Arginine methylation regulates mitochondrial gene
expression in Trypanosoma brucei through
multiple effector proteins
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ABSTRACT

Arginine methylation is a post-translational modification that impacts gene expression in both the cytoplasm and nucleus. Here,
we demonstrate that arginine methylation also affects mitochondrial gene expression in the protozoan parasite, Trypanosoma
brucei. Down-regulation of the major trypanosome type | protein arginine methyltransferase, TOPRMT1, leads to destabilization
of specific mitochondrial mRNAs. We provide evidence that some of these effects are mediated by the mitochondrial RNA-
binding protein, RBP16, which we previously demonstrated affects both RNA editing and stability. TOPRMT1 catalyzes
methylation of RBP16 in vitro. Further, MALDI-TOF-MS analysis of RBP16 isolated from TbPRMT1-depleted cells indicates that,
in vivo, TOPRMT1 modifies two of the three known methylated arginine residues in RBP16. Expression of mutated,
nonmethylatable RBP16 in T. brucei has a dominant negative effect, leading to destabilization of a subset of those mRNAs
affected by TbPRMT1 depletion. Our results suggest that the specificity and multifunctional nature of RBP16 are due, at least
in part, to the presence of differentially methylated forms of the protein. However, some effects of TOPRMT1 depletion on
mitochondrial gene expression cannot be accounted for by RBP16 action. Thus, these data implicate additional, unknown
methylproteins in mitochondrial gene regulation.
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INTRODUCTION Richard 2005). The modification has been associated with
a variety of cellular processes including signal transduction,
subcellular localization, transcription, and RNA processing
(McBride and Silver 2001; Cimato et al. 2002; Lukong and
Richard 2004). The effects of methylation on these processes
are primarily mediated through modulation of protein:protein
interactions (Bedford et al. 2000; Coté et al. 2003; McBride et al.
2005). Although arginines are frequently found at protein:
RNA interfaces (Gary and Clarke 1998), arginine methyla-
tion has only recently been reported to significantly affect
protein:RNA interactions (Stetler et al. 2005). Thus, arginine
methylation has the potential to control multiple aspects
of gene expression through the regulation of both protein:
protein and protein:RNA interactions. While the impact
of arginine methylation on several nuclear and cytoplasmic
gene regulatory processes has been reported, a role for
arginine methylation in the regulation of mitochondrial

Protein arginine methylation is a widespread post-translational
modification that increases the functional diversity of proteins.
Arginine residues are modified through the transfer of a methyl
group from S-adenosyl-L-methionine (AdoMet) to a nitrogen
atom on the arginine side chain. This modification is catalyzed
by two distinct classes of protein arginine methyltransferase
(PRMT) enzymes. While both enzyme types generate mono-
methylarginine as an intermediate, type I enzymes catalyze the
formation of asymmetric dimethylarginine residues and type II
enzymes catalyze the formation of symmetric dimethylarginine
residues (Bedford and Richard 2005). Arginine methylation
often occurs in the context of RGG, RG, or RXR motifs of
RNA-binding proteins (McBride and Silver 2001; Bedford and
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gene expression has not been explored.

Trypanosoma brucei is a parasitic protozoan and the
causative agent of African sleeping sickness. T. brucei
contains a single large mitochondrion whose biologic
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functions are rapidly and drastically altered with environ-
mental changes and life-cycle stages. Transcription of the
mitochondrial genome is polycistronic (Read et al. 1992;
Koslowsky and Yahampath 1997; Grams et al. 2000), and
thus, regulation of mitochondrial gene expression primarily
involves a complex coordination of post-transcriptional
events. These include the processing of polycistronic tran-
scripts by 3’ and 5’ cleavage, transcript maturation through
polyadenylation and RNA editing, and RNA turnover (Bhat
et al. 1992; Militello and Read 1999; Madison-Antenucci
et al. 2002; Stuart and Panigrahi 2002; Simpson et al. 2003;
Kao and Read 2005; Lukes et al. 2005). These events are
controlled by strict regulatory mechanisms for which there
are presumably many cis- and frans-acting factors that act to
modulate transcript utilization and abundance (Ryan et al.
2003; Kao and Read 2005). RNA-binding proteins play
a pivotal role in all aspects of cellular RNA processing and
utilization (Dreyfuss et al. 2002), and several RNA-binding
proteins have been described in T. brucei mitochondria,
including TBRGG1 (Vanhamme et al. 1998), REAP-1
(Madison-Antenucci and Hajduk 2001), RBP16 (Pelletier
and Read 2003), and MRP1/2 (Vondruskova et al. 2005).
However, the mechanisms by which these proteins act are
generally not well understood.

RBP16 is a Y-box family RNA-binding protein, which
was shown by RNA interference (RNAi) studies to be
involved in regulating mitochondrial RNA editing and
stability in T. brucei (Pelletier and Read 2003). At its C
terminus, RBP16 contains an RG-rich RNA-binding region
(Miller and Read 2003). Previous studies have also dem-
onstrated that arginine residues within the RBP16 C
terminus are substrates for arginine methylation in vivo
and that differentially methylated forms of the protein are
present in mitochondria (Pelletier et al. 2001). Arginine
methylation has been widely reported to affect the function
of RNA-binding proteins including SAM68 (Coté et al.
2003) and yeast Npl3 (McBride et al. 2005). Thus, we
hypothesized that differential arginine methylation of
RBP16 might be important in mediating the diverse gene
regulatory functions of this mitochondrial protein.

In this study, we examine the role of arginine methyla-
tion in trypanosome mitochondrial gene expression by
monitoring RNA levels in cells down-regulated for the
major trypanosome type I PRMT (TbPRMTI1) by RNAI.
We show that several mitochondrial RNAs NADH dehy-
drogenase subunit 4 (ND4), cytochrome oxidase I (COI),
and both edited and unedited (COII) are specifically desta-
bilized in these cells. We also demonstrate that RBP16
serves as a TbPRMT1 substrate both in vivo and in vitro,
and we identify a select subset of arginine residues within
RBP16 whose methylation is catalyzed by TbPRMT1 in
vivo. To further examine the role of RBP16 as an effector of
arginine methylation action in mitochondria, we overex-
pressed a nonmethylatable form of RBP16 and determined
whether it had dominant negative consequences for RNA
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editing and/or stability. These studies reveal that RBP16
methylation is important in the stabilization of the never-
edited ND4 RNA as well as the stabilization of both edited
and unedited apocytochrome b (CYb) and COIII RNAs.
Together, these data strongly suggest that specific RNA
stabilization functions of RBP16 require TbPRMT1-cata-
lyzed methylation. In addition, the dramatic effect on COII
RNA levels in TbPRMT1 knock-down cells cannot be
accounted for by RBP16 action, thereby implicating addi-
tional methylproteins in mitochondrial gene regulation.
Overall, our data demonstrate that the methylation of
effector proteins, including RBP16, by TbPRMT1 promotes
the stabilization of multiple mitochondrial transcripts in
T. brucei. These results constitute the first report of a role
for arginine methylation in regulating mitochondrial gene
expression.

RESULTS

ThbPRMT1 depletion reveals a role for arginine
methylation in mitochondrial gene regulation

TbPRMT1 is the trypanosome homolog of the mammalian
PRMT1 and yeast HMT1 enzymes, and constitutes the
major type I PRMT in T. brucei (Pelletier et al. 2005). We
previously described the creation and initial characteriza-
tion of a clonal procyclic form TbPRMT1 RNAi cell line
(Pelletier et al. 2005). In the previous studies, we demon-
strated that although growth was unaffected, total cellular
asymmetric dimethylarginine was dramatically reduced in
these cells on day 4 following tet induction of RNAi. To
determine whether protein arginine methylation has an
impact on mitochondrial gene expression in trypanosomes,
we first examined mitochondrial RNA metabolism follow-
ing tet-induced depletion of TbPRMT1 (Pelletier et al.
2005). Total RNA was isolated from TbPRMT1 RNAI cells
either induced for 4 d in the presence of 2.5 pg/mL tet,
or left uninduced prior to RNA isolation. Northern blot
analysis confirmed that TbPRMT1 mRNA levels were
reduced >95% following tet induction (data not shown).
Mitochondrial RNAs were quantified by poisoned primer
extension (Pelletier and Read 2003). We analyzed seven
mitochondrial RNAs representing three different classes of
RNA editing—COIII and ATPase subunit 6 (A6), which are
pan edited throughout their sequences; CYb and COI],
which are edited within a small region; and COI, ND4, and
maxicircle-unidentified reading frame 1 (MURF1), which
are never edited. The RNAs examined include those whose
expression is affected by down-regulation of the RNA-
binding protein, RBP16 (CYb, COI, and ND4 RNAs),
which is the only reported methylprotein in T. brucei
(Pelletier et al. 2001). In these experiments, TbPRMT1
depletion had no effect on the levels of either edited or
unedited A6 or COIII, indicating that TbPRMT1 does
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FIGURE 1. TbPRMT1 depletion decreases the stability of specific mitochondrial RNAs. Total
cellular RNA was isolated from uninduced and induced (*tet) TbPRMT1 RNAIi cells and
analyzed by poisoned primer extension using primers specific for pan-edited RNAs A6 and
COIII, minimally edited RNAs CYb and COII, and the never-edited RNAs COI, ND4, and
MUREFI. Radiolabeled extension products were separated on an 8 M urea/10% acrylamide gel
and visualized by Phosphorlmager analysis. Relative abundance for each transcript was
calculated as a percentage of the corresponding uninduced lane. Graphs represent the mean
and standard deviation of three separate experiments. Representative images are shown below

each graph. (U) Unedited; (E) edited.

not play a role in either the editing or stability of these
pan-edited RNAs (Fig. 1). The abundance of both edited
and unedited CYb RNAs was also unaffected (Fig. 1).
However, analysis of the minimally edited COII RNA
revealed a dramatic decrease in the levels of both the edited
and unedited RNAs in TbPRMT1-depleted cells (~90%
decrease in induced vs. uninduced cells) (Fig. 1). The
corresponding decrease in both edited and unedited COII
RNA levels suggests that stabilization, but not editing of
this RNA, is strongly dependent on arginine methylation.
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This effect could be the result of a direct
destabilization of unedited COII RNA,
thereby indirectly leading to decreased
edited RNA due to a lack of substrate
for the editing reaction. Alternatively,
TbPRMT1 activity may be required to
stabilize both the edited and unedited
COIl RNAs. We next examined the
levels of never-edited RNAs in
TbPRMT1 RNAi cells. MURF1 RNA
levels were unaffected by TbPRMTI
depletion. In contrast, both COI and
ND4 RNAs were significantly decreased
when TbPRMT1 was down-regulated
(~70% decrease in induced vs. unin-
duced cells for both RNAs). The signif-
icant decrease in COI and ND4 RNAs
upon TbPRMTI depletion is reminis-
cent of the phenotype of RBP16-de-
pleted cells (Table 1; Pelletier and
Read 2003). Western blot analysis indi-
cates that RBP16 levels are unchanged
by TbPRMTI1 depletion (data not
shown). Thus, these data strongly sug-
gest that methylation of RBP16 by
TbPRMT1 is involved in the stabiliza-
tion of the never-edited COI and ND4
RNAs.

COIIIE

—
I
“n

—
=)
o

=
v

w
(=]

[~
[

(=}

-+ (tet)
- o~

COIIE

~
W

W
=3

N
n

-+ (tet)

RBP16 is a substrate for ToOPRMT1
in vitro

We next wanted to determine whether
RBP16 is indeed a substrate for
TbPRMT1. We previously reported that
TbPRMT1 was unable to methylate
RBP16 in vitro (Pelletier et al. 2005),
while another mitochondrial RGG-
containing protein, TBRGGI, was ro-
bustly methylated. We postulated that
a cofactor such as RNA or the RBP16-
associated protein, p22 (Hayman et al.
2001), might be required for RBP16
methylation. In an attempt to identify
conditions under which RBP16 is a sub-
strate for TbDPRMT1, we performed in vitro methylation
assays as previously described (Pelletier et al. 2005) with
slight modifications to the enzyme preparation (see Mate-
rials and Methods). His-RBP16 (Miller and Read 2003) was
incubated with MBP-TbPRMT1 (Pelletier et al. 2005) in
the presence of the methyl donor [’H]AdoMet for 18 h at
27°C. As shown in Figure 2, there are two bands present
in the MBP-PRMT1/His-RBP16 (lane 2), a faint band
corresponding to full-length His-RBP16 (arrow) and a
more prominent band that presumably corresponds to a
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TABLE 1. Effects of TOPRMT1 depletion and RBP16 depletion and overexpression on

mitochondrial RNA levels

(~14 Da/methyl group). Such peptides
will also contain an internal arginine,

since trypsin does not cleave after meth-
ylated arginines (Kim et al. 1997). We

— previously reported that RBP16 is con-
— stitutively dimethylated on R93 and
mutually exclusively methylated on
R78 and R85, with R78 found to be
_ monomethylated and R85 in di- and
— trimethylated forms (Pelletier et al.
— 2001). In the experiments presented
here, RBP16 isolated from uninduced
TbPRMT1 RNAI cells was modified in

RBP16 RNAi  TbPRMT1 RNAi  Myc-RBP16 WT  Myc-RBP16 TRI
A6U — — —
AGE — — —
Collv — 1Ly _ _
COIIE — 1y — —
coliy ND — 1 —
COIIIE ND — 1
CYbU 1 — 1
CYbE ULl = 1
COol 1l by — —
MURF1 ND — — =
ND4 4y by = !

Arrows indicate relative change in RNA levels for the corresponding transcript (leff) in the
induced cells lines indicated (top) as compared to uninduced. (—) No change; (1) twofold
change; (1 1) three- to fourfold change; (11 1) 10-fold change; (ND) not done.

His-RBP16 degradation product (asterisk). Both of these
bands are absent in the His-RBP16 alone (lane 1), demon-
strating that RBP16 is a substrate for TDPRMT1 methyla-
tion activity. To determine whether a cofactor is required
for the full catalytic activity of TbPRMT1 toward RBP16,
we performed in vitro methylation assays in the presence of
increasing amounts of p22 or an equimolar amount of the
unrelated control protein, RPA32. We found that addition
of p22 to the in vitro methylation reaction greatly stabilized
full-length His-RBP16 in a concentration-dependent man-
ner, but did not increase its methylation if the combined
methylation of the two bands is considered. This effect on
RBP16 stability is specific to p22, as it was not observed
with an equimolar amount of RPA32. Addition of gRNA to
the reaction, either in the presence or absence of p22, had
no effect on either RBP16 stability or methylation (data not
shown). The p22-mediated stabilization of RBP16 allows us to
definitively identify RBP16 as a TbPRMT1 substrate in vitro.

ThPRMT1 methylates a select subset of arginine
residues within RBP16 in vivo

Having shown that RBP16 is an in vitro substrate for
TbPRMT1, we wanted to confirm that RBP16 is methylated
by TbPRMT1 in vivo and to determine which of the three
known methylated arginine residues within RBP16 are
modified by TbPRMTI1. To address these questions, we
performed MALDI-TOF-MS analysis (Zhang et al. 1994) of
endogenous RBP16 immunoprecipitated from mitochon-
drial extract of uninduced and induced TbPRMT1 RNAi
cells. Immunoprecipitated RBP16 was separated by SDS-
PAGE and the Coomassie-stained bands were excised and
subjected to tryptic digest prior to MALDI-TOF-MS. Using
this method, methylated peptides can be recognized as
those with masses equal to the expected mass of the
unmodified peptide plus the mass of the modification
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a manner similar to RBP16 previously
observed in wild-type cells (Fig. 3A).
That is, we obtained peptide masses
consistent with the theoretical expected
masses of unmodified peptides for
nearly the entire RBP16 sequence, with
the exception of the peptide containing R93. For the
peptide containing R93 (Fig. 3A, peptide 11), we only
obtained peptides containing dimethylated arginine, con-
sistent with previous results (Pelletier et al. 2001). R78 and
R85 containing peptides were found to be both unmethy-
lated and methylated in the uninduced cells, also as
previously reported, with the additional identification here
of a monomethylated R85-containing peptide (Fig. 3A,
peptides 6-10). In induced cells, in which TbPRMT1 had
been depleted by RNAi, R93 was found exclusively in the
dimethylated form, similar to what was observed in
uninduced cells (cf. Fig. 3A, peptide 11 and Fig. 3B, peptide
6). Conversely, R78 and R85 were observed exclusively in
their unmethylated forms in cells depleted for TbPRMT1
(cf. Fig. 3A, peptides 6-10 and Fig. 3B, peptide 5; note that
trypsin does not cleave after unmodified arginine residues
if they are followed by a proline [Coligan 1997]). These
data clearly demonstrate that TbPRMT1 is responsible for

kba 1 2 3 4 5 6

45 -
30 -
201 -
HisRBP16 + + + + + +
MBP-PRMT1 — + + + + +
P2 - - o+ ++ - -
His-RPA = - - = + ++

FIGURE 2. TbPRMTT1 catalyzes the methylation of RBP16 in vitro.
His-RBP16 was used as a substrate for in vitro methylation assays in
the absence (lane 1) or presence (lanes 2—6) of recombinant MBP-
TbPRMTI1. The RBPI16-associated factor p22 (lanes 3,4) or His-
RPA32 (lanes 5,6) were added at 0.15 and 0.3 molar amounts relative
to RBP16. (Arrow) Full length His-RBP16; (asterisk) His-RBP16
breakdown product.
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A) Uninduced (-tet) observed in RBP16 knock-down cells.
r—— 5 T OB o A similar dominant negative approach
€pi equence XP. 35 (Da) 3 88 ( ) mass !m cation
was used to demonstrate a role for CBP
1 s VISWMSGR 934,469 934.376 0.093 None . : e .
2 13 GFGFIEDDADKK 54 1340.620 1340.533 0.087 None lTlethYlathIl n transcrlptlonal aCUYa
3 25 QHF VHFSALQTETGGFR 4 1960.954 1960.850 0.104 None tion by estrogen receptor in mammalian
‘5‘ 42ALTVGQEVVTESI;E(}‘§A‘°;?DGR59 }ggg?ié }ggg-iflé gké; g‘m cells (Chevillard-Briet et al. 2002). The
AEN ., X R jone . . .
e = Myc-RBP16-TRI cell line inducibly
6 s LPSGPRPPEGAGR s 1289.684 1289.592 0.092 None )
7 > LPSGPRPPEGAGR 5 1289.684 1303.566 13882 Monometnyl | CXPresses an exogenous Myc-tagged
version of RBP16 that contains R/K
8 73 LPSGPRPPEGAGRGR g7 1502.802 1516.585 13783 Monomethyl . .. .
9 » LPSGPRPPEGAGRGR g 1502.802 1530.773 27.971 Dimethyl mutations at the three arginine residues
10 73 LPSGPRPPEGAGRGR g/ 1502.802 1544.771 41.969 Trimethyl known to be methylated in vivo (R78,
11 a8 GFGGGRGGR 5 819.406 847266 27.860 Dimethyl R85, and R93) (Fig. 4A). As a control,
12 »7 DFGGDR 10» 665177 664.836 0.341 None a wild-type (WT) methylatable version
13 17 GRNDNQQGGQHQSFSDDF 5, 2035.832 2035.245 0.587 None (Myc-RBP16-WT) was also created to
determine any effects simply due to
B) Induced (+tet) RBP16 overexpression. Stably trans-
fected procyclic T. brucei cells were
epti S xp. Mass (Da) Obs. Mass (Da) (Da) ificati . .
Peptide # Sedquence Lixp. Mass s. Mass (D) Amass (Da)  Modification induced for 4 d in the presence of 1.0
1 s VISWMSGR 1, 934.469 934.549 0.080 None ng/mL tet prior to isolation of whole-
2 1» GFGFIEDDADKK 34 1340.620 1340.431 0.189 None 1 ficati £ mi
3 »s QHFVHFSALQTETGGFR 4 1960.954 1960.916 0.038 None cell extract and purification of mito-
4 2 ALTVGQEVEFEVASQDGR s 1933.938 1933.807 0.131 None chondria. Western blot analysis of the
5 73 LPSGPRPPEGAGR g5 1289.684 1289.563 0.121 None cell lines expressing Myc-RBP16-WT
6 s GFGGGRGGR g 819.406 847.363 27.957 Dimethyl and MYC—RBP16—TRI demonstrated that
7 +» DFGGDR 1 665.177 665311 0.134 None upon induction, Myc-RBP16-WT and
8 107 GRNDNQQGGQHQSFSDDF 14 2035.832 2035.701 0.131 None Myc-RBP16-TRI are expressed at com-

FIGURE 3. TbPRMTI1 methylates a select subset of arginine residues within RBP16 in vivo.
Endogenous RBP16 was immunoprecipitated from mitochondrial extract of uninduced (A)
and induced (B) TbPRMT1 RNAI cells. Immunoprecipitated protein was separated by SDS-
PAGE, and the Coomassie-stained bands corresponding to RBP16 were excised and subjected
to tryptic digest prior to MALDI-TOF-MS. (R) A methylated arginine residue.

the methylation of RBP16 at residues R78 and R85, and
strongly suggest that the methylation of R93 is catalyzed by
another enzyme.

RBP16 arginine methylation is critical for
stabilization of specific mitochondrial RNAs

RNAi-mediated down-regulation of RBP16 results in
almost complete inhibition of CYb RNA editing and an
80%-85% reduction in the stability of the never-edited
COI and ND4 RNAs (Table 1; Pelletier and Read 2003).
The TbPRMT]1 depletion studies described above (Fig. 1)
suggest that TbPRMT1-catalyzed RBP16 methylation may
be required for the RBP16’s stabilizing effect on never-
edited RNAs. To directly address whether arginine meth-
ylation of RBP16 is important in the gene regulatory
functions of the protein, we generated procyclic form
trypanosomes that exogenously express a nonmethylatable
form of RBP16 under the regulation of tet. We reasoned
that if arginine methylation regulates protein:protein and/
or protein:RNA interactions important for RBP16 function,
then cells expressing the nonmethylatable protein might
display dominant negative phenotypes similar to those

parable levels and  subsequently
enriched in the mitochondria (Fig.
4B). Mitochondria were free of cyto-
plasmic contamination as shown by
Western blot with antibodies against
the cytoplasmic marker HSP70.4. Effi-
cient import of Myc-RBP16-TRI into
mitochondria demonstrates that arginine methylation is
not required for proper subcellular localization of the
protein.

We next determined whether expression of the non-
methylatable form of RBP16 has dominant negative effects
on known RBP16 functions. We used poisoned primer
extension to quantify RNAs that are affected by RBP16
disruption (COI, ND4, and edited and unedited CYb) in
cells expressing either Myc-RBP16-WT or Myc-RBP16-TRI.
Total RNA was isolated from cells that had either been
induced for 4 d in the presence of 1.0 pwg/mL tet or left
uninduced as a control. TbPRMTI-depletion studies
described above (Fig. 1) indicated that protein arginine
methylation impacts the stability of COI and ND4 RNAs
and demonstrated that down-regulation of TbPRMTI
mimics the effect of RBP16 depletion on both COI and
ND4 RNA levels. Interestingly, as shown in Figure 5, we
observed no effect of Myc-RBP16-TRI expression on COI
RNA levels. This may indicate that the effect observed in
TbPRMT1 RNAI cells reflects the action of another meth-
ylprotein on COI RNA stability. Alternatively, methylation
of RBP16 may be important for the stabilization of COI
RNA, but this effect may not be manifested in a dominant
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FIGURE 4. Expression of Myc-RBP16-WT and Myc-RBP16-TRI. (A)
Arginine residues at positions 78, 85, and 93 of Myc-RBP16-WT (top)
were mutated to lysine using site-directed mutagenesis to create the
nonmethylatable triple-mutant Myc-RBP16-TRI (bottom). (CSD)
Cold shock domain; (RGG) Arg-Gly rich domain; (Myc) c-Myc epitope
tag. (B) Total cellular protein from 29-13 parental cells (lane I),
uninduced and induced Myc-RBP16-WT cells (lanes 2,3), uninduced
and induced Myc-RBP16-TRI cells (lanes 5,6), and mitochondrial
extracts from induced Myc-RBP16-WT cells (lane 4) and induced
Myc-RBP16-TRI cells (lane 7) were analyzed by o-RBP16 Western
blot to verify the exogenous expression of the myc-tagged RBP16
proteins and their import into the purified mitochondria. Western
blot with antibodies against the cytoplasmic marker HSP70.4 con-
firms that the mitochondria are essentially free of cytoplasmic
contamination.

negative manner. In contrast, we did observe a striking
reduction in the stability of ND4 RNA upon expression
of Myc-RBP16-TRI, indicating a dominant negative effect
when a nonmethylatable form of RBP16 is expressed
(Fig. 5). The dominant negative effect of Myc-RBP16-TRI
expression results in an ~55% reduction in ND4 RNA
levels as compared with ~80% as seen upon RBP16 RNAi
(Pelletier and Read 2003). Finally, expression of nonmethy-
latable Myc-RBP16-TRI had no effect on either edited or
unedited CYb RNA levels (Fig. 5). These results, combined
with the lack of an effect of TDPRMT1 down-regulation on
CYb RNA levels (Fig. 1), suggest that methylation of RBP16
is not required for its effect on CYb RNA editing. However,
while we did not observe an effect of Myc-RBP16-TRI
expression on the editing or stability of CYb RNA, we
unexpectedly observed a twofold stabilization of both un-
edited and edited CYb in the cells overexpressing Myc-
RBP16-WT (Fig. 5). This stabilizing effect apparently
requires methylation of RBP16, since we did not observe
the same effect in the cells expressing the nonmethylatable
Myc-RBP16-TRI. From these data, we conclude that argi-
nine methylation of RBP16 is critical for its previously

1550  RNA, Vol. 12, No. 8

observed role in ND4 RNA stabilization, as well as for
a newly discovered role in CYb RNA stabilization.

Because the stabilization of CYb RNA that we ob-
served upon overexpression of Myc-RBP16-WT (Fig. 5)
was a previously undefined function of RBP16, we decided
to analyze the metabolism of other mitochondrial tran-
scripts in cells overexpressing Myc-RBP16-WT and the
nonmethylatable Myc-RBP16-TRI to determine the scope
of these effects. Here, we examined the same subset of
RNAs analyzed in TbPRMT1-depleted cells, with examples
of pan-edited, minimally edited, and never-edited tran-
scripts. Poisoned primer extension assays revealed that
edited and unedited A6 and COII as well as never-edited
MURF1 RNA levels were essentially unaffected by over-
expression of either Myc-RBP16-WT or the nonmethylat-
able Myc-RBP16-TRI (Fig. 6). The slight increase in
MUREF1 stability in the presence of overexpressed Myc-
RBP16-TRI does not appear to be statistically significant,
as the error bars overlapped those of the Myc-RBP16-WT
expression, which, in turn, did not differ significantly from
uninduced controls. However, both unedited and edited
COIII transcripts were stabilized in the Myc-RBP16-WT
cells, similar to the effect observed for CYb RNA (cf. COIII
in Fig. 6 and CYD in Fig. 5). As with CYb RNA, enhanced
stabilization of COIIl RNA apparently requires RBP16
methylation, as it was not observed upon overexpression
of Myc-RBP16-TRI. Overall, these data suggest a more
extensive role for RBP16 in the regulation of mitochon-
drial transcript stability than previously thought and
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implicate arginine methylation as a key modulator of
this function.

DISCUSSION

Arginine methylation has been reported to affect multiple
aspects of nuclear gene regulation in mammals and yeast
(Bedford and Richard 2005). In this study, we asked
whether gene expression in mitochondria was similarly

impacted by this common post-transcriptional modifica-
tion. The results in TbPRMT1-depleted cells implicate
arginine methylation as a broad range regulator of mito-
chondrial gene expression in T. brucei. The RNA-binding
protein, RBP16, is the only reported methylprotein in
trypanosomes (Pelletier et al. 2001), and this protein has
been shown to affect RNA stability and editing (Pelletier
and Read 2003). In this study, we identified RBP16 as an
effector of arginine methylation action in T. brucei mito-
chondria, and showed that arginine methylation is a key
point of regulation for RBP16 function. We further
identified effects of TbPRMT1 depletion that cannot be
explained by RBP16 action, thereby implicating additional
unidentified TbPRMT1 substrates in the regulation of
mitochondrial gene expression.

In Table 1, we summarize the effects of RBP16 and
TbPRMT1 down-regulation, as well as overexpression of
wild-type and nonmethylatable RBP16 on mitochondrial
RNA abundance. Given the broad RNA-binding capacity
and multifunctional nature of RBP16 (Hayman and Read
1999; Pelletier et al. 2000; Pelletier and Read 2003), we
postulated that the specificity of RBP16 function we
observe in vivo (Pelletier and Read 2003) is likely due to
regulation via interaction with transcript-specific proteins
and/or by post-translational modification. We previously
showed that RBP16 is post-translationally modified by
methylation on multiple arginine residues in vivo and that
differentially methylated forms of the protein are present
within the mitochondria (Pelletier et al. 2001). Comparison
of RBP16 RNAIi cells and TbPRMT1 RNAi cells reveals
a similar decrease in the levels of the never-edited COI and
ND4 RNAs, strongly suggesting that methylation of argi-
nine residues in RBP16 by TbPRMT1 is necessary for its
RNA stabilization function. Overexpression of the non-
methylatable Myc-RBP16-TRI mimics the effects of both
RBP16 and TbPRMTI1 depletion on ND4 RNA levels,
further supporting a role for RBP16 methylation in ND4
RNA stabilization. The absence of COI destabilization in
cells overexpressing Myc-RBP16-TRI suggests that COI
RNA stabilization takes place through a somewhat different
mechanism than that of ND4 RNA, which is not evident as
a dominant negative phenotype. Alternatively, methylation
of another effector protein by TbPRMT1 may be involved
in COI RNA stabilization. These studies also revealed
previously unidentified roles for RBP16 in regulation of
mitochondrial RNA abundance. Overexpression of wild-
type RBP16 stabilized edited and unedited versions of CYb
and COIII RNAs to similar extents. This RBP16 function
also appears to be dependent on methylation, as it was not
observed upon overexpression of the nonmethylatable
version of the protein. The RNAs whose stability is affected
by RBP16 and its methylation state do not fall into any
easily recognizable pattern such as life-cycle stage specificity
or eventual role of the gene products in mitochondrial
physiology. However, it is notable that CYb and COIII
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genes are adjacent on the maxicircle, and dicistronic
mRNAs containing CYb and COIII sequence have been
reported (Koslowsky and Yahampath 1997). Since RNA
editing can precede polycistronic transcript cleavage (Read
et al. 1992), the similar effect of RBP16 overexpression and
methylation on edited and unedited CYb and COIII RNAs
could conceivably take place at the level of the precursor
transcript. Thus, adjacent genomic location may sometimes
be a determinant of similar modes of transcript stabiliza-
tion. In contrast to the effects of RBP16 on RNA stabili-
zation, the very dramatic effect of RBP16 down-regulation
on CYb RNA editing is not recapitulated in TbPRMT1
RNAI cells. This implies that methylation of RBP16 is not
important for its editing regulatory function. MALDI-TOF-
MS analysis showed that RBP16 from TbPRMT1 RNAi
cells, while lacking methylation at R78 and R85, retains
dimethylated R93 (Fig. 3; see below). Thus, we cannot rule
out that R93 methylation is sufficient to maintain CYb
editing. However, the lack of any effect of overexpression of
the nonmethylatable Myc-RBP16-TRI on either edited or
unedited CYb RNA levels is also consistent with the notion
that methylation of RBP16 is not critical for its RNA-
editing-related effects. Together, these findings indicate
that RBP16 methylation is important for some, but not
all, aspects of RBP16 function. This supports our original
hypothesis that the specificity and multifunctional nature
of RBP16 are due, at least in part, to the presence of
differentially modified forms of the protein.

We demonstrated that nonmethylatable RBP16 is
imported into mitochondria as efficiently as endogenous
RBP16 (Fig. 4). Therefore, methylation is not a prerequisite
for the mitochondrial import of RBP16. This is in contrast
to the well-known role of arginine methylation in regulat-
ing nucleocytoplasmic protein transport of several yeast
and mammalian proteins (Bedford and Richard 2005).
We do not currently know the subcellular compart-
ment in which RBP16 undergoes methylation or whether
TbPRMTT1 is present in mitochondria. TbBPRMT1 does not
appear to have an N-terminal sequence with similarity to
trypanosome mitochondrial targeting sequences, and it is
strongly predicted to be cytoplasmic by the PSORTII pro-
gram. In mammalian cells, PRMT1 apparently shuttles
between the nucleus and cytoplasm, with the bulk of the
protein localized to the cytoplasm (Herrmann et al. 2005).
To our knowledge, whether PRMTs also exist in mitochon-
dria has not been specifically explored. Since the proteins
that regulate mitochondrial gene expression in T. brucei
are exclusively encoded in the nucleus and translated on
cytoplasmic ribosomes, they could theoretically be methyl-
ated prior to mitochondrial import. However, in the absence
of data regarding a potential mitochondrial localization of
TbPRMT1, it remains equally plausible that at least some
substrates are modified within the mitochondria. A precise
determination of TbPRMT1 subcellular localization awaits
the production of specific antibodies.
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We showed that RBP16 is methylated by recombinant
TbPRMT1 in vitro, in keeping with our results indicating
that TbPRMTI1-catalyzed RBP16 methylation regulates
mitochondrial gene expression. We previously reported
that RBP16 was either not a substrate for TbDPRMT1 in
vitro or that its methylation required a cofactor (Pelletier
et al. 2005). Here, we show that slight modifications to the
enzyme-isolation protocol yield a catalytically active prep-
aration, such that RBP16 alone is sufficient as a substrate in
the in vitro methylation reaction. Increased stabilization of
RBP16 was achieved through the addition of the RBP16-
associated cofactor p22, thereby resulting in a significant
increase in full-length methylated RBP16.

In wild-type T. brucei, RBP16 is constitutively methyl-
ated on R93, while methylation of R78 and R85 is
apparently mutually exclusive (Pelletier et al. 2001).
MALDI-TOE-MS analysis of RBP16 from cells depleted
for TbBPRMT]1 revealed the absence of peptides methylated
on arginines 78 or 85. Thus, in vivo, methylation of
residues R78 and R85 within RBP16 is catalyzed by
TbPRMT1. Together with the poisoned primer extension
data presented above (Fig. 1), these data define a role for
methylation of specific arginine residues (R78 and R85) in
the RNA stabilization function of RBP16. In contrast, R93
appears fully dimethylated in TbDPRMT1-depleted cells (Fig.
3), indicating that this residue is methylated by another
enzyme. We have identified a homolog of the type II
protein arginine methyltransferase, PRMT5 (Branscombe
et al. 2001; Rho et al. 2001), in the T. brucei genome. This
protein, which we term TbPRMTS5, possesses methyltrans-
ferase activity and is a likely candidate for catalyzing RBP16
R93 methylation (D. Pasternack and L. Read, unpubl.). We
are currently examining the possibility that RBP16 serves as
a substrate for both TbPRMT1 and TbPRMTS5, and that
together these modifications further mediate the gene
regulatory effects of RBP16 (Pelletier and Read 2003).

The most dramatic consequence of TbPRMT1 down-
regulation is the striking reduction of COII RNA stability.
Because down-regulation of RBP16 by RNAI has no effect
on COII RNA levels (Table 1) (Pelletier and Read 2003),
the significant destabilization of COII RNA that we observe
in the TbPRMT1-depleted cells strongly argues for the ex-
istence of a methylprotein in addition to RBP16 that func-
tions in mitochondrial gene regulation. The mitochondrial
RNA-binding protein, TBRGG1, is a TbPRMT1 substrate
in vitro and is therefore a potential candidate (Pelletier
et al. 2005). Interestingly, we found that TBRGG1-containing
complexes exhibit altered sedimentation in glycerol gra-
dients upon TbPRMT1 depletion (C. Goulah and L. Read,
unpubl.), suggesting that arginine methylation may affect
TBRGG1 macromolecular interactions in vivo. Other
possible mitochondrial targets for TOPRMT1 methylation
include the arginine-rich MRP1 and MRP2 proteins
(Vondruskova et al. 2005) as well as the RGG-motif
containing TbRGGm protein, which has been identified
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in some editosome preparations, although it is not a stable
editosome component (Panigrahi et al. 2003; Stuart et al.
2005). Future studies will be aimed at identification of
additional mitochondrial protein arginine methylation
substrates and examination of the roles of this post-trans-
lational modification in the regulation of RNA metabolism
and ribonucleoprotein complex formation.

MATERIALS AND METHODS

DNA oligonucleotide

For site-directed mutagenesis, the following oligo-deoxynucleo-
tides were used:

RBP16-R78K (5'-TCCCTCTGGTGGCTTCGGCCCTGACGG-3");

RBP16-R85K (5'-ACCGAAGCCGCGACCCTTTCCTGCTCCCTC
TGG-3'); and

RBP16-R93K (5'-AAATCCCTTCCCCCTTTGCCGCCACCGAAG
CC-3).

For PCR amplification of protein-coding regions, the following
oligodeoxynucleotides were used (underlined bases indicate re-
striction sites):

RBP16mycl (5'-GCUTCTAGAUATGATTCCGCCTTCCATAG-3');

RBPl6myc2 (5'-GCUTCTAGAUAAAGTCATCGCTGAAGCTCT
G-3");

RBP16-5'lewl (5'-CCCUAAGCTTUATGATTCGCGCTTCCATA
GTTAAG-3"); and

p2MYC 3’ (5'-ACTAGTUGGATCCUGCAGCAGGTCTTC-3").

For poisoned primer extension analyses, the following oligode-
oxynucleotides were used:

A6-3'NE (5'-GCGGATCCATTTGATCTTATTCTATAACTCC-3');

CYb-RT-GP (5'-CAACCTGACATTAAAAGAC-3');

COI-RT (5'-GTAATGAGTACGTTGTAAAACTG-3');

ND4-RT (5'-GATAAAAATATTAGTGACATTG-3');

COII-RT (5'-ATTTCATTACACCTACCAGG-3");

COII-3'-NE (5'-GCGGATCCACTTCCTACAAACTAC-3"); and

MURFI-R (5'-CGGGATCCCAACTCAAAAACCAAGAAATTGA
TAAG-3').

Plasmid construction

To create cells expressing tetracycline (tet) regulatable wild-type
(WT) and mutant RBP16, we initially amplified the RBP16-coding
region (Hayman and Read 1999) by 30 cycles of PCR from total
procyclic form cDNA using primers RBP16mycl and RBP16myc2,
which allowed introduction of Xbal restrictions sites at both ends.
The PCR product was then ligated into the Xbal site of pTbmyc2
(Das et al. 1998) (a generous gift from Marilyn Parsons, SBRI)
creating p2Myc-RBP16-WT. Triple-mutant Myc-RBP16 (p2Myc-
RBP16-TRI) harboring R/K mutations at amino acids 78, 85, and
93, relative to the mitochondrial import signal cleavage, was created
using the Stratagene QuikChange site-directed mutagenesis kit
following the manufacturer’s instructions. We utilized p2Myc-
RBP16-WT as a template and the primers RBP16-R78K, RBP16-
R85K, and RBP16-R93K to direct the sites of mutagenesis. To
permit tet-regulated expression of Myc-tagged RBP16 proteins,

Myc-RBP16-WT and Myc-RBP16-TRI were amplified by 30 cycles
of PCR from p2Myc-RBP16-WT and p2Myc-RBP16-TRI using
primers RBP16-5"lewl and p2MYC 3', which allowed introduction
of HindIIl and BamHI restrictions sites, respectively. The PCR
products were then ligated into the HindIII and BamHI sites of
pLew100 (a generous gift from George Cross, Rockefeller Univer-
sity) creating Myc100-RBP16-WT and Myc100-RBP16-TRI.

Trypanosome growth, transfection, and induction
of Myc100-RBP16

Procyclic form T. brucei brucei clone IsTaR1 stock EATRO 164
was grown as described (Brun and Schonenberg 1979). Clonal
procyclic form TbPRMT1 RNAi cells were grown as previously
described (Pelletier et al. 2005). Procyclic T. brucei strain 29-13
(provided by George Cross), which contains integrated genes for
T7 RNA polymerase and the tetracycline repressor, were grown in
SDM-79 supplemented with 15% fetal bovine serum as described
(Brun and Schonenberg 1979; Wirtz et al. 1999), in the presence of
G418 (15 pg/mL) and hygromycin (50 pg/mL). For transfection,
1 X 108 cells were washed once in 5 mL of ice-cold Cytomix (van
den Hoff et al. 1992) and resuspended in 0.5 mL of Cytomix
containing 25 pg of plasmid (Mycl00-RBP16-WT or Mycl100-
RBP16-TRI) linearized with Notl. Transfections (two pulses) were
carried out on ice in 2-mm cuvettes using a Bio-Rad electro-
porator with the following settings: 800 V, 25 wF, and 40 ohms.
Following transfection, cells were transferred into 2 mL of SDM-
79 supplemented with G418 and hygromycin and allowed to
recuperate for 20 h. Selection was then applied by the addition of
7.5 mL of SDM-79 medium supplemented with phleomycin
(10 pg/mL for a final concentration of 2.5 pg/mL), and the cells
were grown for 6 wk to obtain stable transfectants.

Western blotting

For analysis of Myc-RBP16-WT and Myc-RBP16-TRI protein
levels in uninduced and induced transfectants, total cellular
protein or total mitochondrial protein from 1 X 107 cell
equivalents was separated by 17% SDS-PAGE and transferred
electrophoretically to a nitrocellulose membrane (Schleicher and
Schuell) at 50 V for 35 min in 10 mM 3-[Cyclohexylamino]-1-
propanesulfonic acid (CAPS) buffer (pH 11.0) containing 10%
methanol. The membrane was probed using either polyclonal
anti-RBP16 antibodies (Hayman and Read 1999), anti-Myc anti-
bodies (Covance), or anti-HSP70.4 antibodies (a generous gift
from Jay Bangs, University of Wisconsin) at a 1:1000 dilution in
Tris-buffered saline (TBS) with 2% dry milk. Primary antibodies
were detected using goat anti-rabbit antibody coupled to horse-
radish peroxidase (Pierce Endogen) and detected by enhanced
chemiluminescence (ECL; Amersham Pharmacia Biotech).

Primer extension analyses

Total RNA was purified from 5 X 10° cells of uninduced and
induced Myc-RBP16-WT and Myc-RBP16-TRI-expressing cells as
well as TDPRMT1 RNAI cells (Pelletier et al. 2005) (Purescript RNA
Isolation Kit, Gentra Systems). Primer extensions were performed
with 30 wg of total RNA and 0.4 pmol of 5'->*P-labeled oligode-
oxynucleotide primer. Samples were heated for 5 min at 95°C, cooled
on ice for 5 min, and annealed for 60 min at 37°C in TE buffer
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(10 mM Tris-HCI at pH 8.0, 1 mM EDTA) containing 120 mM
KCl. Extension reactions were performed in 50 mM Tris-HCI (pH
8.0), 20 mM KCl, 10 mM MgCl,, 5 mM DTT, 200 uM each dATP,
dCTP, and dTTP, 100 M ddGTP, 20 U of RNaseOUT (Invi-
trogen), and 10 U of AMV reverse transcriptase (Promega) for 45
min at 47°C. RNA was removed by RNase A digestion (2 pg) for
15 min at 37°C in the presence of 1 g of salmon sperm DNA, the
extension products were precipitated with ammonium acetate and
ethanol, and separated on a 8-M urea/10% polyacrylamide gel in
0.6X TBE. Gels were analyzed by overnight exposure to a Bio-Rad
PhosphorImaging Screen K and scanning by Bio-Rad Personal FX
with densitometry analysis in Bio-Rad Quantity One software.
Each primer extension was performed at least three times,
including RNA from two separate inductions.

In vitro methylation assays

MBP-TbPRMT1 was expressed and purified as described (Pelletier
et al. 2005) except that cleavage of the MBP moiety was omitted,
and the protein used for in vitro methylation assays was as follows.
Purified His-RBP16 (4 pg) (Miller and Read 2003) was incubated
with 5 pg of purified MBP-TbPRMT]1 in the presence of 2 nCi
[*H]AdoMet (GE Healthcare, 1 wCi/pL, 80 Ci/mmol) in 80 mM
Tris (pH 8.0) at 27°C, in a total volume of 50 wL. All buffers
contained 0.4 mM of PMSF and 2 pM of benzamidine. To assay
for the effect of potential cofactors on the methylation of
RBP16 by TbPRMT]I, purified His-p22 (1.5-3.0 ng) (Hayman
et al. 2001) was added to the methylation. As a negative control,
0.5-1 ng of a fragment of the papillomavirus RPA32 protein
(a generous gift from Thomas Melendy, University at Buffalo),
expressed in Escherichia coli with a His-tag, was added in place of
p22. Reactions were carried out for 18 h and stopped by the
addition of 5X SDS-PAGE loading buffer. Proteins were resolved
by SDS-PAGE on 15% acrylamide gels. Gels were stained and
treated for fluorography as described (Pelletier et al. 2005).

Immunoprecipitation experiments

Mitochondrial vesicles from 1 X 10'® cells of uninduced and
induced TbPRMT1-RNAI cells were lysed in 0.5 mL of lysis buffer
as described (Hayman and Read 1999). A total of 100 g of pre-
immune or anti-RBP16 IgG were added to 500 nL of extract along
with 50 U of RNaseOUT (Invitrogen) and the sample incubated
for 1 h at 4°C with gentle rocking; 100 pwL of washed rProtA
Sepharose (Amersham) was added and the sample incubated for
1 h at 4°C with gentle rocking. Immune complexes were recovered
by centrifugation at 10,000¢ for 5 min and washed five times with
500 wL of lysis buffer. The bound complexes were boiled in SDS
sample buffer for 5 min and briefly pelleted prior to the super-
natant being separated by SDS-PAGE. The gels were stained with
Coomassie Blue and the bands corresponding to RBP16 excised.

MALDI-TOF analysis

Excised protein bands were washed in 200 mM of NHB,HCOB;
containing 10% acetonitrile (AcCN) and incubated at 37°C for
30 min. The wash solution was removed and the gel plugs dried
by speed-vacuum for ~1 h. One gel volume (~15 wL) of 20 mg/mL
trypsin (Promega) in 40 mM NHB,HCOB; containing 10% AcCN
was added and the sample incubated for 60 min at room
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temperature (RT). A total of 50 pL of 40 mM NHB,HCOB;
containing 10% AcCN was added and the sample incubated
overnight at 37°C. The supernatant was removed and the digested
peptides mixture purified and concentrated using a ZipTip
(Millipore) and eluted in 1 pL of 0.1% trifluoroacetic acid
containing 60% AcCN with saturated a-cyano-4-hydroxycin-
namic acid matrix compound (Bruker-Daltonics). Mass spectro-
photometry was performed using a Bruker-Daltonics Biflex IV
MALDI-TOF spectrometer and data analyzed using M/Z—-for
Windows (Proteometrics, LLC).
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