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Arginine methylation is a widespread posttranslational modification of proteins catalyzed by a family of
protein arginine methyltransferases (PRMTs). In Saccharomyces cerevisiae and mammals, this modification
affects multiple cellular processes, such as chromatin remodeling leading to transcriptional regulation, RNA
processing, DNA repair, and cell signaling. The protozoan parasite Trypanosoma brucei possesses five putative
PRMTs in its genome. This is a large number of PRMTs relative to other unicellular eukaryotes, suggesting
an important role for arginine methylation in trypanosomes. Here, we present the in vitro and in vivo
characterization of a T. brucei enzyme homologous to human PRMT6, which we term TbPRMT6. Like human
PRMT6, TbPRMT6 is a type I PRMT, catalyzing the production of monomethylarginine and asymmetric
dimethylarginine residues. In in vitro methylation assays, TbPRMT6 utilizes bovine histones as a substrate, but
it does not methylate several T. brucei glycine/arginine-rich proteins. As such, it exhibits a relatively narrow
substrate specificity compared to other T. brucei PRMTs. Knockdown of TbPRMT6 in both procyclic form and
bloodstream form T. brucei leads to a modest but reproducible effect on parasite growth in culture. Moreover,
upon TbPRMT6 depletion, both PF and BF exhibit aberrant morphologies indicating defects in cell division,
and these defects differ in the two life cycle stages. Mass spectrometry of TbPRMT6-associated proteins reveals
histones, components of the nuclear pore complex, and flagellar proteins that may represent TbPRMT6
substrates contributing to the observed growth and morphological defects.

Posttranslational methylation of proteins on arginine resi-
dues has multiple roles in a wide array of cellular functions,
such as chromatin remodeling leading to transcription activa-
tion or repression, RNA processing, DNA repair, and various
forms of cell signaling (5, 6, 8, 9, 52, 70, 98). The process of
arginine methylation involves the transfer of methyl groups
from S-adenosyl-methionine (AdoMet) to arginine residues of
proteins and is catalyzed by a group of enzymes known as
protein arginine methyltransferases (PRMTs). PRMTs them-
selves are further divided into four classes, depending on the
type of methylated arginine generated. The largest PRMT
class comprises the type I enzymes, as characterized by the first
discovered PRMT, PRMT1. Type I PRMTs initially catalyze
the formation of monomethylated arginine (MMA) on the
terminal �-nitrogen, followed by addition of a second methyl
group on the same �-nitrogen, which yields asymmetric
dimethylarginine (ADMA). The type II PRMTs are a smaller
group, presently consisting only of PRMT5 and its homo-
logues. These enzymes also catalyze the synthesis of MMA on
the terminal �-nitrogen, but in contrast to the type I enzymes,
type II PRMTs add a second methyl group to the adjacent
terminal �-nitrogen, resulting in symmetric dimethylarginine

(SDMA). Almost all known eukaryotic cells possess at least
one type I PRMT and one type II PRMT in the form of
PRMT1 and PRMT5 homologues, respectively (3). Less is
understood about the type III and type IV PRMTs. Type III
PRMTs catalyze the production of only MMA. Thus, far,
the Trypanosoma brucei homologue of human PRMT7,
TbPRMT7, is the only enzyme thought to be exclusively type
III, and the specificity of the mammalian homologue PRMT7
is controversial (27, 54, 64). Finally, the type IV PRMTs cat-
alyze MMA on the �-nitrogen of arginine but to date have
been described to occur only in fungi (63, 69).

PRMT substrates are varied and include chromatin-associ-
ated proteins, signaling proteins, and a large number of RNA
binding proteins (RBPs) (5). RBPs are usually methylated
within glycine/arginine-rich (GAR) regions (68), often within
canonical RGG motifs. However, methylation of arginine res-
idues in noncanonical regions is becoming more apparent,
suggesting a more complex specificity than initially thought (6,
97). Thus, a large number of PRMT substrates cannot be
identified based on their sequences and so must be empirically
defined.

The homologues of PRMT6 in humans and other higher
eukaryotes comprise a family of type I PRMTs involved in
transcription and DNA repair (28, 53). PRMT6 exhibits a
relatively narrow substrate specificity, with the currently known
substrates being HMG1A (66, 87, 106), histone subunits (32,
37, 38), DNA polymerase beta (20), and several components of
the HIV virus (10, 39, 40) as well as PRMT6 itself (28). The
human enzyme is reported to display an exclusively nuclear
localization pattern (28), consistent with its known roles in
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nuclear processes. Detailed in vitro studies showed that human
PRMT6 catalyzes methyl transfers in a distributive manner,
depositing the first methyl group and creating MMA, dissoci-
ating from the substrate, and then rebinding to the methyl
mark and forming ADMA (53). Homologues of PRMT6 are
apparently absent from the genomes of most single-celled eu-
karyotes, with the exception of Trypanosoma brucei and, pos-
sibly, Dictyostelium (3).

The kinetoplastid protozoan T. brucei is the causative agent
of African sleeping sickness. Kinetoplastid parasites, including
T. brucei, Trypanosoma cruzi, and Leishmania spp., exhibit sev-
eral unique features, one of the most striking of which is the
absence of gene regulation at the level of transcription (13, 14).
Instead, these parasites regulate several posttranscriptional
processes, including RNA stability, translation, and RNA ed-
iting, to control gene expression. This unusual mode of gene
regulation necessitates the involvement of a large number of
RBPs, a few of which have been identified (26, 35, 48, 61, 83,
91, 92). Correspondingly, the T. brucei genome encodes a large
number of RBPs. Because many of these RBPs contain GAR
motifs, they are in turn proposed targets of regulation by ar-
ginine methylation (17; L. K. Read, unpublished results).

Previously, we identified five putative PRMTs in the T. bru-
cei genome, which is, to our knowledge, the highest number in
a single-celled eukaryote (3, 73). In this study, we present an in
vitro and in vivo characterization of the T. brucei homologue of
the human PRMT6 protein, which we term TbPRMT6.
TbPRMT6 is a type I PRMT with a relatively narrow substrate
specificity compared to those of other T. brucei PRMTs.
Knockdown of TbPRMT6 in both procyclic form (PF) and
bloodstream form (BF) T. brucei leads to a modest but repro-
ducible effect on parasite growth in culture as well as dif-
ferential defects in cell division. Mass spectrometry of
TbPRMT6-associated proteins reveals several potential sub-
strates that may contribute to these growth and morphological
defects.

MATERIALS AND METHODS

Cloning and expression of TbPRMT6. The gene carrying the TbPRMT6 open
reading frame (Tb927.5.3960) was PCR amplified from oligo(dT)-primed cDNA
extracted from procyclic form (PF) T. brucei (strain 927 Eatro 1.1) RNA using
the primers PRMT6-5�-BamHI (5�-GAGGATCCATGGAGTCCGGAGGGTT
TG-3�) and PRMT6-3�-HindIII (5�-GGAAGCTTTTTTAACTCGAGCTCAAT
G-3�) (the restriction enzyme-cut sites are underlined). The resultant product
was cloned into pJET (CloneJet cloning kit; Fermentas). TbPRMT6 was excised
from pJET-TbPRMT6 and ligated into the BamHI and HindIII sites of both the
pET21a and the pET42a vectors (Novagen). The resultant plasmids were then
transformed into Rosetta strain Escherichia coli cells (Novagen) for expression.
Glutathione S-transferase (GST)-tagged TbPRMT6 (from pET42a-TbPRMT6)
was purified using single-step glutathione-agarose (Invitrogen) and a standard
GST purification protocol. TbPRMT6 with a C-terminal six-histidine tag was
produced from pET21a-TbPRMT6 and was purified by a standard purification
protocol using TALON resin (Clontech).

Antibodies. Polyclonal antibodies against TbPRMT6 and TbPRMT7 were
raised by injecting rabbits with full-length GST-TbPRMT6 or GST-TbPRMT7
(27) (Proteintech, Inc.). Affinity-purified polyclonal antipeptide antibodies
against TbPRMT1 were purchased from Bethyl Laboratories. Monoclonal anti-
bodies against protein C were purchased from Sigma. Antibodies against Hsp70
and the C-terminal domain (CTD) of RNA polymerase II were generously
provided by James Bangs (University of Wisconsin) and Vivian Bellafatto (Uni-
versity of Medicine and Dentistry of New Jersey), respectively. Antibodies
against MRP2 were previously described (1).

Cell culture and RNAi. PF T. brucei strain 29-13 (from George A. M. Cross,
Rockefeller University), which contains integrated genes for the T7 RNA poly-

merase and the tetracycline repressor, were grown in SDM-79 medium supple-
mented with 15% fetal bovine serum (FBS), as indicated previously (75), unless
otherwise noted. Bloodstream form (BF) single-marker T. brucei cells (also
provided by George A. M. Cross) were cultured in HMI-9 medium supple-
mented with 10% FBS and 10% Serum Plus (SAFC) (75). For creation of cells
expressing double-stranded RNA (dsRNA) targeting TbPRMT6 for RNA inter-
ference (RNAi), the full-length TbPRMT6 open reading frame was excised from
pET42a-TbPRMT6 using BamHI and HindIII and ligated into the BamHI-
HindIII sites of the tetracycline-inducible RNAi vector p2T7-177 (95), creating
p2T7-177-TbPRMT6. NotI-linearized p2T7-177-TbPRMT6 was transfected into
PF and BF cells, and cells harboring this construct were selected with 2.5 �g/ml
phleomycin. Clones were obtained by serial dilution and grown over the indi-
cated time periods in the absence or presence of 2.5 �g/ml tetracycline. For
exogenous expression of TbPRMT6, we engineered the vector pLEW79-MH-
TAP to express TbPRMT6 with a C-terminal myc–six-histidine TAP tag (43).
Full-length TbPRMT6 was amplified using the primers PRMT6 5� HindIII (5�-
GGAAGCTTATGGAGTCCGGAGGGTTTG-3�) and TbPRMT6 3� BamHI
(5�-GAGGATCCTTTTAACTCGAGCTCAATG-3�) (restriction sites are un-
derlined), cloned into the cloning vector pJET, and finally cloned into the
HindIII-BamHI sites of pLEW79-MH-TAP. The resultant vector, pLEW79-
TbPRMT6-MH-TAP, was transfected into 29-13 cells, and clones were selected
by limiting dilution. Expression of tetracycline-inducible TbPRMT6-MH-TAP
was verified by Western blotting against both TbPRMT6 and the myc tag, which
confirmed the expression of the native 41-kDa TbPRMT6 protein as well as the
approximately 69-kDa tagged TbPRMT6-MH-TAP protein.

In vitro methylation assays. S-Adenosyl-[methyl-3H]methionine ([3H]AdoMet)
(65 to 82 Ci/mmol) was purchased from Amersham or Perkin Elmer. Methyl-
ation assays were performed essentially as described in references 73 and 74, with
the following modifications. Purified TbPRMT6-His (3 �g) was incubated in 50
�l of phosphate-buffered saline (PBS) with specified substrate (typically 3 �g; 10
�g for histones) and 2 �Ci [3H]AdoMet for 14 h at room temperature. The
substrates used in this study are as follows: the synthetic peptide H-CGRGRG
RGRGRGRGRG-NH2 (12), myelin basic protein (MBP) (Sigma), bovine mixed
histones (IIAS; Sigma), His-RBP16 (35), GST-TbRGG1 (74), and GST-
TbRGG2 (26).

High-resolution amino acid analysis of acid hydrolysates of TbPRMT6 prod-
ucts. Reactions were carried out overnight as indicated above using either 3 �g
of GST-TbPRMT6 alone or GST-TbPRMT6 with 10 �g bovine histones. The
reactions were precipitated with 50% trichloroacetic acid (TCA) and washed
with ice-cold 100% acetone, and the resultant TCA pellet was acid hydrolyzed to
component amino acids under a vacuum for 20 h at 110°C. The samples were
dried and resuspended in 50 �l of water, followed by addition of 500 �l of sodium
citrate buffer (pH 2.2) and 1.0 �mol each of unlabeled standards of �-NG-
monomethylarginine (acetate salt) (MMA), �-NG, NG-dimethylarginine (hydro-
chloride) (ADMA), and �-NG, NG�-dimethylarginine (di(p-hydroxyazobenzene-
p�-sulfonate salt) (SDMA) (all purchased from Sigma) in a total of 1 ml. The
reaction was then analyzed by cation exchange chromatography as detailed
previously (82).

Subcellular fractionation of TbPRMT6-PTP cells. PF 29-13 cells were frac-
tionated into cytoplasmic and nuclear fractions using methods described previ-
ously (102). Mitochondria were purified by the method of Harris et al. (33). To
establish the efficiency of fractionation, Western blot analyses were performed
with antibodies specific for cytoplasmic Hsp70, nuclear RNA polymerase II
CTD, and mitochondrial TbRGG2 (26).

Microscopy of TbPRMT6 RNAi cells. TbPRMT6 RNAi cells (1 � 106) in PBS
were spread on poly-L-lysine-coated slides (Electron Microscope Sciences) and
adhered at room temperature for 20 min. Cells were then fixed in 4% parafor-
maldehyde for 15 min. Fixation was stopped by washing the slides twice for 5 min
each in PBS with 0.1 M glycine (pH 8.5). Cells were permeabilized for 5 min by
addition of PBS with 0.025% (wt/vol) Triton X-100 and then washed with PBS
for 5 min. Slides were then immersed in methanol at �20°C overnight. Cells were
then rehydrated by three washes of PBST (PBS with 0.1% Tween 20) for 5 min
each, followed by staining with 0.1 �g/ml DAPI (4�,6-diamidino-2-phenylindole)
in PBS for 5 min, and two final washes with PBS. Slides were mounted using a
coverslip and Vectashield (Vector Laboratories) as an antifade. Cells were vi-
sualized using a Zeiss Axio Observer inverted microscope and Zeiss Axiovision
software.

RESULTS

Identification and sequence analysis of TbPRMT6. Of the
five putative PRMTs in the annotated T. brucei genome data-

VOL. 9, 2010 CHARACTERIZATION OF A TYPE 1 PRMT IN T. BRUCEI 867



base, three have previously been characterized in our labora-
tory. This includes canonical homologues of the human type I
PRMT1 and type II PRMT5 proteins (73, 74) as well as a
unique type III enzyme known as TbPRMT7 (27). A fourth
enzyme (Tb927.10.3560), as yet uncharacterized, appears to be
the homologue of human PRMT3. The fifth putative PRMT
(Tb927.5.3960) shares overall amino acid sequence identities
with human PRMT1 but appears to be most similar to human
PRMT6 (HsPRMT6) when sequences outside the cata-
lytic core are analyzed. To determine the relationship of
Tb927.5.3960 to human PRMTs, we used CLUSTALW (http:
//www.ebi.ac.uk/Tools/clustalw2/index.html) to align the amino
acid sequences of three human type I PRMTs, HsPRMT1,
HsPRMT3, and HsPRMT6, with putative type I PRMTs from
T. brucei. A cladogram of this alignment (Fig. 1A) demon-
strates that Tb927.5.3960 is most similar to HsPRMT6. On the
basis of this alignment and analyses described below, we
coined this protein TbPRMT6. All active PRMTs share several
common motifs required for binding to AdoMet and substrate
proteins and catalysis of the methyl transfer (3, 6, 49). In Fig.
1B, we align the amino acid sequences of HsPRMT6 and
TbPRMT6, demonstrating that TbPRMT6 possesses all of
these motifs (motifs I, post I, II, and III and the double E and
THW loops) (Fig. 1), although motif III of TbPRMT6 diverges
from the canonical motif. Across the regions of motif 1 through
the THW loop, the human and T. brucei enzymes share 31%
identity and 45.7% similarity. While the proteins are generally

less conserved outside this region, we identified several shared
motifs between TbPRMT6 and HsPRMT6 that are absent in
other type I PRMTs (Fig. 1B, “PRMT 6”) and which presum-
ably contribute to the homology of the two proteins as shown
in Fig. 1A. TbPRMT6 appears to lack the N-terminal nuclear
localization signal (NLS) present in HsPRMT6. Whereas hu-
man PRMT6 is exclusively nuclear (28), the absence of an
evident NLS in TbPRMT6 suggested that its localization may
differ from that of its human counterpart (see below). The
homologous proteins in the related kinetoplastid parasites
T. cruzi (two distinct contigs, Tc00.1047053507057.30 and
Tc00.1047053506947.80) and Leishmania major (LmjF16.0030),
which are 57.1% and 47.3% identical to TbPRMT6 at the amino
acid level, respectively, also lack an evident N-terminal NLS. On
the basis of the primary sequence analysis, the TbPRMT6 gene
appears to encode an active PRMT enzyme.

Characterization of TbPRMT6 activity. To determine
whether TbPRMT6 possesses PRMT activity, we conducted
in vitro methyltransferase assays using methyl-[H3]-labeled
AdoMet, recombinant six-histidine-tagged TbPRMT6, and
several potential substrate proteins. Because HsPRMT6
methylates the tail of histone H3 (37, 38), we tested a mixture
of bovine histones as an in vitro substrate for TbPRMT6. Ad-
ditionally, we tested three T. brucei proteins involved in RNA
metabolism, RBP16 (75), TbRGG1 (34), and TbRGG2 (26).
All three of these proteins have glycine/arginine-rich (GAR)
regions that are common sites of protein arginine methylation,

FIG. 1. Sequence analysis of TbPRMT6. (A) CLUSTALW-generated cladogram of the human PRMT1, PRMT3, and PRMT6 proteins with
the trypanosomes TbPRMT1, TbPRMT6 (Tb927.5.3960), and Tb927.10.3560. (B) Sequence comparison of human PRMT6 (HsPRMT6) and
TbPRMT6. Horizontal lines indicate conserved PRMT domains required for AdoMet binding and enzymatic activity (see text) as well as the
nuclear localization signal (NLS) present only in the human enzyme. Regions typically found in mammalian PRMT6 enzymes are also labeled as
“PRMT6” regions. The asterisks indicate the position of the conserved “double E” loop amino acids. A black background with white text indicates
identical amino acids; a gray background with white text indicates conserved amino acids.
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and all three are in vitro substrates for other trypanosome
PRMTs (27, 73, 74). Surprisingly, as shown in Fig. 2, we ob-
served no methylation of RBP16, TbRGG1, or TbRGG2 by
TbPRMT6, even after a 1-month exposure to film. Other com-
mon PRMT substrates, such as an RG-containing peptide and
myelin basic protein, were also not methylated by TbPRMT6
in these assays (data not shown). In contrast, TbPRMT6 did
demonstrate PRMT activity toward proteins in the bovine
mixed-histone preparation, with the specific substrates appear-
ing to be histone H3 and H4 according to their migration
on SDS-PAGE gel (Fig. 2). These data demonstrate that
TbPRMT6 is an active PRMT with a narrow substrate range,
similar to HsPRMT6. TbPRMT6 differs from the other try-
panosome PRMTs characterized to date in this regard, since
those enzymes all methylate a wide range of substrates (27,
73, 74).

HsPRMT6 is a type I PRMT that synthesizes MMA fol-
lowed by ADMA in a distributive enzymatic manner (28, 53).
To determine whether TbPRMT6 similarly exhibits type I
methyl transfer, we performed in vitro methyltransferase reac-
tions in the presence or absence of bovine histones under the
same conditions as those shown in Fig. 2. Following the reac-
tions, proteins were TCA precipitated and acid hydrolyzed to
single amino acids. The products were separated by high-res-
olution chromatography and compared to known standards for
MMA, ADMA, and SDMA. As shown in Fig. 3C, TbPRMT6
catalyzed the formation of both MMA and ADMA reactions
on the histone substrates, typical of a type I PRMT. There was
no evidence of SDMA production by TbPRMT6. It is impor-
tant to note that, in these experiments, the peaks of radioac-
tivity eluted approximately 1 min earlier than the MMA and
ADMA standards detected by ninhydrin analysis. Because of
their mass and pKa differences, tritiated amines and amino
acids elute slightly earlier on high-resolution chromatography
than their hydrogen counterparts (30, 44, 46, 99). The elution
of radioactivity here agrees with that observed previously for
tritiated MMA and ADMA (55, 58, 65). Thus, we conclude
that MMA and ADMA are the major methyl species detected.
The absence of any methylated amino acids in a reaction with-
out the enzyme (Fig. 3A) demonstrates that TbPRMT6 cata-
lyzes the production of these methylarginine derivatives on

bovine histones. Notably, when TbPRMT6 was analyzed in the
absence of substrate, we also observed MMA and ADMA
production (Fig. 3B). This indicates that, like human PRMT6
(28), TbPRMT6 is also able to catalyze automethylation. In
summary, these data demonstrate that TbPRMT6 is a type I
PRMT.

FIG. 2. Enzymatic activity of recombinant TbPRMT6. Three mi-
crograms of TbPRMT6-His was incubated in the presence of
[3H]AdoMet and the indicated substrate in PBS for 14 h at 22°C.
Products were resolved by SDS-PAGE and Coomassie blue stained
(bottom panels). Gels were then treated with EnH3ance, dried, and
exposed to film for 1 month (top panels) (Fluorograph).

FIG. 3. Amino acid analysis of methylarginine derivatives formed
by TbPRMT6. (A) Ten micrograms of the bovine histone substrate
alone was incubated in the presence of [3H]AdoMet in PBS for 14 h at
22°C. The proteins were precipitated with 50% trichloroacetic acid and
digested into amino acids by acid hydrolysis. Amino acids were ana-
lyzed by cation exchange chromatography in the presence of unlabeled
ADMA, SDMA, and MMA standards (dotted lines). Two hundred
microliters of each fraction (one-fifth of the total fraction) was re-
moved for radioactivity analysis, 100 �l was removed for ninhydrin
analysis, and the fractions were counted three times for 3 min each
(solid lines). (B) Three micrograms of TbPRMT6-His in the absence
of additional substrate was incubated and analyzed as described for
panel A. (C) Ten micrograms of bovine histones was incubated with
three micrograms of TbPRMT6-His and incubated and analyzed as
described for panel A.
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TbPRMT6 subcellular localization and expression through
the life cycle. Having shown that TbPRMT6 is an active
PRMT, we next wanted to characterize the in vivo properties of
the enzyme. In humans, HsPRMT6 is the only PRMT that
displays an exclusively nuclear localization. Because the
HsPRMT6 NLS is not conserved in TbPRMT6 (Fig. 1), it was
of interest to determine the subcellular localization of the
trypanosome enzyme. To this end, we analyzed equal protein
amounts (20 �g) of nuclear, cytoplasmic, and mitochondrially
enriched fractions from PF T. brucei by immunoblotting
with anti-TbPRMT6 antibodies. Antibodies against Hsp70,
TbRGG2, and the RNA polymerase II CTD were used as
markers for cytoplasm, mitochondria, and nuclei, respectively
(26, 31, 45). As seen in Fig. 4A, TbPRMT6 appears almost
exclusively cytoplasmic. No signal was detected in mitochon-
drially enriched fractions. We did, however, observe a faint
signal for TbPRMT6 in nuclear extract. The TbPRMT6 signal
in the nuclear fraction may result from a small amount of
cytoplasmic contamination, as suggested by the faint nuclear
signal observed for the cytoplasmic Hsp70. However, when we
analyzed the localization of TbPRMT1 and TbPRMT7 in the
same fractions, these enzymes were clearly absent from the
nucleus and appeared entirely cytoplasmic, as shown previ-
ously (27; M. Pelletier, submitted for publication). Thus,
TbPRMT6 is primarily cytoplasmic, although we cannot rule

out that a small amount of enzyme is also present in the nu-
cleus. The predominant cytoplasmic localization of TbPRMT6
is in direct contrast to the exclusively nuclear localization of its
human counterpart.

We next asked whether TbPRMT6 is expressed in both
insect and human infective stages of the T. brucei life cycle.
Equal protein amounts of PF and BF whole-cell extracts were
analyzed by immunoblotting with anti-TbPRMT6 antibodies.
Loading was normalized using antibodies against MRP2, a
protein that is equally expressed in both life cycle stages (92).
Figure 4B shows that TbPRMT6 is expressed at essentially
equal levels in the PF and BF life cycle stages, suggesting that
there is no life cycle-dependent regulation of TbPRMT6 levels.

Effects of RNAi-mediated knockdown of TbPRMT6. Previ-
ous studies from our laboratory demonstrated that targeted
depletion of TbPRMT1, TbPRMT5, and TbPRMT7 individu-
ally has no effect on the growth of PF cells in vitro (27, 73, 74).
Whether this is due to redundancy between PRMTs or the fact
that RNAi does not completely eliminate the protein of inter-
est is currently unknown. Here, we analyzed the effect of
RNAi-mediated depletion of TbPRMT6 on the growth of PF
and BF T. brucei. We utilized the p2T7-177 RNAi vector (96)
to generate clonal PF and BF lines expressing TbPRMT6
RNAi. We then induced TbPRMT6 RNAi using tetracycline
and monitored cell growth for 12 days (PF) (Fig. 5A) or 10
days (BF) (Fig. 5B). Depletion of TbPRMT6 protein was con-
firmed on several days during the time course by immunoblot-
ting with anti-TbPRMT6 antibodies (Fig. 5A and B). In both
PF (Fig. 5A) and BF (Fig. 5B) cells, we observed a modest, but
highly reproducible, slow-growth phenotype beginning on day
6 upon induction of TbPRMT6 RNAi under normal culture
conditions. This growth phenotype was also evident in multiple
analyzed clones of both PF and BF lineages (data not shown).
To further investigate the effect of TbPRMT6 downregulation
on T. brucei growth, we cultured PF cells under nutrient
deprivation (1% FBS) and induced the RNAi under these
“stressed” conditions (Fig. 5A). Uninduced cells grew
at similar rates in 10% and 1% sera. However, when
TbPRMT6 RNAi was induced, cells grown in 1% FBS dis-
played a significantly lower growth rate than did uninduced
cells or induced cells in 10% FBS (Fig. 5A). Thus,
TbPRMT6 is essential for optimal growth of both PF and BF
T. brucei. These data suggest that TbPRMT6 has a role in
cellular growth that is not shared by the other trypanosome
PRMTs investigated to date.

In addition to the evident growth effect following loss of
TbPRMT6, we also observed some striking morphological ef-
fects in the induced PF TbPRMT6 RNAi cells, even when the
cells were grown under normal conditions (10% FBS) (Fig.
6A). Starting on about day 4 following induction of RNAi and
carrying into days 6 and 8, cells began displaying an unusual
morphology, which we termed “hydra.” These cells display a
single body with multiple half-formed cell “heads” that pro-
trude from the central, often nucleus-containing body. The
heads of the hydra occasionally contained DAPI-staining
kinetoplast DNA or nuclear DNA but not normal numbers of
both, and they were frequently devoid of DNA (Fig. 6B, white
arrows [indicating nuclei] and white arrowheads [indicating
kinetoplasts]). PF cells with the hydra morphology were most
abundant on day 4, where they comprised almost 5% of the

FIG. 4. Subcellular localization and life cycle-dependent expres-
sion of TbPRMT6. (A) PF cells were separated into cytoplasmic and
nuclear fractions. Mitochondrial extracts were also prepared in a sep-
arate fractionation scheme. Equal amounts of protein (20 �g) from
whole-cell lysates (WCL), cytoplasm, mitochondria, and nuclei were
fractionated on SDS-PAGE gel. Antibodies against Hsp70 (cytoplas-
mic), TbRGG2 (mitochondrial), and the RNA polymerase II CTD
(nuclear) were used to monitor fractionation efficiency. TbPRMT1 and
TbPRMT7 are two cytoplasmic PRMTs that were also used as con-
trols. (B) Determination of TbPRMT6 levels in the procyclic form
(PF) and bloodstream form (BF) life cycle stages of T. brucei. Total cell
extract (equivalent of 5 � 106 cells) from 29-13 PF cells and single-
marker BF cells were resolved by SDS-PAGE and immunoblotted
using an antibody against TbPRMT6. As a loading control, levels of
MRP2 (a protein known to be equivalent between PF and BF life
cycles [92]) were also analyzed by Western blotting.
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induced cells counted, but they also persisted on days 6 and 8
following tetracycline induction. We next analyzed the mor-
phology of BF TbPRMT6 RNAi cells on day 6 following tet-
racycline addition (Fig. 7A). While some hydra-like cells were
observed in TbPRMT6-depleted BF cells, these cells generally
exhibited a different morphology that was characterized by
giant rounded cells containing large numbers of both nuclei
and kinetoplasts (Fig. 7B). Apparent detachment of the fla-
gella was also evident in several of these giant cells. Giant cells

comprised approximately 10% of the BF cells fixed to the
microscopy slide. In contrast, no PF or BF cells with these
distinct morphologies were ever observed in the uninduced
TbPRMT6 RNAi cell cultures. In an attempt to further define
a defect in cell division, we counted nuclei and kinetoplasts
in at least 200 PF cells for days 4 and 6 or at least 300 BF
cells for day 6, (i.e., the approximate time frame at which the
growth effect reproducibly manifested) following induction
in uninduced and induced cultures. However, we did not

FIG. 5. Effect of TbPRMT6 depletion on procyclic form (PF) and bloodstream form (BF) T. brucei cell growth. (A) PF 29-13 cells harboring
the tetracycline (TET)-regulatable RNAi vector p2T7-177-TbPRMT6 were treated in the absence of tetracycline (solid lines) or in the presence
of 5 �g/ml tetracycline (dotted lines) and counted every 2 days. RNAi induction and cell growth analyses were performed with both 10% fetal
bovine serum (FBS; diamonds) and 1% FBS (squares). The lower panel shows Western blotting of TbPRMT6 on days 2, 4, and 6 following
tetracycline induction of RNAi. Hsp70 was used as a loading control. (B) BF single-marker cells transfected with the RNAi vector p2T7-177-
TbPRMT6 were uninduced (solid line) or induced as described for panel A (dotted line). The lower panel shows the Western blotting of TbPRMT6
and Hsp70 on days 2, 4, and 6 following tetracycline induction.

VOL. 9, 2010 CHARACTERIZATION OF A TYPE 1 PRMT IN T. BRUCEI 871



detect any significant deviance from the normal 1N1K-to-
2N2K distribution of nuclei and kinetoplasts in the cells
exhibiting normal morphologies (data not shown). To-
gether, these results suggest that the PF hydra morphology
and the BF giant cells are the result of a defect in cell
division in a population of cells depleted of TbPRMT6 and
that this in turn contributes to the slowing of growth ob-
served on day 6 of the RNAi induction.

Identification of TbPRMT6-associated proteins. Because
the associations between PRMTs and their substrates are often

relatively stable, some PRMT substrates, as well as upstream
activators, have been identified using various protein-protein
interaction strategies (29, 89, 90). To begin to understand the
molecular basis of the growth and morphological defects in
TbPRMT6 RNAi cells, we identified TbPRMT6-interacting pro-
teins using affinity purification followed by mass spectrometry. To
this end, we generated a PF T. brucei cell line expressing
TbPRMT6 with a C-terminal Myc-His-TAP tag (TbPRMT6-
MHT) in a tetracycline-inducible manner, a strategy that often
yields relevant in vivo complexes (34, 72, 84). We purified

FIG. 6. Microscopy of procyclic form cells exhibiting aberrant mor-
phologies upon TbPRMT6 depletion. (A) Morphological changes ev-
ident in PF TbPRMT6 RNAi cells. Cells grown in the presence
(�TET) or absence (�TET) of tetracycline for 6 days were fixed to
slides, stained with DAPI, and analyzed by microscopy. (B) Images of
PF “hydra” cells, characterized by a central body containing nuclei
(white arrows) with multiple heads with or without kinetoplasts (white
arrowheads).

FIG. 7. Microscopy of bloodstream form cells exhibiting aberrant
morphologies upon TbPRMT6 depletion. (A) Morphological changes
evident in BF TbPRMT6 RNAi cells. Cells grown in the presence
(�TET) or absence (�TET) of tetracycline for 6 days were fixed to
slides, stained with DAPI, and analyzed by microscopy. (B) Images of
the giant cells with detached flagella evident in BF TbPRMT6 RNAi
cells. Note the BF cell with normal morphology (black arrow) for scale
reference.
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TbPRMT6-MHT over sequential IgG and calmodulin col-
umns, analyzed the resultant eluted proteins by silver staining
(Fig. 8), and subjected the proteins to liquid chromatography-
tandem mass spectrometry (LC–MS-MS) analysis. By silver
staining, the primary protein in the eluate was the expected
size of TbPRMT6-MHCBP (TbPRMT6 with the Myc-His-cal-
modulin binding protein tag), and only one other substoichio-
metric protein at approximately 45 kDa was apparent (Fig. 8).
However, with the use of mass spectrometry, 43 proteins, in
addition to TbPRMT6, were identified by two or more pep-
tides. Of these, almost half were presumed to be common
contaminants present in TAP-based purifications, based on
mass spectrometry studies from other laboratories (85, 101,
104, 105) and our previous experience (see Table S1 in the
supplemental material). It was striking that the remaining
TbPRMT6-associated proteins could be readily classified
into three major groups (nucleocytoplasmic transport pro-
teins, histones, and flagellar proteins) (Table 1). Of the
seven proteins involved in nucleocytoplasmic transport, six
were identified in a recent proteomic study of nuclear pore
complexes (NPCs) (18). TbPRMT6-associated NPC pro-
teins were diverse, including members of the B-propeller,
a-solenoid, B-sandwich, and FG-repeat classes. Together,
these proteins are predicted either to be present on the
outer rings of the NPCs on both the nuclear and cytoplasmic
faces (TbSec13, TbNup82, TbNup96, and TbNup158) or to
line the NPC channel (TbNup98 and TbNup149) (18). The
seventh protein listed in Table 1 under nucleocytoplasmic
transport, NUP-1, is thought to be a major component of
the trypanosome nuclear lamina (81). The second major
group of proteins that copurified with TbPRMT6 were his-
tones (H2A, H2B, an H2B variant, H3, an H3 variant, and
two alleles of H4) (Table 1). This finding, together with the
ability of TbPRMT6 to methylate bovine histones and the
established function of PRMT6-catalyzed histone methyl-
ation in humans (32, 37, 38), suggests that trypanosome
histones may be bona fide substrates of TbPRMT6. The
third class of TbPRMT-interacting proteins comprised pro-
teins involved in flagellar function and structure (Table 1).

Interestingly, several flagellar proteins have been reported
to play a role in cell division in T. brucei (11, 50, 78, 79),
including the TbPRMT6-associated KMP-11 protein, deple-
tion of which was shown to cause inappropriate nuclear
division (57). Finally, TbPRMT6 also copurified with two
proteins reported or suggested to be involved in RNA me-
tabolism (the RNA binding protein TbRBD3 [21] and the
putative RNA helicase TbDed1, which also associated with
TbPRMT5 [73]). The low stoichiometric levels of these pro-
teins relative to the level for TbPRMT6 itself (Fig. 8) are
consistent with the idea that these proteins act as substrates
for TbPRMT6 rather than as stable components of a
TbPRMT6-containing complex. Overall, these data suggest
multiple mechanisms by which TbPRMT6-catalyzed argi-
nine methylation could affect cell growth and morphology,
including modulation of nucleocytoplasmic transport of
macromolecules, chromatin modification, and modulation
of RNA processing.

TABLE 1. Proteins identified in TbPRMT6-MHT eluatesa

Protein group and
designation in GeneDB

No. of
unique

peptides
Protein description

Nucleocytoplasmic
transport proteins

Tb09.211.4780 2 TbNup82, putative
Tb10.61.2630 3 Protein transport protein Sec13,

putative
Tb10.6k15.3670 3 TbNup96, putative
Tb11.03.0140 5 TbNup158, putative
Tb927.2.4230 5 NUP-1 protein, putative
Tb927.3.3180 4 TbNup98, putative
Tb927.4.2880 4 TbNup149, putative

Histones
Tb10.61.1090 2 Histone H3 variant, putative
Tb10.496.0330 6 Histone H2B, putative
Tb11.02.5250 2 Histone H2B variant, putative
Tb927.1.2430 2 Histone H3, putative
Tb927.2.2670 4 Histone H4, putative
Tb927.5.4170 6 Histone H4, putative
Tb927.7.2820 2 Histone H2A, putative

Flagellar proteins
Tb09.211.4511 3 Kinetoplastid membrane

protein KMP-11
Tb927.3.4290 8 PFR1
Tb927.8.4970 4 PFR2
Tb927.10.9570 2 PFC14

Other
Tb10.61.2130 2 ATP-dependent DEAD/H

RNA helicase, putative
(TbDed1p)

Tb927.6.4440 3 TbDRBD3
Tb927.8.4580 2 Hypothetical protein, conserved
Tb927.8.4780 2 Hypothetical protein, conserved

a TbPRMT6-MHT was purified by tandem affinity chromatography, and re-
sulting eluates were analyzed by mass spectrometry. The sequences for the
peptides identified were compared to known sequences in the annotated try-
panosome database GeneDB (http://www.genedb.org/). The identified proteins
were further categorized based on their known or putative functions. The num-
ber of unique peptides identified for each protein is shown. Proteins for which
only one peptide was identified were excluded from the analysis.

FIG. 8. Silver staining of TAP-tagged purified TbPRMT6 com-
plexes. TbPRMT6-Myc-His-TAP was expressed in PF 29-13 cells and
purified using standard tandem affinity purification. The eluate was
resolved using SDS-PAGE and silver stained. In addition to the major
band representing TbPRMT6-MHCBP (TbPRMT6–Myc-His-calmod-
ulin binding protein) (bold arrow), a protein of approximately 45 kDa
was observed (thin arrow).
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DISCUSSION

In this article, we report the in vitro and in vivo character-
ization of a PRMT from the protozoan parasite T. brucei. This
enzyme, which we term TbPRMT6, is most similar to PRMT6
in the family of mammalian protein arginine methyltrans-
ferases. The mammalian PRMT6 enzymes have been shown to
function in DNA repair and transcriptional control (20, 37, 38).
However, PRMT6 homologues appear to be absent from Sac-
charomyces cerevisiae and most other protozoa (3). Despite the
evolutionary distance between humans and trypanosomes,
HsPRMT6 and TbPRMT6 are similar in that they exhibit type
1 PRMT activity and catalyze automethylation. The conse-
quences of this automethylation are currently unknown.
TbPRMT6 also resembles human PRMT6 in its apparently
narrow substrate range, and it differs from the other, more
promiscuous T. brucei PRMTs in this regard (27, 73, 74). In
vitro, TbPRMT6 methylated a mixture of bovine histones but
did not methylate several other substrates, including three
trypanosome GAR proteins. TbPRMT6 histone methylation
may be of functional significance since histones are an in vivo
substrate of human PRMT6, and we found that TAP-tagged
TbPRMT6 expressed in PF T. brucei copurified with several
histones (see below). In contrast to the properties listed above,
HsPRMT6 and TbPRMT6 differ in their subcellular localiza-
tion, with the human enzyme exhibiting an exclusively nuclear
localization, while TbPRMT6 is predominantly cytoplasmic. It
is important to note, however, that the cytoplasmic steady-state
localization of TbPRMT6 does not preclude the possibility that
this protein has nuclear functions. Several human PRMTs
shuttle between the cytoplasm and nucleus, and human
PRMT5 appears predominantly cytoplasmic at steady state
despite several well-documented roles in transcription and cell
cycle progression (23, 41, 51, 80, 86, 94, 103). While experi-
ments using leptomycin B, an inhibitor of crm1/exportin1-de-
pendent nuclear export, did not provide evidence for nucleo-
cytoplasmic shuttling of TbPRMT6 (data not shown), we
cannot rule out that TbPRMT6 shuttles through a different
pathway or that a small amount of nuclear enzyme is sufficient
for this protein’s nuclear functions.

Of the four T. brucei PRMTs that have been characterized to
date, TbPRMT6 is the only enzyme whose downregulation
leads to a growth defect. While this defect is modest under
normal culture conditions, it becomes pronounced when PF
cells are nutrient starved. Thus, TbPRMT6 performs a nonre-
dundant function that is critical for cell growth. TbPRMT6
depletion also leads to morphological defects in a subset of
both PF and BF cells. Aberrant PF cells appeared to have
initiated, but not completed, cell division. In addition, there
often appeared to be multiple nuclei at the junctions of par-
tially divided cells, suggesting that nuclear segregation was
impaired in cells depleted of TbPRMT6. In BF, giant rounded
cells with large numbers of nuclei and kinetoplasts accumu-
lated, often with detached flagella, again indicating defects in
cytokinesis in cells with decreased TbPRMT6 levels.

Mass spectrometry analysis of TbPRMT6-associated pro-
teins highlighted several cellular pathways that could contrib-
ute to an essential function of the enzyme. Notably, histones
were a major class of proteins that were associated with
TbPRMT6-MHT in PF cells. We obtained multiple peptide

hits for seven different trypanosome histone proteins. This
finding, coupled with the ability of HsPRMT6 to methylate
histones in vivo and our demonstration that TbPRMT6 methy-
lates bovine histones in vitro (Fig. 2), suggests that histones
might be an in vivo substrate for TbPRMT6. The identification
of histones as putative TbPRMT substrates was somewhat
surprising, as analyses of histone modifications in T. brucei to
date have identified acetylation, phosphorylation, and lysine
methylation but no methylation of arginine residues (25). Pre-
vious analyses of histone modifications were performed using
Edman degradation (42, 62). Recently developed mass spec-
trophotometric techniques for detection of methylarginines
(93) may be useful for identification of previously overlooked
methylarginine residues in histones of T. brucei. If such mod-
ifications are detected in wild-type cells, it will be of interest to
analyze histone modifications in TbPRMT6-depleted cells to
reveal whether this enzyme catalyzes histone arginine methyl-
ation and whether it, in turn, affects chromatin structure and
gene regulation.

A second family of proteins that was highly represented in
TbPRMT6-MHT purification was that comprising components
of the nuclear pore complex (NPC). There are two different
possibilities to account for the association of TbPRMT6 with
the NPC, and these scenarios are not mutually exclusive. First,
as suggested above, TbPRMT6 may itself be a shuttling pro-
tein. As such, NPC components may have been isolated in
combination with TbPRMT6 that was itself undergoing nucle-
ocytoplasmic transport at the time of cell lysis. Alternatively,
some NPC components may be substrates for TbPRMT6.
Arginine methylation is well known to affect the subcellular lo-
calization of many proteins and RNAs (2, 8, 60, 76, 88). In
some instances, methylation-induced alterations in nucleocy-
toplasmic transport have been directly attributed to modifica-
tion of specific shuttling proteins, but a role for methylation of
NPC components can easily be envisioned.

We also identified four flagellar proteins in association with
TbPRMT6, although no defects in cell motility were evident in
those TbPRMT6 RNAi cells with normal morphology. How-
ever, several flagellar proteins of T. brucei are reported to
affect both the cell cycle and cellular division. While we did not
detect specific cell cycle defects in the majority TbRMT6-
depleted cells, up to 5% of PF cells exhibited the dramatically
altered morphology described above that we termed “hydra.”
A similar morphology was observed when the paraflagellar rod
protein pfr2 was depleted in PF cells (79). As stated above, the
aberrant forms present in cultures of TbPRMT6-depleted BF
cells were even more striking. These altered morphologies
indicate that cells depleted for TbPRMT6 exhibit defects in
cytokinesis, and these defects are more pronounced in the BF
stage. Interestingly, depletion of various flagellar components
or flagellar interacting proteins leads to aberrant cytokinesis
and/or abnormal numbers of nuclei/kinetoplasts, and these
defects are often more severe in BF cells than in PF cells (11,
47, 50, 78). Loss of another TbPRMT6-interacting protein,
KMP-11, leads to altered cytokinesis, attachment of flagella,
and multiple nuclei (57). Together, these data suggest a model
whereby TbPRMT6-catalyzed methylation of a subset of
flagellar proteins is essential for proper cell division in T.
brucei.

Finally, two proteins that have been shown or are presumed
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to function in RNA metabolism, TbRBD3 and TbDed1, were
isolated with TbPRMT6-MHT. In general, RBPs constitute a
major class of arginine methyl proteins in both mammals and
yeast (4, 36, 59, 70, 89). Methylation of RBPs generally leads to
dramatic alterations in protein-protein interactions (7, 15, 19,
24, 56, 67, 100) and, less often, in protein-RNA interactions.
Estevez (21) recently reported that TbRBD3 binds to a subset
of developmentally regulated transcripts and promotes their
stabilization. Because TbRBD3 is equally expressed in PF and
BF T. brucei, it was proposed that its role in developmentally
modulated RNA stabilization may result from life cycle-spe-
cific posttranslational modifications. Thus, it will be interesting
to determine the methylation status of TbRBD3 in PF and BF.
TbDed1 is a DEAD box protein and a putative RNA helicase
that has been reported in TAP pulldowns of RNA polymerase
II and a noncanonical nuclear poly(A) polymerase in T. brucei
(16, 22), although its functions have not been elucidated. No-
tably, we also identified TbDed1 in association with the
SDMA-producing TbPRMT5 protein from T. brucei cytoplasm
(73). In addition, the human homologue of TbDed1, DDX3,
associates with the type I PRMT PRMT8 (71). Recent analyses
in our laboratory suggest that TbDed1 contains both ADMA
and SDMA modifications (S. G. Menon, J. C. Fisk, and L. K.
Read, unpublished observations). Future studies will be fo-
cused on the roles of arginine methylation in modulating the
actions of this apparently multifunctional DEAD box protein
in trypanosome gene regulation.

Collectively, the studies presented here identify TbPRMT6
as a type I PRMT with a key function in both PF and BF T.
brucei. The enzyme exhibits a narrow substrate range, which
must include proteins that are critical for cell growth. Analysis
of the methylation status and function of the TbPRMT6-asso-
ciated proteins reported here will provide insight into the es-
sential roles this enzyme and its methylarginine function in
trypanosomes.
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72. Panigrahi, A. K., A. Zíková, R. A. Dalley, N. Acestor, Y. Ogata, A. Anu-
pama, P. J. Myler, and K. Stuart. 2008. Mitochondrial complexes in
trypanosoma brucei: a novel complex and a unique oxidoreductase com-
plex. Mol. Cell. Proteomics 7:534–545.

73. Pasternack, D. A., J. Sayegh, S. Clarke, and L. K. Read. 2007. Evolution-
arily divergent type II protein arginine methyltransferase in Trypanosoma
brucei. Eukaryot. Cell 6:1665–1681.

74. Pelletier, M., D. A. Pasternack, and L. K. Read. 2005. In vitro and in vivo
analysis of the major type I protein arginine methyltransferase from
Trypanosoma brucei. Mol. Biochem. Parasitol. 144:206–217.

75. Pelletier, M., and L. K. Read. 2003. RBP16 is a multifunctional gene
regulatory protein involved in editing and stabilization of specific mitochon-
drial mRNAs in Trypanosoma brucei. RNA 9:457–468.

76. Pintucci, G., N. Quarto, and D. B. Rifkin. 1996. Methylation of high mo-
lecular weight fibroblast growth factor-2 determines post-translational in-
creases in molecular weight and affects its intracellular distribution. Mol.
Biol. Cell 7:1249–1258.

77. Reference deleted.
78. Ralston, K. S., and K. L. Hill. 2006. Trypanin, a component of the flagellar

Dynein regulatory complex, is essential in bloodstream form African try-
panosomes. PLoS Pathog. 2:e101.

79. Ralston, K. S., A. G. Lerner, D. R. Diener, and K. L. Hill. 2006. Flagellar
motility contributes to cytokinesis in Trypanosoma brucei and is modulated
by an evolutionarily conserved dynein regulatory system. Eukaryot. Cell
5:696–711.

80. Rho, J., S. Choi, Y. R. Seong, W. K. Cho, S. H. Kim, and D. S. Im. 2001.
Prmt5, which forms distinct homo-oligomers, is a member of the protein-
arginine methyltransferase family. J. Biol. Chem. 276:11393–11401.

81. Rout, M. P., and M. C. Field. 2001. Isolation and characterization of
subnuclear compartments from Trypanosoma brucei. Identification of a
major repetitive nuclear lamina component. J. Biol. Chem. 276:38261–
38271.

82. Sayegh, J., K. Webb, D. Cheng, M. T. Bedford, and S. G. Clarke. 2007.
Regulation of protein arginine methyltransferase 8 (PRMT8) activity by its
N-terminal domain. J. Biol. Chem. 282:36444–36453.

83. Sbicego, S., J. D. Alfonzo, A. M. Estevez, M. A. T. Rubio, X. Kang, C. W.
Turck, M. Peris, and L. Simpson. 2003. RBP38, a novel RNA-binding

876 FISK ET AL. EUKARYOT. CELL



protein from trypanosomatid mitochondria, modulates RNA stability. Eu-
karyot. Cell 2:560–568.

84. Schimanski, B., T. N. Nguyen, and A. Gunzl. 2005. Highly efficient tandem
affinity purification of trypanosome protein complexes based on a novel
epitope combination. Eukaryot. Cell 4:1942–1950.

85. Schwede, A., L. Ellis, J. Luther, M. Carrington, G. Stoecklin, and C.
Clayton. 2008. A role for Caf1 in mRNA deadenylation and decay in
trypanosomes and human cells. Nucleic Acids Res. 36:3374–3388.

86. Scoumanne, A., J. Zhang, and X. Chen. 2009. PRMT5 is required for
cell-cycle progression and p53 tumor suppressor function. Nucleic Acids
Res. 37:4965–4976.

87. Sgarra, R., J. Lee, M. A. Tessari, S. Altamura, B. Spolaore, V. Giancotti,
M. T. Bedford, and G. Manfioletti. 2006. The AT-hook of the chromatin
architectural transcription factor high mobility group A1a is arginine-meth-
ylated by protein arginine methyltransferase 6. J. Biol. Chem. 281:3764–
3772.

88. Shen, E. C., M. F. Henry, V. H. Weiss, S. R. Valentini, P. A. Silver, and
M. S. Lee. 1998. Arginine methylation facilitates the nuclear export of
hnRNP proteins. Genes Dev. 12:679–691.

89. Swiercz, R., M. D. Person, and M. T. Bedford. 2005. Ribosomal protein S2 is
a substrate for mammalian PRMT3 (protein arginine methyltransferase 3).
Biochem. J. 386:85–91.

90. Tang, J., P. N. Kao, and H. R. Herschman. 2000. Protein-arginine methyl-
transferase I, the predominant protein-arginine methyltransferase in cells,
interacts with and is regulated by interleukin enhancer-binding factor 3.
J. Biol. Chem. 275:19866–19876.

91. Vanhamme, L., D. Perez-Morga, C. Marchal, D. Speijer, L. Lambert, M.
Geuskens, S. Alexandre, N. Ismaili, U. Goringer, R. Benne, and E. Pays.
1998. Trypanosoma brucei TBRGG1, a mitochondrial oligo(U)-binding
protein that co-localizes with an in vitro RNA editing activity. J. Biol.
Chem. 273:21825–21833.

92. Vondruskova, E., J. van den Burg, A. Zikova, N. L. Ernst, K. Stuart, R.
Benne, and J. Lukes. 2005. RNA interference analyses suggest a transcript-
specific regulatory role for mitochondrial RNA-binding proteins MRP1 and
MRP2 in RNA editing and other RNA processing in Trypanosoma brucei.
J. Biol. Chem. 280:2429–2438.

93. Wang, H., R. M. Straubinger, J. M. Aletta, J. Cao, X. Duan, H. Yu, and J.
Qu. 2009. Accurate localization and relative quantification of arginine
methylation using nanoflow liquid chromatography coupled to electron
transfer dissociation and orbitrap mass spectrometry. J. Am. Soc. Mass
Spectrom. 20:507–519.

94. Wang, L., S. Pal, and S. Sif. 2008. Protein arginine methyltransferase 5
suppresses the transcription of the RB family of tumor suppressors in
leukemia and lymphoma cells. Mol. Cell. Biol. 28:6262–6277.

95. Wickstead, B., K. Ersfeld, and K. Gull. 2002. Targeting of a tetracycline-
inducible expression system to the transcriptionally silent minichromo-
somes of Trypanosoma brucei. Mol. Biochem. Parasitol. 125:211–216.

96. Wirtz, E., S. Leal, C. Ochatt, and G. A. Cross. 1999. A tightly regulated
inducible expression system for conditional gene knock-outs and dominant-
negative genetics in Trypanosoma brucei. Mol. Biochem. Parasitol. 99:89–
101.

97. Wooderchak, W. L., T. Zang, Z. S. Zhou, M. Acuna, S. M. Tahara, and J. M.
Hevel. 2008. Substrate profiling of PRMT1 reveals amino acid sequences
that extend beyond the “RGG” paradigm. Biochemistry 47:9456–9466.

98. Wysocka, J., C. D. Allis, and S. Coonrod. 2006. Histone arginine methyl-
ation and its dynamic regulation. Front. Biosci. 11:344–355.

99. Xie, H., and S. Clarke. 1993. Methyl esterification of C-terminal leucine
residues in cytosolic 36-kDa polypeptides of bovine brain. A novel eucary-
otic protein carboxyl methylation reaction. J. Biol. Chem. 268:13364–13371.

100. Xu, W., H. Chen, K. Du, H. Asahara, M. Tini, B. M. Emerson, M. Mont-
miny, and R. M. Evans. 2001. A transcriptional switch mediated by cofactor
methylation. Science 294:2507–2511.

101. Zamudio, J. R., B. Mittra, A. Chattopadhyay, J. A. Wohlschlegel, N. R.
Sturm, and D. A. Campbell. 2009. Trypanosoma brucei spliced leader RNA
maturation by the cap 1 2�-O-ribose methyltransferase and SLA1 H/ACA
snoRNA pseudouridine synthase complex. Mol. Cell. Biol. 29:1202–1211.

102. Zeiner, G. M., N. R. Sturm, and D. A. Campbell. 2003. Exportin 1 mediates
nuclear export of the kinetoplastid spliced leader RNA. Eukaryot. Cell
2:222–230.

103. Zhao, Q., G. Rank, Y. T. Tan, H. Li, R. L. Moritz, R. J. Simpson, L. Cerruti,
D. J. Curtis, D. J. Patel, C. D. Allis, J. M. Cunningham, and S. M. Jane.
2009. PRMT5-mediated methylation of histone H4R3 recruits DNMT3A,
coupling histone and DNA methylation in gene silencing. Nat. Struct. Mol.
Biol. 16:304–311.

104. Zikova, A., A. K. Panigrahi, R. A. Dalley, N. Acestor, A. Anupama, Y.
Ogata, P. J. Myler, and K. Stuart. 2008. Trypanosoma brucei mitochondrial
ribosomes: affinity purification and component identification by mass spec-
trometry. Mol. Cell. Proteomics 7:1286–1296.
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