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Trypanosome MTR4 is involved in rRNA processing

Marina Cristodero and Christine E. Clayton*

Zentrum fUr Molekulare Biologie der Universitdt Heidelberg (ZMBH), Im Neuenheimer Feld 282, 69120 Heidelberg,

Germany

Received January 31, 2007; Revised September 5, 2007; Accepted September 5, 2007

ABSTRACT

The yeast putative RNA helicase Mtr4p is implicated
in exosome-mediated RNA quality control in the
nucleus, interacts with the exosome, and is found in
the ‘TRAMP’ complex with a yeast nuclear poly(A)
polymerase (Trf4p/Pap2p or Trf5p) and a putative
RNA-binding protein, Airip or Air2p. Depletion of
the Trypanosoma brucei MTR4-like protein TOMTR4
caused growth arrest and defects in 5.8S rRNA
processing similar to those seen after depletion of
the exosome. TONPAPL, a nuclear protein which is a
putative homolog of Trf4p/Pap2p, was required for
normal cell growth. Depletion of MTR4 resulted
in the accumulation of polyadenylated rRNA pre-
cursors, while depletion of TbNPAPL had little
effect. These results suggest that polyadenylation-
dependent nuclear rRNA quality control is con-
served in eukaryotic evolution. In contrast, there
was no evidence for a trypanosome TRAMP com-
plex since no stable interactions between TOMTR4
and the exosome, TONPAPL or RNA-binding pro-
teins were detected.

INTRODUCTION

The exosome is an exoribonucleolytic complex formed by
10-11 proven or predicted RNases, and a variety of other
accessory proteins (1). The exosome digests many different
substrates in the 3'-to-5 direction. In the nucleus, it is
responsible for trimming rRNAs and other stable RNAs
in order to create the mature forms, and also for
degrading aberrant RNAs of all types (2). In the
cytoplasm, a main function seems to be the degradation
of mRNAs (3). Isolated complexes have very low activity,
so it is likely that accessory factors are required to
stimulate the exosome to act appropriately on its diverse
substrates (2). These accessory factors should assist
the exosome in its function but probably also in the
recognition and presentation of the substrate. The
molecular basis for the specificity of exosome activity,
and the nature and mechanism of action of the accessory
factors is however in most cases poorly understood.

Candidate factors might include RNA-binding proteins
that recruit the exosome to the RNA, activators and
regulators of its activity and helicases (2).

RNA helicases are enzymes that unwind folded RNA
molecules in an energy-dependent fashion (4). They are
able not only to modify RNA—RNA interactions, but also
to affect the interaction of RNA with proteins and DNA.
Most RNA helicases can be grouped into two different
superfamilies: Sf1 and Sf2. Sf2 includes the two most
predominant families of helicases, DEAD-box and related
DEAH/DExH-box families. The names refer to one of the
conserved motifs found in these proteins (5). Helicases
belonging to these groups are found throughout evolution
and share several features and domains. RNA helicases
are associated with every process involving RNA
molecules, including transcription, splicing, editing, ribo-
some biogenesis, RNA export, translation and RNA
turnover (4).

In yeast, two putative RNA helicases, Mtr4p and Ski2p,
are known cofactors for exosome activity. While Ski2p is
found in the cytoplasm and assists the exosome in mRNA
degradation (3), Mtrdp is located in the nucleus (6) and
is essential for cell viability (7). Mtrdp participates in
the biosynthesis of rRNA in the nucleus of yeast. In
Saccharomyces cerevisiae, as in other eukaryotes, a large
polycistronic TRNA precursor is processed to smaller
rRNA intermediates by endonucleolytic cleavage. Final
trimming of the 3’ ends to their mature forms involves the
function of the exosome (1,8). After depletion of yeast
Mtrdp, 3’ trimming of the 7S precursor to the mature 5.8S
rRNA was affected, as was degradation of the 5 external
transcribed spacer; since mutations in several exosome
subunits had the same effect, it scems probable that Mtr4
is an exosome cofactor. Mtr4 depletion also resulted in
accumulation of polyadenylated RNA molecules in the
nucleolus (6). The reason for this effect was clarified
recently upon discovery of the TRAMP complex, which
contains Mtrd4p, a non-canonical poly(A) polymerase,
either Trf4p or Trf5p, and one of two RNA-binding
proteins Airlp and Air2p (9-11). In vitro, the yeast
TRAMP complex (purified via TAP-Mtrdp) polyadeny-
lates substrates, and the reaction is antagonized by the
exosome. In vivo, yeast lacking the exosome component
Rrp6 showed slower growth and accumulation of
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defective stable RNAs, including rRNA, snRNAs and
tRNA; in many cases these were shown to be polyadeny-
lated (9-14). Oligoadenylation of rRNA molecules has
been observed in a fission yeast (15), Candida albicans (16)
and human cells (17). Short A tails have also been found
on nuclear truncated mRNAs in human cells, and these
species again accumulated upon exosome depletion (18).
The current model is that after polyadenylation by Trf4p,
which is Air2p-dependent, the target RNAs are degraded
by the exosome in an Mtrdp-dependent manner (2). This is
analogous to the pathway for mRNA degradation in
bacteria, where addition of short poly(A) tails to the 3’ end
of the transcripts targets them for destruction (19). The
mechanism by which the TRAMP complex recognizes
aberrant RNAs is however unknown.

The protozoan parasite Trypanosoma brucei causes
sleeping sickness in humans and Nagana in cattle. It is
transmitted from one mammalian host to another by
Tsetse flies. Trypanosomatids diverged very early in
evolution (20), and their RNA metabolism differs
markedly from that of other eukaryotes. Some examples
of this are the high levels of editing that take place in the
mitochondria of the parasites (21), transcription of long
polycistronic units and generation of mature mRNAs by
coupled trans splicing and polyadenylation (22). On the
other hand, several features of RNA metabolism common
to other eukaryotes are found: the parasites possess the
exonucleases required for 5'-to-3’ mRNA degradation (23)
and a functional exosome (24,25). The T. brucei exosome
has 11 subunits and is found in both the nucleus and
the cytoplasm. So far, no difference in the complexes
present in the two compartments has been found (26)
and no information on trypanosome exosome regula-
tion and specificity is available. The presence of poly-
adenylated ribosomal RNA in Leishmania (27) suggests
that nuclear quality control may operate as in other
eukaryotes.

Here we report the identification of a putative Mtrdp
homolog in trypanosomes, 7ThMTR4. ThMTR4 localizes
to the nucleus and is required for normal 5.8S rRNA
maturation. Depletion of 7hMTR4 causes an increase
in TRNA polyadenylation. We propose that 7PMTR4
can also act as a cofactor of the nuclear exosome
and participate in quality control in the nucleus of
trypanosomatids.

MATERIALS AND METHODS
Cell culture

Procyclic form T. brucei stably expressing the tetracycline
repressor from plasmids pHD449 (28) or pHD1313 (29),
with or without T7 polymerase expression (29), were
grown in the presence of 0.5 pg/ml phleomycin. They were
used to generate all the cell lines described in this work.
Cells with RNAi targeting RRP6 were described pre-
viously (24).

Plasmids and constructs

To generate the construct for over-expression of a
C-terminal TAP-tagged version of 7hMTR4, the open

Table 1. Oligonucleotides used in this work

CZ1193 5-ACTTTGCTGCGTTCTTCAAC-3

CZ1427 5-GTTTTTATATTCGACACTG-3'

CZ1584 5-TTGAATCGCATTGAGCACCTGCTTTTTTTTT
TTTTTTTTTVNN-3'

CZ1585 5'-TTGAATCGCATTGAGCACCTGC-3’

CZ2423 5'-TCCGGATCC CAGGTACAGCGACGACG-3

CZ72424 5'-GAGAAGCTTATGCAGGATGACATACCC-3'

CZ2461 5’-TCCGTTAACCAGGTACAGCGACGACG-3’

CZ2555 5'-AGATCTAGAACCGTTGCAGAGACCCC-3’

CZ2556 5-AGAGCGGCCGCAGCGGAAAAGTGGGGTGC-3

CZ2558 5'-AGACTCGAGATGAAAGATCGGTCGGCC-3'

CZ2559 5'-AGAGGGCCCCCAACTGACGGGGCAGG-3'

CZ72580 5-GCGTGAGGCTATCTGC-3

CZ2581 5-CCTTTGGCACAACGTCACCACGG-3

CZ2604 5'-GAGAAGATCTGCATGCATGGATGGTGAGCC
GTGTG-3¥

CZ2605 5-CGATCGATGTCGACTCGGCACCACATGGGTAC-3'

CZ72708 5'-CACACTGTGTGGTACTAC-3’

CZ72709 5-TTTTGTCCCTCTCCAAACG-3'

CZ2836 5'-GAGAAGATCTGCATGCGATCGGTCGGCCGCTG-3’

CZ72837 5'-CGGAATTCGTCGACTGTCTTCCTGGGGGAC-3'

reading frame (ORF) was amplified using primers CZ2424
and CZ2461. (All primers used are listed in Table 1.)
The PCR product was digested with HindIII and
Hpal and cloned into pHD924 (24) yielding pHD1680.
Trypanosoma brucei 449 cells were transfected and
hygromycin-resistant clones were checked by western
blotting for 7ThMTR4 TAP expression after induction
with tetracycline.

For myc-tagging of 7ThAMTR4, the ORF was amplified
using primers CZ2424 and CZ2423. The product was
cloned into pHD1484 (30), in frame with a myc-tag. The
resulting plasmid (pHD1658) was transfected into cells
expressing a TAP-tagged version of the 7. brucei exosome
subunit RRP45 (pHD1337) (24).

The construct used for inducible TAMTR4 and NPAPL
RNAIi was based on the ‘stuffer’ strategy described for
T. brucei (31). A 630bp fragment of ThMTR4 was
amplified from genomic DNA (28) using primers
CZ2604 and CZ2605, ligated to a stuffer fragment and
cloned into pHDI1146 (25,32) to yield pHDI1763. For
ThNPAPL primers CZ2836 and 2837 were used, giving
a 640bp fragment and plasmid pHD1903. Procyclic
1313-514 T. brucei transfectants were selected with
50 pug/ml hygromycin and cloned by limiting dilution.
RNAI induction was achieved by adding tetracycline at
a concentration of 100 ng/ml.

We in situ tagged the TONPAPL ORF by amplifying
~300bp regions in the 5UTR of the gene and the
5" region of the ORF. These were then cloned into a
suitable vector (33). The SUTR region was amplified
using primers CZ2556 and CZ2555 while primers CZ2558
and CZ2559 were used for amplification of the 5 region of
the ORF. The fragments were cloned upstream and
downstream of the BLA/V5 cassette and yielded plasmid
pHDI1740. Both plasmids were digested with Apal/
Notl and transfected into procyclic 449 T. brucei cells
bearing plasmid pHD1680 for over-expression of the
ThMTR4 TAP.



Western blotting

Western blotting was done following standard pro-
cedures. For detection of V5 tagged proteins, a 1/1000
dilution of the anti-V5 antibody (Invitrogen, Karlsruhe,
Germany) was used. PAP antibody (peroxidase anti-
peroxidase, Sigma, USA) was used for detection of
TAP-tagged TDMTRA.

In all the experiments, secondary antibodies for ECL
(GE Healthcare) were used and developing was per-
formed with ECL™ western blotting detection system
(GE Healthcare, Braunschweig, Germany).

Indirect immunofluorescence

Trypanosomes were washed with phosphate-buffered
saline (PBS) and fixed in PBS containing 4% (w/v)
paraformaldehyde. After fixation cells were washed and
pipetted into each chamber of a four-chambered slide (BD
Biosciences, Heidelberg, Germany). Cells were allowed to
settle overnight at 4°C, permeabilized with PBS containing
0.2% Triton X-100 and blocked with PBS containing
0.5% gelatine (PBS/G). Fixed-permeabilized cells were
incubated for 1h in an appropriate dilution of the first
antibody in PBS/G. Slides were washed twice with PBS
and twice with PBS/G, and incubated with the corres-
ponding secondary antibody (Molecular Probes,
Invitrogen, Karlsruhe, Germany) diluted 1/500 in PBS/G
for 1h. After washing nucleic acids were stained with
DAPI (100 ng/ml). Slides were finally washed, air dried
and mounted in 90% glycerol solution in PBS. Images
were taken in a Leica DMRXA microscope equipped with
a digital camera.

rRNA processing analysis

Total RNA was obtained using peqGOLD TriFast
reagent. To study rRNA processing, 2.5ug of total
RNA was denatured in loading buffer for 10min at
65°C, run on 5% polyacrylamide/urea/TBE gels at 200 V
for 3h and transferred to neutral nylon membranes (24).
Hybridizations were done according to standard proce-
dures and the bands detected and quantified using a
phosphorimager (Fuji).

Processing of 7S rRNA was analyzed using primer
CZ1427, which hybridizes only with the extended form
of 5.8S rRNA; primer CZ1193 was used to detect the
mature from of 5.8S rRNA. SRP was used as a loading
control.

Reverse transcription

Total RNA (2pg) was used as template for reverse
transcription reactions using conditions recommended
by the manufacturer (Invitrogen, Karlsruhe, Germany).
The anchored oligo d(T) primer CZ1584 was used for the
cDNA synthesis. The obtained cDNA served as template
for the PCR reactions, using oligonucleotide CZ1585,
which hybridizes with the anchor region of oligo CZ1584,
and specific primers for the ITS7 (CZ2708) and the
SR6 (CZ2709) rRNA fragments. For analyzing the
levels of tubulin, primers CZ2580 and 2581 were used.
The products were analyzed on 2% agarose gels and
quantified by densitometry.
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Figure 1. (A) Diagram of the amino-terminal 430 residues of 7ThMTR4,
indicating the conserved DExH helicase motifs and their putative
function. (B) Localization of TAP-tagged ThMTR4. Over-expressed
TAP-tagged ThMTR4 was detected using anti TAP antibodies. DAPI
was used for staining of the nucleus and kinetoplast.

RESULTS
Identification of 7ThMTR4

In order to identify putative cofactors of the exosome,
a search for DExD/H-box proteins was performed on the
T. brucei genomic database using two putative helicases
from yeast, Mtrdp and Ski2p. The predicted protein
encoded by locus Tb10.6k15.3220 gave the highest scores
(e-209 and e-135, respectively) and no other potential
homolog was found. The predicted Tb10.6k15.3220
protein also retrieved Mtrdp and Ski2p as the best
matches in the yeast genome database. Trypanosome
MTR4 has a predicted size of 107.3 kDa and shares 41.5%
identity with yeast Mtr4p. All the characteristic residues
and motifs of the DExH-box proteins are conserved
(Figure 1A) in the first half of the protein (aa 10-430).
Other highly conserved residues are also found in that
region, while at the C terminus (aa 430-950) only 29%
identity is shared with yeast Mtrdp. The Leishmania major
homolog has 73.5% identity with ThMTR4. ThMTR4
was TAP tagged and its location in the cell was analyzed
by immunofluorescence microscopy (Figure 1B). The
TAP-tagged protein was found in the nucleus, similarly
to yeast Mtr4p. It was however less abundant in a region
with less DAPI staining, possibly the nucleolus.

Function of 7TAMTR4 in rRNA processing

One function of yeast Mtrdp is the stimulation of the
nuclear exosome. We first wanted to find out whether
trypanosome MTR4 has a similar function. Depletion of
ThMTR4 by RNAIi caused growth arrest within 48h,
followed by death (Figure 2A). [Addition of tetracycline to
trypanosomes without inducible constructs does not affect
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growth, the transcriptome or the protecome (34).] We
previously showed that in trypanosomes, the nuclear
exosome is involved in the processing of 7S to the mature
5.8S rRNA (24). Analysis of rRNA 24 h after depletion of
ThbMTR4 showed that there was a 2-fold increase in the
ratio of 7S to 5.8S; for the exosome subunit 7ThRRP6 the
increase was more than 7-fold (Figure 2B).

We next decided to test if 7AMTR4 interacts with
the exosome complex. To analyze this we expressed
myc-tagged ThMTR4 in cells bearing TAP-tagged
ThRRP45 (25). After TAP purification, myc-7ThMTR4
could not be detected co-purifying with the exosome
(data not shown), suggesting that if any interaction exists,
it is very weak and/or transient. The same result was
obtained using TAP-tagged ThRRP6 (26) as bait.

A T. brucei Pap2p homolog is in the nucleus

The yeast TRAMP complex adds a short poly(A) tail to
defective RNA molecules, and the tail serves as a tag for
MTR4-stimulated exosomal degradation. We therefore
wanted to explore the possibility that such an activity also
exists in trypanosomes. If poly(A) addition is a prerequi-
site for ThMTR4/exosome-dependent degradation of
defective rRNAs, a poly(A) polymerase should exist that
adds the A tails to the target RNAs. In yeast, Mtrdp
interacts with two homologous poly(A) polymerases,
Trf4p/Pap2p and Trf5p. They form different complexes
which are involved in poly(A) addition and degradation of
defective RNAs in the nucleus (10). In order to study
whether similar complexes exist in trypanosomes, we
searched for homologs of Trf4p in the 7. brucei genomic
database. Locus Tb927.8.1090 encodes a protein that
shares 18% identity with the S. cerevisiae Trfdp, and we
named it 7ThNPAPL (nuclear-poly(A)-polymerase-like).
When we searched the yeast genome database using the
putative ThONPAPL as query we also found Trf5p as best
match. Analysis of the ThNPAPL sequence with Pfam
predicts a nucleotidyl transferase domain between residues
349 and 428 (Figure 3A).

If THhNPAPL participates in the degradation of
abnormal nuclear rRNAs, it should be present in the
nucleus of the trypanosome. However, no nuclear
localization signal could be predicted for the putative
protein. To study the location of TANPAPL in trypano-
somes, we tagged the protein by integrating a sequence
encoding a V5 tag at the 5-end of the ThANPAPL gene.
By immunofluorescence analysis using anti V5 antibodies
we could detect VS-ThNPAPL in the nucleus of the
parasites (Figure 3B), agreeing with a putative role of the
protein in this intracellular compartment.

To find out whether ThANPAPL or other proteins were
stably associated with ThMTR4, TAP-tagged ThMTR4
was over-expressed in procyclic T. brucei, affinity purified
on IgG sepharose and released by TEV protease
(see Supplementary Data). All bands apart from the
over-expressed 7hMTR4-TAP were very faint, and the
predominant protein identified in all bands was ThMTR4
(data not shown). Thus it was clear that the over-
expressed 7ThPMTR4 was not stoichiometrically associated
in a complex with other proteins. 7TANPAPL and exosome
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Figure 2. Depletion of ThMTR4 by inducible RNAI affects cell growth.
(A) Trypanosomes expressing a 7hMTR4-specfic dsSRNA were grown
in the absence (solid line) and presence (dashed line) of 100ng/ml
tetracycline to induce RNAi-mediated depletion. Cultures were
followed for 3 days and diluted to 0.5 x 10° cells/ml when required.
The inset is a northern blot showing depletion of the MTR4 mRNA;
rRNA staining was similar in all lanes (data not shown). (B) Effect of
depletion of 7TAMTR4 on 5.8S rRNA maturation in vivo. Total RNA
was extracted from trypanosomes grown in the absence (—) or presence
(+) of tetracycline for 24 h, and separated in polyacrylamide—urea gels.
The gels were transferred to nylon membranes and hybridized with
probes to detect extended or mature 5.8S rRNA. Mature 5.8S and full-
length 7S rRNA are shown, while the incompletely processed species
are marked with an asterisk. Cells depleted of the exosome subunit
RRP6 were used as the control for incomplete rRNA processing.
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Figure 3. (A) Alignment of the catalytic domains of yeast Trf4p and Trf5p, and the putative human homolog, with the corresponding region of
ThNPAPL. The green boxes indicate residues conserved among members of the nucleotidyl transferase family (100% similarity), blue and red
indicate residues with 100% identity. Catalytic aspartates are shown in red. The human homolog is annotated as DNA polymerase sigma
(EC 2.7.7.7) or topoisomerase-related function protein 4-1. (B) Immunofluorescence analysis of cells expressing THNPAPL in situ tagged with the V5
epitope. DAPI: DAPI staining; antiV5: mouse antiV5 antibody with fluorescent anti-mouse secondary antibody. (C) Depletion of THANPAPL mRNA
inhibits growth. A cumulative growth curve and a northern blot are shown. Cells containing a tetracycline-inducible 7TANPAPL RNAI construct were
incubated with (open circle, dashed line) of without tetracycline (filled circle, solid line). (D) Northern blot for cells without the RNAI construct (lane
1), and for the ThNPAPL RNAI line grown without (lane 2) or with (lane 3) tetracycline.

subunits were not detected. We also expressed a
TAP-tagged ThMTR4, or the TAP tag alone, in cells
expressing V5 in situ tagged THANPAPL. V5-ThbNPAPL
was found at similar levels in tandem-affinity purifications
of TAP-ThMTR4 and TAP alone (data not shown),
suggesting that it does not form a stable complex with
ThbMTR4. Furthermore, the tandem-affinity purified
TbMTR4 preparation had no detectable polyadenylation
activity (see Supplementary Data; data not shown).

We also attempted to generate a trypanosome cell line
with inducible RNAI targeting ThNPAPL. After several
transfections a single line was obtained. These cells grew
slower than normal procyclic trypanosomes, which have
a doubling time of 10-11h (compare Figure 3C with
Figure 2A) and also had less ThNPAPL mRNA than
normal cells (Figure 3D), suggesting some leakage of the
RNAI construct. After tetracycline addition, the growth
rate was further slowed (Figure 3C) but the mRNA was
not completely eliminated (Figure 3D).

Roles of THMTR4 and THNPAPL in rRNA quality control

In trypanosomes, the rRNA is transcribed as a pre-RNA
which is processed to the individual mature species by
endonucleolytic cleavage and 3’ trimming (Figure 4A).
Unusually, the large subunit RNA is cut into several
smaller pieces, which are subsequently trimmed (35).
Polyadenylated Leishmania rRNAs corresponding to
SR6 rRNA and a partially processed precursor including
the ITS7 were previously reported (27). To look for

similar polyadenylated rRNAs in 7. brucei, we made
cDNA by priming with oligo d(T) bearing a 5 anchor
sequence, then amplified the polyadenylated rRNA species
using specific primers (Figure 4B). Both polyadenylated
SR6 rRNA and the longer polyadenylated ITS7 inter-
mediate (Figure 4C, lanes 1 and 2) could be detected
in trypanosomes. To quantitate the results from diffe-
rent cell lines, we compared the amounts of PCR
product—including both the main band and longer
species—in serial 10-fold dilutions of the cDNA, using
polyadenylated tubulin mRNA as the standard
(Figure 4C).

The overall amount of SR6 product was marginally
increased in T7hMTR4-depleted cells (Figure 4C, lanes
3-6), but neither ThARRP6 RNAi not THANPAPL RNAI
had any effect on the PCR product yield. Similarly, the
overall amount of ITS7 product was somewhat decreased
in ThNPAPL RNAI cells (Figure 4C, lanes 7-10) but
unaffected by ThRRP6 or ThMTR4 depletion. In no case,
however, did the differences exceed 2-fold (a single PCR
cycle) so their significance is dubious.

ThMTR4-depletion did, however, have a very clear
and reproducible effect on the lengths of both the ITS7
and SR6 PCR products. These were reproducibly
longer and more heterogeneous in the 7hMTR4 RNAI
cells, especially in the presence of tetracycline (Figure 4C,
lane 5). Higher molecular weight species were extended by
as much as 100 bp; sequence analysis confirmed that the
extensions consisted of poly(A) (data not shown).
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Figure 4. A polyadenylated rRNA precursor accumulates in 7bMTR4
RNAI cells. (A) Schematic diagram of the rRNA transcription unit
and processing in 7. brucei. (B) Primers used for RT-PCR analysis.
(C) Total RNA was extracted from trypanosomes growing in the
absence (—) or presence (+) of tetracycline and reverse transcribed
using the anchored oligo(dT) primer. The cDNA was PCR ampli-
fied (25 cycles) with primers specific for ITS7 and SR6 rRNA, and
the products separated on a 2% agarose gel. For lanes 1, 3, 5, 7 and 9,
undiluted cDNA was used; lanes 2, 4, 6, 8 and 10 are 10-fold dilutions.
Quantitation of the 10x lanes revealed that the TANPAPL line had
a 30% reduction in signal in the absence of tetracycline (lanes 7 and 8)
and a 50% reduction in the presence of tetracycline (lanes 9 and 10).
(D) The relative signals for ITS7 were quantified by scanning across
the gel. The wild-type pattern (lane 1) is shown as a solid line, the
ThMTR4-depleted pattern (lane 5) by a dashed line and the THANPAPL-
depleted pattern (lane 9) by the gray solid line. When the 7ANPAPL
profile was stretched vertically in the graphics program, the overall
pattern was indistinguishable from wild type.

Densitometric scanning of the gel (Figure 4D, from
Figure 4C, ITS7, lanes 1, 5 and 9) confirmed the visual
impression that the poly(A) tails were longer in the
MTR4-depleted cells. Despite the decrease in yield, no
significant effect of THONPAPL depletion on the gel profile
was observed.

These results suggest that 7TbMTR4 is involved in a
nuclear RNA quality-control mechanism that involves
polyadenylation of RNA molecules prior to degradation.

DISCUSSION

In this study, we identified in 7' brucei the putative ATP-
dependent RNA helicase ThMTR4, a functional homolog
of yeast Mtrdp. Our results indicate that although
ThbMTR4 is concentrated mainly in the nucleoplasm,
rather than the nucleolus, it is involved in the maturation
of rRNA. Depletion of ThMTR4 resulted in accumulation
of unprocessed and partially processed 7S rRNA,
indicating that 7hMTR4 participates in the maturation
of the rRNA precursor to its functional form. In contrast
to observations in yeast (7), no decrease in mature 5.8S
rRNA was detected. The same phenotype was observed
after depletion of exosome subunits in 7. brucei (24),
which would be consistent with a requirement for
ThPMTR4 in exosome-mediated rRNA trimming.

Previous studies in yeast have identified Mtrdp as a
component of two related complexes, TRAMP4 and
TRAMPS5 (2), which are located in the nucleus and may
have overlapping functions. Both complexes include a
poly(A) polymerase (either Trf4p or Trf5p) and an RNA-
binding protein (Air2p or Airlp). Trf4p and Trf5p belong
to a family of non-canonical poly(A) polymerases which
possess the characteristic domains observed in nucleotidyl
transferases (as in yeast Paplp) but lack an RNA-binding
domain (36-39). These enzymes need to associate with
RNA-binding proteins in order to bind and recognize
their substrates, so assembly into larger complexes is
expected to be a prerequisite for functionality (2). The
possible human homolog of Trf4p (Figure 3) shows 37%
identity with conserved functional residues; a role of this
protein in quality control has not yet been confirmed.
In trypanosomes, we identified ThNPAPL as a putative
Trf4/Sp homolog. Two possible 7. brucei homologs of
Airlp and Air2p (Tb 11.02.4470 and 11.01.1270, respec-
tively) show sequence similarity only within the zinc-
knuckle domain, so the status of these candidates is
tenuous. Similarly, the best candidate homolog in the
human genome (Q8N3Z6) shows only around 20%
identity, limited to the Zn-knuckle.

To look for a TRAMP complex in trypanosomes,
we used immunoprecipitation of V5-tagged versions and
one- or two-step affinity purification. We did not find any
stable associations between ThMTR4, THNPAPL or the
exosome, and the two possible Airl/Air2 homologs were
not detected by mass spectrometry in ThMTR4 prepara-
tions. Thus if trypanosomes do contain a TRAMP
complex, the interactions are not sufficiently stable to
survive purification by the methods we used. Although
there is evidence for polyadenylation-dependent nuclear



quality control in human cells (18), we have found no
reports of the existence of a TRAMP complex in meta-
zoans. Human Mtrdp (KIAAO0052) interacts with the
Rrp6p and Rrp47p (ThEAP3) homologs via MPP6,
a 540-residue protein (40,41). It is not clear whether
trypanosomes have MPP6 or not—the best match is a 178-
residue protein which consists mainly of a guanylate
kinase domain and is 30% identical to the C-terminal
160 residues of MPP6.

We unambiguously detected polyadenylated versions of
the small rRNA, SR6 and of an rRNA precursor
containing an internal transcribed spacer (ITS7), which
should be targeted for destruction. We cannot be certain
whether TANPAPL is required for this polyadenylation,
since depletion of this putative poly(A) polymerase had no
clear effects on levels of two polyadenylated rRNAs—the
small SR6 RNA and a precursor, ITS7. Depletion of
ThMTR4, in contrast, resulted in a clear increase in SR6
and ITS7 rRNA polyadenylation. This shows that
addition of poly(A) tails to rRNA does not require
ThMTR4, but that their removal is stimulated by
ThMTR4. This supports a model in which 7ThMTR4
promotes degradation of the poly(A) rRNAs—perhaps by
the exosome, as in yeast (13,42,43). Thus, although there is
no evidence for the existence of a TRAMP complex in
trypanosomes, our results are consistent with the existence
of a polyadenylation-dependent nuclear quality-control
pathway involving ThMTR4.
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ACKNOWLEDGEMENTS

All experiments in this article were performed by M.C. We
thank Ute Leibfried for technical assistance. The work
was supported by the Deutsche Forschungsgemeinschaft
(CI112/9). Mass spectrometry was done in the ZMBH
facility under the leadership of Thomas Ruppert. We also
thank the reviewers of the manuscript for their construc-
tive comments. Funding to pay the Open Access publica-
tion charges for this article was provided by the Clayton
lab Grundausstattung.

Conflict of interest statement. None declared.

REFERENCES

1. Mitchell,P., Petfalski,E., Shevchenko,A., Mann,M. and Tollervey,D.
(1997) The exosome: a conserved eukaryotic RNA processing
complex containing multiple 3'->5" exoribonucleases. Cell, 91,
457-466.

2. Houseley,J., LaCava,J. and Tollervey,D. (2006) RNA-quality
control by the exosome. Nat. Rev. Mol. Cell. Biol., 7, 529-539.

3. Anderson,J.S. and Parker,R.P. (1998) The 3’ to 5 degradation of
yeast mRNAs is a general mechanism for mRNA turnover that
requires the SKI2 DEVH box protein and 3’ to 5 exonucleases of
the exosome complex. EMBO J., 17, 1497-1506.

4. Tanner,N.K. and Linder,P. (2001) DExD/H box RNA helicases:
from generic motors to specific dissociation functions. Mol. Cell, 8,
251-262.

5.

11.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

Nucleic Acids Research, 2007, Vol. 35, No.20 7029

Linder,P., Lasko,P.F., Ashburner,M., Leroy,P., Nielsen,P.J.,
Nishi,K., Schnier,J. and Slonimski,P.P. (1989) Birth of the
D-E-A-D box. Nature, 337, 121-122.

. Liang,S., Hitomi,M., Hu,Y.H., Liu,Y. and Tartakoff,A.M. (1996)

A DEAD-box-family protein is required for nucleocytoplasmic
transport of yeast mRNA. Mol. Cell. Biol., 16, 5139-5146.

.de la CruzJ., Kressler,D., Tollervey,D. and Linder,P. (1998) Doblp

(Mtrdp) is a putative ATP-dependent RNA helicase required for the
3’ end formation of 5.8S rRNA in Saccharomyces cerevisiae.
EMBO J., 17, 1128-1140.

. Allmang,C., KufelJ., Chanfreau,G., Mitchell,P., Petfalski,E. and

Tollervey,D. (1999) Functions of the exosome in rRNA, snoRNA
and snRNA synthesis. EMBO J., 18, 5399-5410.

.LaCava,J., Houseley,J., Saveanu,C., Petfalski,E., Thompson,E.,

Jacquier,A. and Tollervey,D. (2005) RNA degradation by the
exosome is promoted by a nuclear polyadenylation complex. Cell,
121, 713-724.

. Vanacova,S., Wolf,J., Martin,G., Blank,D., Dettwiler,S.,

Friedlein,A., Langen,H., Keith,G. and Keller,W. (2005) A new
yeast poly(A) polymerase complex involved in RNA quality control.
PLoS Biol., 3, ¢189.

Egecioglu,D.E., Henras,A.K. and Chanfreau,G.F. (2006)
Contributions of Trf4p- and TrfSp-dependent polyadenylation to
the processing and degradative functions of the yeast nuclear
exosome. RNA, 12, 26-32.

. Dez,C., Houseley,J. and Tollervey,D. (2006) Surveillance of nuclear-

restricted pre-ribosomes within a subnucleolar region of
Saccharomyces cerevisiae. EMBO J., 25, 1534-1546.

. Kuai,L., Fang,F., Butler,J.S. and Sherman,F. (2004)

Polyadenylation of rRNA in Saccharomyces cerevisiae. Proc. Natl
Acad. Sci. USA, 101, 8581-8586.

.van Hoof,A., Lennertz,P. and Parker,R. (2000) Yeast exosome

mutants accumulate 3’-extended polyadenylated forms of U4
small nuclear RNA and small nucleolar RNAs. Mol. Cell. Biol., 20,
441-452.

Win,T.Z., Draper,S., Read,R.L., Pearce,J., Norbury,C.J. and
Wang,S.W. (2006) Requirement of fission yeast Cid14 in poly-
adenylation of rRNAs. Mol. Cell. Biol, 26, 1710-1721.
Fleischmann,J. and Liu,H. (2001) Polyadenylation of ribosomal
RNA by Candida albicans. Gene, 265, 71-76.

Slomovic,S., Laufer,D., Geiger,D. and Schuster,G. (2006)
Polyadenylation of ribosomal RNA in human cells. Nucleic Acids
Res., 34, 2966-2975.

West,S., Gromak,N., Norbury,C.J. and Proudfoot,N.J. (2006)
Adenylation and exosome-mediated degradation of cotranscrip-
tionally cleaved pre-messenger RNA in human cells. Mol. Cell, 21,
437-443.

. Dreyfus,M. and Regnier,P. (2002) The poly(A) tail of

mRNAs: bodyguard in eukaryotes, scavenger in bacteria. Cell, 111,
611-613.

Simpson,A.G., Stevens,J.R. and Lukes,J. (2006) The evolution
and diversity of kinetoplastid flagellates. Trends Parasitol., 22,
168-174.

Simpson,L., Sbicego,S. and Aphasizhev,R. (2003) Uridine insertion/
deletion RNA editing in trypanosome mitochondria: a complex
business. RNA, 9, 265-276.

Liang,X.H., Haritan,A., Uliel,S. and Michaeli,S. (2003) trans and
cis splicing in trypanosomatids: mechanism, factors, and regulation.
Eukaryot. Cell, 2, 830-840.

Li,C.H., Irmer,H., Gudjonsdottir-Planck,D., Freese,S., Salm,H.,
Haile,S., Estevez,A.M. and Clayton,C. (2006) Roles of a
Trypanosoma brucei 5’->3’ exoribonuclease homolog in mRNA
degradation. RNA, 12, 2171-2186.

Estevez,A.M., Kempf,T. and Clayton,C. (2001) The exosome of
Trypanosoma brucei. EMBO J., 20, 3831-3839.

Estevez,A.M., Lehner,B., Sanderson,C.M., Ruppert,T. and
Clayton,C. (2003) The roles of intersubunit interactions in exosome
stability. J. Biol. Chem., 278, 34943-34951.

Haile,S., Cristodero,M., Clayton,C. and Estevez,A.M. (2007)

The subcellular localisation of trypanosome RRP6 and its
association with the exosome. Mol. Biochem. Parasitol., 151,
52-58.

Decuypere,S., Vandesompele,J., Yardley,V., De Donckeri,S.,
Laurent,T., Rijal,S., Llanos-Cuentas,A., Chappuis,F., Arevalo,J.



7030 Nucleic Acids Research, 2007, Vol. 35, No. 20

28.

29.

30.

31.

32.

33.

34.

35.

et al. (2005) Differential polyadenylation of ribosomal RNA during
post-transcriptional processing in Leishmania. Parasitology, 131,
321-329.

Biebinger,S., Wirtz,L.E., Lorenz,P. and Clayton,C. (1997) Vectors
for inducible expression of toxic gene products in bloodstream and
procyclic. Trypanosoma brucei. Mol. Biochem. Parasitol., 85,
99-112.

Alibu,P., Storm,L., Haile,S., Clayton,C. and Horn,D. (2004) A
doubly inducible system for RNA interference and rapid RNAi
plasmid construction in Trypanosoma brucei. Mol. Biochem.
Parasitol., 139, 75-82.

Colasante,C., Alibu,V.P., Kirchberger,S., Tjaden,J., Clayton,C. and
Voncken,F. (2006) Characterisation and developmentally

regulated localisation of the mitochondrial carrier protein homo-
logue MCP6 from Trypanosoma brucei. Eukaryot. Cell, 5,
1194-1205.

Shi,H., Djikeng,A., Mark,T., Wirtz,E., Tschudi,C. and Ullu,E.
(2000) Genetic interference in Trypanosoma brucei by heritable and
inducible double-stranded RNA. RNA, 6, 1069-1076.
Clayton,C.E., Estévez,A.M., Hartmann,C., Alibu,V.P., Field,M.
and Horn,D. (2005) In Carmichael,G. (ed.), RNA Interference,
Humana Press, Totowa, USA.

Shen,S., Arhin,G.K., Ullu,E. and Tschudi,C. (2001) In vivo epitope
tagging of Trypanosoma brucei genes using a one step PCR-based
strategy. Mol. Biochem. Parasitol., 113, 171-173.

Luu,V.D., Brems,S., Hoheisel,J., Burchmore,R., Guilbride,D. and
Clayton,C. (2006) Functional analysis of Trypanosoma brucei
PUFI1. Mol. Biochem. Parasitol., 150, 340-349.

White,T.C., Rudenko,G. and Borst,P. (1986) Three small RNAs
within the 10kb trypanosome rRNA transcription unit are

36.

37.

38.

39.

40.

41.

42.

43.

analogous to Domain VII of other eukaryotic 28S rRNAs.
Nucleic Acids Res., 14, 9471-9489.

Wang,L., Eckmann,C.R., Kadyk,L.C., Wickens,M. and Kimble,J.
(2002) A regulatory cytoplasmic poly(A) polymerase in
Caenorhabditis elegans. Nature, 419, 312-316.

Read,R.L., Martinho,R.G., Wang,S.W., Carr,A.M. and Norbury,C.J.
(2002) Cytoplasmic poly(A) polymerases mediate cellular responses to S
phase arrest. Proc. Natl Acad. Sci. USA, 99, 12079-12084.
Kwak,J.E., Wang,L., Ballantyne,S., Kimble,J. and Wickens,M.
(2004) Mammalian GLD-2 homologs are poly(A) polymerases.
Proc. Natl Acad. Sci. USA, 101, 4407-4412.

Haracska,L., Johnson,R.E., Prakash,L. and Prakash,S. (2005) Trf4
and Trf5 proteins of Saccharomyces cerevisiae exhibit poly(A) RNA
polymerase activity but no DNA polymerase activity. Mol. Cell.
Biol., 25, 10183-10189.

Schilders,G., Raijmakers,R., Raats,J. and Pruijn,G. (2005)

MPP6 is an exosome-associated RNA-binding protein

involved in 5.8S rRNA maturation. Nucleic Acids Res., 33,
6795-6804.

Schilders,G., van Dijk,E. and Pruijn,G. (2007) C1D and hMtr4p
associate with the human exosome subunit PM/Scl-100 and are
involved in pre-rRNA processing. Nucleic Acids Res., 35,
2564-2572.

Kadaba,S., Wang,X. and Anderson,J.T. (2006) Nuclear RNA
surveillance in Saccharomyces cerevisiae: Trf4p-dependent polyade-
nylation of nascent hypomethylated tRNA and an aberrant form of
5S rRNA. RNA, 12, 508-521.

Fang,F., Phillips,S. and Butler,J.S. (2005) Ratlp and Railp
function with the nuclear exosome in the processing and degrada-
tion of rRNA precursors. RNA, 11, 1571-1578.



