. The strain 29–13 cell signal was converted into molecules of DRBD18 per cell. A representative blot is shown on the left and
quantification of triplicate determinations +/- standard error is shown on the right. (D) Western blot analysis of subcellular fractions of strain 29–13 PF
cells. 2 × 106 cellular equivalents of cytoplasmic and nuclear fractions were separated via 10% SDS-PAGE. HSP70 and NOG1 represent cytoplasmic and
nuclear markers, respectively. W, whole cell; C, cytoplasmic fraction; N, nuclear fraction.
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antibodies to probe the subcellular localization of DRBD18
by western blot of subcellular fractions (these antibodies
proved unsuitable for immunofluorescence). We performed
biochemical fractionation followed by western blot analy-
sis on parental (strain 29–13) cells, and used HSP70 and
NOG1 as cytoplasmic and nuclear markers, respectively.
These analyses demonstrated that DRBD18 localizes pri-
marily to the cytoplasm (Figure 2C). From these data, we
conclude that DRBD18 is an abundant cytoplasmic protein
that is essential for PF T. brucei growth.

Depletion of DRBD18 leads to extensive changes in the PF
transcriptome

The amino acid sequence of DRBD18 implies RNA bind-
ing activity, and the protein’s cytoplasmic localization sug-
gests a possible role in modulation of RNA stability. There-
fore, we next sought to determine the impact of DRBD18
on global RNA levels. To this end, we down-regulated
DRBD18 expression in PF T. brucei, and subjected total
RNA from uninduced and induced cells to Illumina se-
quencing. To ensure the validity of our RNAseq analy-
sis, we analyzed RNA isolated from biological replicates of
DRBD18 RNAi cells in which DRBD18 was depleted to
similar levels. We achieved an average of 29.4 and 29.6 mil-
lion uniquely mapped reads for uninduced and DRBD18
knockdown induced samples, respectively. Upon depletion
of DRBD18, 985 transcripts showed a significant change in
abundance in both biological replicates compared to unin-
duced cells at a 5% false discovery rate (Figure 3A; Supple-
mentary Table S1). Of these, 568 RNAs were up-regulated
and 417 RNAs were down-regulated. Up-regulated RNAs
increased in abundance anywhere from 1.4-fold to 40-fold,
with an average of a 3.3-fold increase in abundance. Down-
regulated RNAs were decreased in abundance upon induc-
tion of DRBD18 RNAi to between 0.16 and 0.75 of unin-
duced levels, with an average value of 0.59 of uninduced lev-
els.

To determine whether the changes in RNA abundances
upon DRBD18 depletion are caused by changes in mRNA
decay rates, we measured mRNA levels by qRT-PCR at
0, 20, 30 and 60 min following inhibition of RNA syn-
thesis with actinomycin D. One representative mRNA
from each class of up-regulated, down-regulated, and
unaffected transcripts was chosen for analysis. As ex-
pected, we found that the up-regulated mRNA (10.5250)
(Tb927.10.5250, ZC3H32) is stabilized and the down-
regulated mRNA (7.2030) (Tb927.7.2030, RHS7) is desta-
bilized in DRBD18 depleted cells compared to uninduced
control cells (Figure 3B). A transcript whose abundance
was not changed upon DRBD18 RNA in RNAseq analysis
(8.1890) (Tb927.8.1890, cytochrome c1) decayed at a sim-
ilar rate in both induced and uninduced DRBD18 RNAi
cells. As a confirmation that DRBD18 regulates mRNA
abundance at the level of stability rather than transcrip-
tion, we analyzed the genomic context of a subset of our
most significantly up- and down-regulated RNAs. Because
RNA polymerase II transcribed genes in T. brucei are ar-
ranged as polycistronic transcription units (2,47,48), ad-
jacent genes are transcribed at comparable rates. RNAs
whose abundance changed dramatically upon DRBD18

down-regulation were commonly flanked by RNAs whose
abundance was unchanged or even changed in the op-
posite direction, validating a role for DRBD18 in post-
transcriptional regulation of RNA levels. Together, these
data demonstrate that DRBD18 affects the abundance of
985 transcripts by destabilizing 568 mRNAs and stabilizing
417 mRNAs.

Depletion of DRBD18 affects different classes of RNAs

To determine if depletion of DRBD18 affects specific
classes of RNAs, we mined the fully annotated genome
(TriTrypDB) and grouped affected RNAs based on their
combined molecular function/biological process GO terms
and InterPro domains for their encoded proteins. Deple-
tion of DRBD18 results in two differentially affected RNA
populations, comprising transcripts that are up-regulated
upon DRBD18 repression (i.e. normally destabilized by
DRBD18), or transcripts that are down-regulated upon
repression (i.e. normally stabilized by DRBD18) (Fig-
ure 3). Here, we refer to these populations as DRBD18-
destabilized and DRBD18-stabilized, respectively, to re-
flect the effect of the DRBD18 protein itself (as opposed
to the effect of depleting DRBD18). Both the DRBD18-
destabilized and DRBD18-stabilized populations contain
transcripts encoding proteins involved in a multitude of cel-
lular processes (Figure 4A). Hypothetical proteins with pre-
dicted trans-membrane domains and no other distinguish-
ing features constituted a large fraction of both populations.
We also observed differential regulation of certain classes
of RNAs. For example, kinases and phosphatases consti-
tuted 20% of DRBD18-destabilized RNAs, but only 2%
of DRBD18-stabilized RNAs. Conversely, retrotransposon
hot spot RNAs were enriched in the DRBD18-stabilized
RNA population but were absent from the DRBD18-
destabilized population. Proteins implicated in RNA bind-
ing and processing were prominent in both the stabi-
lized and destabilized RNA populations, although the spe-
cific classes of proteins differed in the two populations.
DRBD18-stabilized RNAs encode many RNA processing
enzymes such as tRNA synthetases and predicted RNA
methyltransferases, while the DRBD18-destabilized RNA
population was enriched for canonical RNA binding pro-
teins of the RRM, Puf and ZC3H families (Supplementary
Table S1).

We also observed that the magnitude of the changes upon
DRBD18 depletion differed for stabilized and destabilized
RNAs. Most DRBD18-stabilized RNAs were decreased ap-
proximately 2-fold upon DRBD18 RNAi, and the most
significantly affected RNA was decreased approximately
6-fold (Figure 3A and Supplementary Table S1). In con-
trast, within the DRBD18-destablized population, we de-
tected 56 RNAs whose abundance increased between 6-
and 40-fold upon DRBD18 RNAi (Figure 3 and Supple-
mentary Table S1). Interestingly, several of the most highly
DRBD18-destablized RNAs were in the categories of
kinases/phosphatases and RNA binding proteins (Supple-
mentary Table S1 and Table 1). We detected 56 DRBD18-
destabilized transcripts whose abundance changed 6-fold or
greater in our RNAseq analysis. Among these are a putative
TFIIF-stimulated CTD phosphatase, the ECK1 and RDK1
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Figure 3. RNAseq analysis of DRBD18 depleted cells reveals extensive changes to the transcriptome. (A) Scatter plot showing transcript abundance
(in induced/uninduced DRBD18 RNAi cells) for all transcripts that were significantly affected in biological replicate samples. (B) Degradation kinetics
of transcripts that were either up-regulated (10.5250 (Tb927.10.5250, ZC3H32)), down-regulated (7.2030 (Tb927.7.2030, RHS7)), or unchanged (8.1890
(Tb927.8.1890, cytochrome c1)) in RNAseq analyses upon DRBD18 depletion. DRBD18 RNAi cells were either untreated or treated with tetracycline to
induce RNAi for 24 h, actinomycin D was added at time zero, and total RNA was isolated at the indicated time points and quantified using qRT-PCR. The
quantified results are expressed as the percent of mRNA remaining in RNAi induced cells relative to the amount remaining in uninduced levels. Transcript
levels were normalized against mitochondrial 9S rRNA, and are plotted as the average and standard error of 4–6 determinations.

kinases, a putative protein kinase A, and a putative RNA
helicase (Table 1). Also in this category were nine RNAs en-
coding canonical RBPs, including those encoding ZC3H32
and RBP3, which increased 28- and 25-fold, respectively,
upon DRBD18 down-regulation (Table 1). Together, these
data demonstrate that DRBD18 specifically stabilizes one
set of RNAs while preferentially and strongly destabilizing
a different set of RNAs. DRBD18’s dramatic effects on pro-
teins involved in signal transduction and gene regulation in-
dicate a capacity for profoundly affecting cell function.

Many RBPs act through binding mRNA 3′ UTRs, and
3′ UTRs are important elements in trypanosome gene reg-
ulation (3). To gain insight into potential DRBD18 tar-
get sequences, we analyzed the 3′ UTRs of the DRBD18-
destabilized and DRBD16-stabilized RNAs separately. Us-
ing the published set of T. brucei UTR sequences (49), we
were able to analyze 320 of the 568 destabilized RNAs and
247 UTRs of the 417 stabilized RNAs. One striking feature
we observed was 3′ UTR length. Genome-wide studies in
T. brucei identified average 3′ UTR lengths of 400–600 nu-
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Figure 4. Bioinformatic analysis of mRNAs regulated by DRBD18. (A) Predicted biological processes/molecular functions of DRBD18-destablized and
DRBD18-stabilized RNAs according to their GO terms and InterProScan domains listed on TriTrypDB. (B) Predicted consensus motifs for highly desta-
bilized and stabilized transcripts. The published 3′ UTR sequences (49) from transcripts destabilized at least 6-fold or stabilized at least 2.5-fold were
searched for consensus motifs using MEME (52) with the following parameters; motif width between 6 and 12 nucleotides, search on given strand only,
and the motif must occur in each 3′ UTR at least once. Motif discovery was repeated with shuffled sequences to determine a reasonable E-value cutoff.
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Table 1. Highly DRBD18-destabilized mRNAs encoding kinases/phosphatases and RNA binding proteins

Shown are those RNAs predicted to encode kinases/phosphatases or RNA binding proteins whose abundance was up-regulated in the RNAseq analysis at
least 6-fold or more upon DRBD18 knockdown. Listed are TriTrypDB number, name, descriptive category and fold change in abundance upon DRBD18
knockdown.

cleotides (49–51). Considering the most abundant 3′ UTR
population, we determined an average 3′ UTR length of
the DRBD18-stabilized RNAs of 756 nucleotides. Remark-
ably, the average 3′ UTR length in DRBD18-destabilized
RNAs is 1830 nucleotides, three to four times as long as
the genome average, suggesting that DRBD18 acts combi-
natorially with other RBPs in the regulation of this mRNA
population. The presence of long 3′ UTRs was even more
striking when we focused on those RNAs that were highly
DRBD18-destabilized (those with a >6-fold increase in
abundance upon DRBD18 knockdown). Analysis of these
RNAs revealed an average 3′ UTR length of 3222 nu-
cleotides. Further probing also revealed that this RNA pop-
ulation had an average of 24 polyadenylation sites (PASs),
more than double the genome-wide average (51). In addi-
tion, highly DRBD18-destabilized transcripts exhibited re-
markable variability in 3′ UTR length, with the average dif-
ference in length between the shortest and longest identi-
fied 3′ UTR being 4857 nucleotides. Using this stringent
set of highly affected RNAs, we next searched for common
sequence motifs using MEME (52) As seen in Figure 4B,
highly DRBD18-destabilized RNAs share a 12-nucleotide
motif comprised of primarily adenosines with an invari-
ant guanosine in the fourth position. This motif occurs in
all analyzed 3′ UTRs at least once, with an average occur-
rence of four times per 3′ UTR. Because PASs are more
likely to occur adjacent to adenosines (51), and these 3′
UTRs have an increased number of PASs, it is possible that
DRBD18 plays a role in polyadenylation of a certain set
of RNAs. We also analyzed 3′ UTRs of the most highly
DRBD18-stabilized RNAs (those with a >2.5-fold change
in abundance upon DRBD18 knockdown) using the same
parameters. In 3′ UTRs of stabilized RNAs, we identified
a different, 7-nucleotide motif, comprised primarily of cy-
tosines and adenosines. Thus, mRNAs that are destabilized
by DRBD18 have long 3′ UTRs, and DRBD18-destabilized

and DRBD18-stablized mRNAs harbor unique 3′ UTR se-
quence motifs.

Arginine methylation of DRBD18 does not impact its subcel-
lular localization

Having shown that DRBD18 affects the abundance of hun-
dreds of mRNAs, we next wanted to determine how argi-
nine methylation impacts the protein’s function. To address
this question, we created two methylmutants. In the first,
DRBD18(R→K), we mutated the three identified methy-
larginines to lysines, thereby creating a hypomethylated
DRBD18 while preserving the residues’ positive charge. In
the second methylmutant, DRBD18(R→F), we replaced
the methylarginines with phenylalanine, which studies have
shown can act as a methylarginine mimic (53–55). Because
the methylarginines in DRBD18 are located in a long un-
structured region of the protein (Figure 1), it is unlikely that
mutations in this region will dramatically alter DRBD18
structure. We generated three cell lines in which either wild
type DRBD18(WT) or one of the two methylmutants were
expressed as RNAi-resistant Myc-His-TAP (MHT) fusions,
in the DRBD18 RNAi background (Figure 5A). Western
blot analysis showed that endogenous DRBD18 was sim-
ilarly depleted in all cell lines and that the larger MHT-
DRBD18 variants were expressed to approximately equal
levels (Figure 5B). Addition of the MHT tag to DRBD18
variants allowed us to specifically compare properties of
WT and methylmutant proteins without interference from
residual endogenous protein. To begin to understand the
effects of methylation on DRBD18, we asked whether its
nucleocytoplasmic localization was altered by methylation
status, as has been reported for several other methylated
RBPs (56–58). Cells harboring MHT-DRBD18(WT) or its
mutant variants were subjected to subcellular fractiona-
tion and anti-myc western blot (Figure 6A). These analy-
ses demonstrated that MHT-tagged WT, hypomethylated
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Figure 5. Generation of DRBD18 RNAi cells complemented with MHT-tagged DRBD18(WT), DRBD18(R→K), or DRBD18(R→F). (A) Schematic
of the method used to generate complemented cell lines. Addition of tet produces dsRNA targeting the DRBD18 3′ UTR and leads to depletion of the
endogenous DRBD18 transcript. Simultaneous expression of the ectopic DRBD18 constructs is induced by tet, and these bear 3′ UTRs that are resistant to
RNAi. RRR indicates MHT-DRBD18(WT), KKK indicates MHT-DRBD18(R→K) and FFF indicates MHT-DRBD18(R→F) mutants. (B) Validation
of cell lines. Complemented cells were harvested two days post-induction, lysed in SDS-PAGE sample buffer and resolved via 10% SDS-PAGE. A western
blot with anti-DRBD18 antibodies (left) shows that tagged DRBD18 protein (expected size ∼79 kDa) is expressed at similar levels in all cell lines (short
exposure), and endogenous DRBD18 (expected size ∼52 kDa) (long exposure) is similarly decreased in all cell lines. A western blot targeting the myc-tag
on the exogenous proteins (right) confirms similar expression levels. The p22 protein serves as a loading control.
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Figure 6. Effects of hypomethylation and methylmimic on subcellular localization and RNA binding capacity of DRBD18. (A) Biochemical fractionation
and western blot analysis of MHT-DRBD18(WT), MHT-DRBD18(R→K) and MHT-DRBD18(R→F) expressing cell lines. Cells were harvested two days
post-induction and 1 × 106 cellular equivalents of cytoplasmic and nuclear fractions were separated via 10% SDS-PAGE. HSP70 and NOG are cytoplasmic
and nuclear markers, respectively. MHT-DRBD18 constructs were visualized using anti-myc antibody. W, whole cell; C, cytoplasmic fraction; N, nuclear
fraction. (B) Indirect immunofluorescence of uninduced MHT-DRBD18(WT) expressing cells and MHT-DRBD18(WT), MHT-DRBD18(R→K), and
MHT-DRBD18(R→F) expressing cell lines 2 days post-induction with tet using anti-myc antibody. Nuclei and kinetoplasts were stained with DAPI, and
merged signals (myc/DAPI) are shown on the right. DIC, differential interference contrast. Inset shows higher magnification image of perinuclear labeling.
(C) CLIP analysis of cells expressing MHT-DRBD18 variants. Cells expressing MHT-DRBD18 variants were UV crosslinked at 254 nm and proteins were
precipitated using anti-myc conjugated resin. Cell lysate pooled from all three samples and incubated with uncoated beads served as a negative control
sample (mock). Left panel shows anti-myc western blot analysis of input samples (7.5 × 105 cell equivalents). Also shown are immunoprecipitated (bound)
MHT-DRDB18 variant proteins following in vivo crosslinking and immunoprecipitation and just prior to labeling with �32P-ATP by polynucleotide kinase.
These bound samples were used for the analyses shown in the right panel. I, input, B, bound samples. Right panel shows phosphorimage analysis of bound
MHT-DRBD18 variant RNPs. Values below the image represent the average signals from three replicate experiments.
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and methylmimic DRBD18 are all primarily cytoplasmic,
like endogenous DRBD18 (Figure 2C). To validate the bio-
chemical fractionation studies, we performed indirect im-
munoflouresence on cells harboring MHT-DRBD18(WT)
or its mutant variants using anti-myc antibodies. As seen in
Figure 6B, all MHT-DRBD18 variants are both dispersed
throughout the cytoplasm and exhibit a prominent enrich-
ment at the nuclear periphery. These data demonstrate that
neither the overexpression of the MHT-tagged protein, nor
methylation status of arginines 199, 202, or 204, alters the
cytoplasmic localization of DRBD18.

Arginine methylation of DRBD18 does not significantly re-
duce its RNA binding capacity

The presence of two RBDs implicates DRBD18 in RNA
binding. Thus, we next asked if DRBD18 binds RNA
in vivo, and if so, whether this parameter is modulated
by arginine methylation. To this end, we performed in
vivo cross-linking immunoprecipitation (CLIP) (41) on cells
expressing MHT-DRBD18(WT), MHT-DRBD18(R→K),
or MHT-DRBD18(R→F) to assess total in vivo RNA
binding capacity. Cells were UV irradiated and DRBD18-
containing ribonucleoprotein (RNP) complexes were im-
munoprecipitated with anti-myc antibody. The immuno-
precipitated sample was subjected to RNase digestion, fol-
lowed by dephosphorylation and 5′-end-labeling of the
bound RNAs using 32P. We next normalized samples from
MHT-DRBD18(WT), MHT-DRBD18(R→K) and MHT-
DRBD18(R→F) immunoprecipitates based on the amount
of DRBD18 protein in each sample as indicated by anti-myc
western blot. Proteins were then resolved via SDS-PAGE
and visualized by phosphorimaging to determine the over-
all capacity of each DRBD18 variant to bind RNA in vivo.
As seen in Figure 6C (right), in the MHT-DRBD18(WT)
sample we observe a band of radiolabeled protein at ∼80
kDa that corresponds to the molecular weight of MHT-
DRBD18(WT) seen in the anti-myc western blot (Fig-
ure 6C, left). These data indicate that DRBD18 binds RNA
in vivo. Both hypomethylated MHT-DRBD18(R→K) and
methylmimic MHT-DRBD18(R→F) also bind RNA, as
indicated by the radiolabeled bands similar to that observed
with WT protein. Quantification from three replicates indi-
cates that there is no appreciable difference in RNA bind-
ing affinity between MHT-DRBD18(WT) and its methyl-
mutants. Together, these data demonstrate that DRBD18
binds RNA in vivo, as predicted from its sequence, irrespec-
tive of its methylation status.

Arginine methylation of DRBD18 impacts its protein–protein
interactions

Many RBPs do not function alone but rather act in the con-
text of larger RNP complexes. Therefore, to better under-
stand how DRBD18 functions in T. brucei and how arginine
methylation modulates its functions, we purified DRBD18-
containing RNPs by tandem affinity chromatography and
identified associated proteins by mass spectrometry analy-
sis. To obtain the largest set of DRBD18-associated pro-
teins, we began by identifying proteins that co-purify with
MHT-DRBD18(WT) from cell extracts in which RNA was

left intact. Consistent with the RNAseq data in which de-
pletion of DRBD18 causes both up- and down-regulation
of specific sets of mRNAs, MHT-DRBD18(WT) associ-
ated with proteins implicated in both RNA stabilization
and decay (Supplementary Table S2). For example, MHT-
DRBD18(WT) co-purified with ZC3H39 and DRBD3,
both of which have been implicated in RNA regulation
during the trypanosome stress response (59,60). MHT-
DRBD18(WT) also associated with four components of the
CAF1-NOT complex, which comprises the primary mRNA
degradation complex in trypanosomes (61). From these
data, we conclude that DRBD18 associates with multiple
RNP complexes that presumably contribute to the effects
of DRBD18 on RNA metabolism.

Arginine methylation can influence protein–protein in-
teractions with examples of both positive and negative
impacts (55,62,63). Having identified numerous proteins
with which DRBD18 associates, we next sought to deter-
mine how methylation of DRBD18 affects these interac-
tions. We treated cell extracts with RNases prior to tan-
dem affinity purification allowing us to focus on direct
protein interactions of hypomethylated and methylmimic
DRBD18. In all, we identified 115 proteins that asso-
ciated with hypomethylated MHT-DRBD18(R→K), but
not with the methylmimic MHT-DRBD18(R→F). Con-
versely, a different set of 131 proteins were associated
with MHT-DRBD18(R→F) but were absent in the pool
of MHT-DRBD18(R→K) interacting proteins. To be-
gin to decipher how these DRBD18-associated proteins
might contribute to RNA fate, we cross-referenced pro-
teins that were exclusively associated with either MHT-
DRBD18(R→K) or MHT-DRBD18(R→F) with a set of
proteins that was shown in a recent T. brucei global mRNA
tethering study to increase or decrease expression of an
mRNA to which they are artificially bound (6). Table 2
shows those proteins that were recovered in purifications
of MHT-DRBD18(WT) and at least one of the methyl-
mutant variants, and which presented an increased or de-
creased gene expression phenotype in the global tether-
ing study. Of the 27 proteins fitting these criteria, only
five were associated with both MHT-DRBD18(R→F) and
MHT-DRBD18(R→K) to similar levels based on peptide
counts, including the poly(A) binding proteins PABP1 and
PABP2 (Table 2, section C). Thirteen proteins were ex-
clusively complexed with MHT-DRBD18(R→F) (Table 2,
section B), and the majority of these (11 of 13) facili-
tated increased gene expression when tethered to reporter
RNA (6). The remaining nine proteins preferentially associ-
ated with MHT-DRBD18(R→K). These included approx-
imately equal numbers of proteins reported to increase and
decrease gene expression. Interestingly, we note that 4E-IP
(Tb927.9.11050) is among the proteins that complexes ex-
clusively with MHT-DRBD18(R→K), and this protein was
identified as one of the most significant suppressors of gene
expression by mRNA tethering (6). Collectively, these data
demonstrate that arginine methylation significantly impacts
the protein–protein interactions of DRBD18, shaping the
composition of DRBD18-containing RNPs and likely its
impact on mRNA fate.
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Table 2. Subset of proteins associated with MHT-DRBD18(R→K) and/or MHT-DRBD18(R→F)

Shown are those proteins that co-purified with either MHT-DRBD18(R→K) and/or MHT-DRBD18(R→F) and which displayed significant gene regu-
latory phenotypes when tethered to mRNAs (6). All listed proteins were also present in MHT-DRBD18(WT) purifications. Listed are TriTrypDB num-
ber, phenotype in the mRNA tethering screen, name and total peptide counts recovered from immunoprecipitated MHT-DRBD18(R→K) or MHT-
DRBD18(R→F).

Hypomethylated and methylmimic DRBD18 mediate oppo-
site effects on RNA levels

Having shown that arginine methylation impacts protein–
protein interactions of DRBD18, we next wanted to ask
how these biochemical differences translate into changes
in the ability of DRBD18 to modulate mRNA levels. To
this end, we used a similar strategy to that described

above, depleting DRBD18 using RNAi against its 3′ UTR,
and complementing with WT or methylmutant proteins
bearing a different, RNAi resistant 3′ UTR (Figure 5A).
Growth assays with cells complemented with the MHT-
DRBD18(WT) fusion showed only a modest rescue of cell
growth (data not shown), suggesting that the MHT tag par-
tially inhibits DRBD18 function. For analysis of cellular
mRNA levels we, therefore, generated complemented cell

 at State U
niversity of N

ew
 Y

ork at B
uffalo on A

ugust 10, 2015
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


5516 Nucleic Acids Research, 2015, Vol. 43, No. 11

lines using untagged DRDB18. As shown in Figure 7A, un-
tagged DRBD18(WT) fully rescued the knockdown growth
phenotype (compare growth of complemented cells to
knockdowns in Figure 2B). These data confirm that the
drastic growth defect exhibited in the DRBD18 knockdown
cell line (Figure 2B) is due solely to the loss of DRBD18
rather than to off-target affects of the RNAi. We next cre-
ated complemented cell lines expressing untagged versions
of either hypomethylated DRBD18(R→K) or methylmimic
DRBD(R→F) mutants. WT and methylmutant DRBD18
were expressed to similar levels (Figure 7B). However,
the endogenous DRBD18 mRNA levels in these cell lines
were not depleted to exactly the same degree as in the
DRBD18(WT) complemented cells. Endogenous DRBD18
mRNA levels were depleted to 18.5% of wild type levels
in the DRBD18(WT) complemented cells, whereas endoge-
nous levels in DRBD18(R→K) and DRBD(R→F) com-
plemented cells were depleted only to 37.2% and 36.9%,
respectively. Nonetheless, cell lines complemented with un-
tagged DRBD18 methylmutants displayed small, but repro-
ducible growth phenotypes (data not shown).

To begin to understand if methylation differentially im-
pacts the RNA populations that are stabilized or desta-
bilized by DRBD18, we first validated a subset of our
RNAseq data using qRT-PCR against specific transcripts
whose abundances were increased or decreased in DRBD18
knockdown cells. To ensure a representative sampling, we
selected three DRBD18-destabilized and three DRBD18-
stabilized RNAs, each one representing a highly enriched
GO term. We also confirmed that transcripts whose abun-
dances were unchanged in the RNAseq analysis were un-
affected in our qRT-PCR measurements (data not shown).
qRT-PCR analysis of three DRBD18-stabilized RNAs
showed that the abundance of these transcripts was re-
duced to between 0.61 and 0.83 of uninduced levels when
DRBD18 was depleted (Figure 8A, red). Likewise, analy-
sis of three DRBD18-destabilized RNAs showed that each
of these RNAs increase in abundance between 2.1 and 5.4-
fold when DRBD18 is depleted (Figure 8B, red). Therefore,
qRT-PCR analysis confirmed the trends observed in the
RNAseq study for the subset of RNAs tested. We next inter-
rogated the ability of DRBD18(WT) to restore these tran-
scripts to levels observed in uninduced RNAi cells. Con-
sistent with its ability to complement growth, complemen-
tation of the knockdown with DRDB18(WT) restored all
tested RNAs to levels comparable to those seen in unin-
duced cells (Figure 8A and B, blue). These data confirm that
DRBD18 mediates both positive and negative impacts on
RNA abundance.

We next probed the effect of arginine methylation on the
ability of DRBD18 to modulate these different RNA pop-
ulations. To begin, we assessed the ability of methylmimic
DRBD18(R→F) and hypomethylated DRBD18(R→K) to
stabilize RNAs by repeating the targeted qRT-PCR anal-
yses in Figure 8A in each complemented cell line. We an-
alyzed the ability of each DRBD18 methylmutant to re-
store transcript levels relative to that of DRBD18(WT)
complemented cells, and the results are presented as ‘Fold
restoration compared to wild type’ (Figure 8C). A value
of one indicates the methylmutant stabilizes the transcript
as well as DRBD18(WT), a value less than one indi-

cates that the mutant stabilizes RNA less efficiently that
DRBD18(WT), while a value greater than one demon-
strates that the methylmutant protein exacerbates the
stabilization of a given mRNA. As seen in Figure 8C
(green bars), for those transcripts that are stabilized by
DRBD18 (Tb927.7.2030, Tb927.7.2160, Tb927.10.1500),
methylmimic DRBD(R→F) stabilizes these RNAs to the
same extent or better than DRBD18(WT). Conversely, hy-
pomethylated DRBD18(R→K) is unable to fully stabilize
these RNAs (Figure 8C, purple bars). These data suggest
that DRBD18 arginine methylation is required for the pro-
tein’s full capacity for mRNA stabilization.

To this point, we have used DRBD18 proteins mutated
at the three arginine residues to approximate methylated
or hypomethylated protein. To ensure that the observed
phenotype was due to the change in DRBD18 methy-
lation status rather than mutation of its amino acid se-
quence, we repeated the qRT-PCR analysis in cells that
were wild type with respect to DRBD18, but that were
depleted of TbPRMT1. TbPRMT1 is the major T. brucei
PRMT in vivo (27), and several TbPRMT1 peptides were
identified by mass spectrometry of tandem affinity puri-
fied MHT-DRBD18 (Supplementary Table S2). Thus, we
hypothesized that knockdown of TbPRMT1 would ren-
der the wild type pool of DRBD18 hypomethylated and
recapitulate the phenotype of the DRBD18(R→K) mu-
tant. We isolated RNA from previously described unin-
duced and induced TbPRMT1 knockdown cells express-
ing 26% of wild type levels of TbPRMT1 (31) and analyzed
the levels of DRBD18 stabilized mRNAs by qRT-PCR. As
shown in Figure 8C (orange bars), the transcript levels in
cells in which TbPRMT1 was depleted were very similar
to those in DRBD18 knockdown cells complemented with
DRBD18(R→K) (Figure 8C, purple bars). Thus, DRBD18
that is rendered hypomethylated by either (R→K) mutation
or by TbPRMT1 knockdown is unable to efficiently sta-
bilize these mRNAs, whereas methylmimic DRBD18 sta-
bilizes as well or better than the wild type protein. Based
on these data, we conclude that arginine methylation of
DRBD18 is required for efficient stabilization of a subset
of mRNAs.

Having shown that DRBD18 methylation positively im-
pacts the protein’s ability to stabilize a subset of mRNAs, we
next asked whether arginine methylation impacts the abil-
ity of DRBD18 to destabilize mRNAs. We isolated RNA
from DRBD18 knockdown cells complemented with WT or
methylmutant proteins, and performed qRT-PCR analysis
of a subset of transcripts that are destabilized by DRBD18.
Data are again presented as ‘Fold restoration compared
to wild type’ such that a value less than one indicates an
impaired ability to destabilize a given RNA and a value
greater than one indicates enhanced destabilization com-
pared to wild type. For two of the three transcripts tested
(Tb927.7.5380 and Tb927.10.5250), methylation status had
little effect of the ability of DRBD18 to rescue wild type
RNA levels (Figure 8D, purple and green bars). However,
for a third mRNA, we observed a phenotype opposite to
that seen with the stabilized pool of transcripts. When we
analyzed levels of the Tb927.8.4200 transcript, we found
that methylmimic DRBD18(R→F) was significantly im-
paired in its ability to destabilize the RNA (Figure 8D, green
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Figure 7. Generation of DRBD18 knockdown cell lines complemented with untagged DRBD18 variants. (A) Expression of untagged DRBD18 restores
cell growth. Green line indicates cells in which neither DRBD18 RNA nor expression of exogenous DRBD18 has been induced. Red line indicates cells in
which endogenous DRBD18 is repressed and untagged wild type protein is expressed. (B) DRBD18 RNA and protein levels in cell lines complemented
with untagged DRBD18. Top panel shows qRT-PCR analysis of endogenous DRBD18 transcript levels normalized against 18S rRNA. Error bars depict
standard deviation from 3–6 determinations. Bottom panel shows anti-DRBD18 western blot analysis of cells expressing ectopic DRBD18 constructs.
Complemented cells were harvested 2 days post-induction, lysed in SDS-PAGE sample buffer, and resolved via 10% SDS-PAGE.
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Figure 8. Effects of DRBD18 methylation on target RNA abundances. (A) qRT-PCR analysis of three selected RNAs in DRBD18 repressed cells (KD;
red bars) and DRBD18(WT) complemented cells (KD + WT; blue bars). These RNAs were among those whose abundance decreased upon DRBD18
depletion in RNAseq, and are thus normally stabilized by DRBD18. The specific transcripts that were tested are indicated by the last five or six digits of
their TriTrypDB number above the graph. RNA abundances were normalized against 18S rRNA and are plotted relative to abundances in uninduced cells.
Average and standard deviation from at least three replicates is shown. (B) qRT-PCR analysis as in A, except the three RNAs were among those whose
abundance increased upon DRBD18 depletion in RNAseq, and are thus normally destabilized by DRBD18. (C) qRT-PCR analysis of the same transcripts
as in panel A in DRBD18(R→K) (purple) or DRBD18(R→F) (green) complemented cells, and in TbPRMT1 knockdown cells (orange). Relative RNA
abundances (induced/uninduced) are plotted to show the fold restoration of RNA levels compared that in DRBD(WT) complemented cells. (D) qRT-PCR
analysis as in C, except measuring the same transcripts as in panel B. Asterisk, the value is less than one because the transcript level was depleted to a level
lower than in the DRBD18 knockdown alone.
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bars), whereas DRBD18 hypomethylated by either (R→K)
mutation or TbPRMT1 knockdown exhibited destabiliza-
tion efficiency greater than that of DRBD18(WT) (Fig-
ure 8D, purple and orange bars). These data demonstrate
that arginine methylation impairs the ability of DRBD18
to destabilize a subset of mRNAs. Collectively, our results
show that arginine methylation differentially impacts the
distinct functions of DRBD18, facilitating its mRNA sta-
bilizing function while, at least for a subset of transcripts,
inhibiting its ability to destabilize mRNAs.

Thus far, we have shown that DRBD18 functions in
both stabilization and destabilization of mRNA, with
methylation increasing its stabilization affects. We hy-
pothesize that DRBD18 acts directly on both popula-
tions of RNAs. To confirm that the phenotypes we ob-
serve are not due to secondary affects from modulat-
ing the abundances of known RBPs, we immunopre-
cipitated in vivo cross-linked MHT-DRBD18(WT) and
methylmutant-containing RNPs and analyzed specific asso-
ciated RNAs using qRT-PCR. As shown in Figure 9, both
a DRBD18-stabilized transcript (7.2030) and a DRBD18-
destabilized transcript (8.4200) are enriched 3- and 4-
fold, respectively, in MHT-DRBD18(WT) immunoprecip-
itates compared to input levels. From these data, we con-
clude that MHT-DRBD18(WT) associates with both sta-
bilized and destabilized RNAs, and likely functions on
both populations directly. In addition, we observed a pref-
erence for certain RNAs based on DRBD18 methylation
status. While MHT-DRBD18(R→K) exhibited a similar
level of enrichment of the 7.2030 transcript compared
to MHT-DRBD18(WT)WT, MHT-DRBD18(R→F) dis-
played a fold enrichment of ∼7.4-fold, more than dou-
ble the enrichment seen with MHT-DRBD18(R→K).
Strikingly, analysis of the destabilized transcript, 8.4200,
displayed an opposite phenotype. The 8.4200 transcript
is equally enriched in MHT-DRDB18(WT) and MHT-
DRBD18(R→F) immunoprecipitates, but the enrichment
is elevated in MHT-DRBD18(R→K) immunoprecipitates.
Therefore, these data suggest that methylation partially
modulates DRBD18 RNA binding preference in a manner
consistent with the effects of methylation on mRNA sta-
bility. Specifically, methylmimic DRBD18 is enriched for
transcripts that are stabilized by DRBD18 binding, and hy-
pomethylated DRBD18 preferentially associates with tran-
scripts that are destabilized by DRBD18 binding.

DISCUSSION

RBPs are key regulators of gene expression and devel-
opment in kinetoplastid parasites (2,3). However, little is
known regarding how the functions of RBPs are expanded
or regulated by posttranslational modifications. Here, we
report the characterization of a previously unstudied T.
brucei RNA binding protein, DRBD18, and demonstrate
that its functions are dramatically modulated by arginine
methylation. In agreement with a global screen identify-
ing proteins whose depletion results in a change in par-
asite fitness (64), knockdown of DRBD18 leads to PF
cell death. Quantification of DRBD18 levels indicates it is
a relatively abundant RBP. In accordance with its abun-
dant and essential nature, depletion of DRBD18 caused

extensive changes in the T. brucei transcriptome. RNAseq
analysis revealed that approximately one tenth of mR-
NAs were significantly stabilized or destabilized 24 h fol-
lowing knockdown of DRBD18. Complementation stud-
ies demonstrated that DRBD18(WT) is fully functional in
restoring mRNAs to uninduced levels. In contrast, comple-
mentation of DRBD18 knockdown cell lines with DRBD18
methylmutants differentially affected distinct pools of mR-
NAs (Figures 7 and 8). Hypomethylated DRBD18 was
competent for RNA destabilization but unable to efficiently
stabilize target RNAs. Conversely, methylmimic DRBD18
very efficiently stabilized target RNAs, but was partially
crippled for mRNA destabilization. Hypomethylated and
methylmimic DRBD18 co-purified with a distinct set of
proteins that likely contribute to their differential func-
tions. Moreover, differentially methylated DRBD18 popu-
lations exhibited distinct RNA binding preferences consis-
tent with their effects on mRNA fate. Finally, the protein
arginine methyltransferase, TbPRMT1, was implicated in
DRBD18 methylation and function since it co-purified with
DRBD18, and TbPRMT1 depletion recapitulated the ef-
fects of hypomethylated DRBD18 on target mRNA abun-
dance. Together, our data provide a compelling example
of functional diversification of an RBP due to posttrans-
lational arginine methylation.

Bioinformatic analysis of transcripts whose abundances
were affected by knockdown of DRBD18 revealed a wide
array of biological processes. While most functional GO
terms were equally represented in both up- and down-
regulated transcripts, and both included many hypotheti-
cal proteins, there were some classes of mRNAs that were
differentially impacted by DRBD18 depletion. For exam-
ple, of the 82 mRNAs encoding kinases/phosphates whose
abundance was significantly altered upon DRBD18 de-
pletion, 75 were up-regulated while only six were down-
regulated. Interestingly, six of the mRNAs that were up-
regulated by DRBD18 RNAi represent nearly 50% of the
kinases/phosphatases shown to drive stumpy form forma-
tion in a genome-wide analysis of T. brucei quorum sens-
ing (8). For example, mRNA encoding the YAK protein ki-
nase (Tb927.10.15020) is up-regulated in PF T. brucei al-
most 4-fold upon DRBD18 depletion, while the protein
kinase A regulatory subunit transcript (Tb927.11.4610) is
up-regulated 2.2-fold. This may indicate that one role for
DRBD18 in PF cells is to down-regulate these kinase genes
upon differentiation to PF. Additionally, the mRNA en-
coding RDK1 kinase (Tb927.11.14070) is upregulated 6.5-
fold upon DRBD18 depletion. RDK1 was identified in a
kinome-wide RNAi screen as a repressor of BF to PF dif-
ferentiation (65). The ability of DRBD18 to keep RDK1
mRNA levels low also supports the notion that one func-
tion of DRBD18 is maintenance of the PF state.

DRBD18 knockdown also caused up-regulation of nu-
merous classes of RBPs (Table 1). For example, four RBPs
were among the top ten most highly up-regulated mR-
NAs upon DRBD18 depletion: ZC3H32 (Tb927.10.5250),
RBP3 (Tb927.11.530), Puf4 (Tb927.6.820) and DRBD12
(Tb927.5380). DRBD12, the only one of these that has
been characterized, destabilizes transcripts with AU-rich el-
ements (66). These findings suggest that the wide-ranging
effects of DRBD18 on the PF transcriptome may be ampli-
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Figure 9. Enrichment of destabilized and stabilized mRNAs in different DRBD18-containing RNPs. qRT-PCR analysis of two selected RNAs in MHT-
DRBD18(WT) (grey bars), MHT-DRBD18(R→K) (white bars) and MHT-DRBD18(R→F) (black bars) immunoprecipitations. The specific transcripts
that were tested are indicated by the last five digits of their TriTrypDB numbers above each graph. RNA abundances were normalized against 18S rRNA
and are plotted relative to input levels. Average and standard deviation from three replicates is shown.

fied by its modulation of other RBPs. We performed our
RNAseq analysis 24 h post-induction to reduce the like-
lihood of secondary effects. Nevertheless, we cannot rule
out that some of the alterations in transcript abundance
are secondary effects caused by RBPs that are themselves
modulated by DRBD18. However, the fact that DRBD18-
meditated mRNA destabilization and DRBD18-meditated
mRNA stabilization respond differently to the methylation
status of the protein (Figure 8) strongly suggests that one is
not a secondary effect of the other. In addition, we demon-
strated that MHT-DRBD18(WT) can be cross-linked in
vivo to both DRBD18-stabilized and DRBD18-destabilized
mRNAs (Figure 9), consistent with direct effects on both
mRNA populations.

DRBD18 displayed a cytoplasmic localization with a
pronounced perinuclear staining pattern, irrespective of its
methylation status. Mass spectrometry studies showed that
MHT-DRBD18(WT) associates with five different mem-
bers of the nuclear pore complex (nucleoporins) (67,68),
some of which presumably extend into the cytoplasm as ob-
served with nucleoporins in other eukaryotes (69). Three
of these DRBD18-associated nucleoporins are hypothe-
sized to participate in direct transport of cargoes into
and out of the nucleus. Interestingly, the murine homo-
logue of one of these proteins, TbNup158, has been shown
to mediate mRNA transport (70). Furthermore, MHT-
DRBD18(WT) also associates with the proposed mRNA
transport protein Tb927.10.2240. Thus, the distinct accu-
mulation of DRBD18 around the nucleus could be caused
by key DRBD18 protein–protein interactions that position
it in an ideal location to target mRNAs as they exit the nu-
cleus.

Complementation of DRBD18 knockdown cells with
DRBD18(WT), hypomethylated DRBD18(R→K), or
methylmimic DRBD18(R→F) allowed us to develop

a model for DRBD18 protein function and the role of
arginine methylation in regulating its functions. As seen
in Figure 10, DRBD18(WT) acts in two distinct ways
on two separate mRNA populations, defined by distinct
cis-acting sequences (indicated by red or green patches).
DRBD18(WT) promotes decay of one set of mRNAs,
while stabilizing another set. These opposing effects are
evident in the RNAseq analysis of DRBD18 depleted cells,
the qRT-PCR analysis of DRBD18(WT) complemented
cells, as well as in the similar enrichment levels of stabi-
lized and destabilized transcripts in MHT-DRDB18(WT)
immunoprecipitations. Mass spectrometry identified at
least three sites of arginine methylation in DRBD18(WT);
however, the extent to which DRBD18(WT) is methylated
in the cell remains unknown. That is to say, DRBD18(WT)
must be thought of as a mixed population containing both
methylated and unmethylated protein. When the popula-
tion of DRBD18 is forced to resemble a more methylated
state, as seen with the DRBD18(R→F) mutant, DRBD18
can stabilize RNA more efficiently than the WT mixed
population (Figure 10, right). Conversely, when the protein
is forced into a hypomethylated state, as seen with the
DRBD18(R→K) mutant or TbPRMT1 knockdown, the
protein loses its ability to efficiently stabilize RNAs, but
can efficiently destabilize mRNAs (Figure 10, left). mRNA
stabilization appears to be very sensitive to DRBD18
methylation status (Figure 8C), while only a subset of
DRBD18-destabilized mRNAs tested were responsive to
methylation status (Figure 8D). In this case, destabilization
required hypomethylated DRBD18, and methylmimic
protein was ineffective at mRNA degradation. Collectively,
our data strongly support a model in which methylation
acts as a switch for DRBD18, directing it to act on one
subset of RNAs in a destabilizing manner, and on another
set of RNAs as a stabilizing factor.
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Figure 10. Model of DRBD18 function and the affects of arginine methylation. See text for details.

What are the biochemical mechanisms by which argi-
nine methylation impacts DRBD18 function? Arginine
methylation likely affects DRBD18 function by modu-
lating its interactions with effector proteins (Figure 10).
Indeed, we identified dozens of proteins that associate
preferentially with either hypomethylated or methylmimic
DRBD18. Of the thirteen proteins that preferentially inter-
act with DRBD18(R→F) and which displayed a gene reg-
ulatory function in mRNA tethering studies, eleven lead
to increased gene expression. Interestingly, methylmimic
DRBD18 bound NOT5 (Tb927.3.1920), whereas hy-
pomethylated DRBD18 did not (Table 2). NOT5 is a com-
ponent of the CAF1/NOT complex, which is the ma-
jor deadenylation complex in trypanosomes that promotes
RNA decay (61). Thus, it is curious that a component of the
primary RNA decay machinery is enriched in purifications
of the DRBD18 mutant form that is most competent for
mRNA stabilization. One possible scenario is that methy-
lation of DRBD18 sequesters NOT5 from the CAF1/NOT
complex in a manner that renders the CAF1/NOT complex
decay incompetent. A different set of proteins preferentially
associated with hypomethylated DRBD18. Of particular in-
terest in this regard is 4E-IP, which was one of the most
significant gene expression repressors in mRNA tethering
studies (6). The 4E-IP protein is believed to interact with
the translation initiation factor, eIF41, to block translation
(71). Thus, it will be of interest to determine if some of the
mRNA destabilizing affects we see when DRBD18 is hy-
pomethylated are due to the protein’s association with 4E-
IP, and whether DRBD18 can directly affect mRNA trans-
lation.

Arginine methylation also appears to play a role in spec-
ifying the RNA binding preferences of DRBD18. In agree-
ment with our model proposing that DRBD18 methylation
leads to stabilization of specific RNAs, qRT-PCR analysis
of in vivo CLIP samples demonstrates that DRBD18(R→F)
preferentially associates with stabilized RNA, while hy-
pomethylated DRBD18(R→K) has a stronger enrichment

of a destabilized RNA (Figure 10). Methylation of specific
arginine residues has been shown to modulate RNA bind-
ing for certain RBPs. For example, arginine methylation
of the neuronal translation factor, FMRP, inhibits FMRP
binding to one RNA while having no effect on its bind-
ing a different target RNA (26). Also, TbPRMT1-mediated
methylation of the T. brucei mitochondrial protein RBP16
decreases its association with guide RNA while simulta-
neously augmenting its association with mRNA (32,33).
In general, the mechanisms by which arginine methylation
modulates RNA binding specificity are poorly understood.
With regard to DRBD18, the presence of extraordinarily
long 3′ UTRs on target mRNAs suggests that the protein
acts combinatorially with other RBPs in regulating mRNA
fate. These combinatorial interactions may be influenced by
the methylation status of the protein, thereby contributing
to differing RNA binding specificities of methylation and
unmethylated DRBD18. Future studies will be aimed at
characterizing DRBD18 RNPs, the contributions of their
component proteins to control mRNA stability, and the
role of arginine methylation in modulating specific protein–
protein interactions.

In summary, we have demonstrated that the T. brucei
RBP, DRBD18, has distinct effects on the stabilities of
different sets of mRNAs. Arginine methylation acts as a
switch, converting DRBD18 from a more destabilization-
competent to a more stabilization-competent form. Our
global arginine methylome studies (15,16), as well as similar
studies in mammalian cells (20), identified RBPs as a major
category of arginine methylated proteins. Thus, future stud-
ies aimed at deciphering the molecular mechanism of the
methylation switch on DRBD18 may reveal a more general
model for posttranscriptional gene regulation in both kine-
toplastid parasites and higher organisms.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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