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Abstract

Polyadenylation plays an important role in regulating RNA stability in Trypanosoma brucei mitochondria. To date, little is known about the
enzymes responsible for the addition of mRNA 3’ tails in this system. In this study, we characterize a trypanosome homolog of the human
mitochondrial poly(A) polymerase, which we term kPAP2. kPAP2 is mitochondrially localized and expressed in both bloodstream and procyclic
form trypanosomes. Targeted gene depletion using RNAi showed that kPAP2 is not required for 7. brucei growth in either bloodstream or procyclic
life stages, nor is it essential for differentiation from bloodstream to procyclic form. We also demonstrate that steady state abundance of several
mitochondrial RNAs was largely unaffected upon kPAP2 down-regulation. Interestingly, mRNA 3’ tail analysis of several mRNAs from both life
cycle stages in uninduced kPAP2 RNAI cells demonstrated that tail length and uridine content are both regulated in a transcript-specific manner.
mRNA-specific tail lengths were maintained upon kPAP2 depletion. However, the percentage of uridine residues in 3’ tails was increased, and
conversely the percentage of adenosine residues was decreased, in a distinct subset of mRNAs when kPAP2 levels were down-regulated. Thus,
kPAP2 apparently contributes to the incorporation of adenosine residues in 3’ tails of some, but not all, mitochondrial mRNAs. Together, these data
suggest that multiple nucleotidyltransferases act on mitochondrial mRNA 3’ ends, and that these enzymes are somewhat redundant and subject to
complex regulation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction including mRNA export, translation, and RNA stability [1,2].
Polyadenylation has very different effects on RNA stability
in different systems. For example, in eukaryotic cytoplasm,
the poly(A) tail in conjunction with poly(A)-binding proteins
increases the stability of many mRNAs [2-5]. On the con-
trary, in bacteria and chloroplasts, poly(A) tails act as mRNA
destabilizing elements [6—8]. In mitochondria from different
organisms, polyadenylation exerts different effects on RNA
stability. In plant mitochondria, similar to bacteria and chloro-
plasts, polyadenylation promotes mRNA degradation [9]. Yeast

Polyadenylation of mRNAs is an important posttranscrip-
tional modification that is common to bacteria, as well as the
nucleus, cytoplasm, chloroplasts and mitochondria of eukary-
otes. Poly(A) tails regulate many aspects of RNA metabolism,
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mitochondrial mRNAs lack poly(A) tails. Instead, an encoded
dodecamer sequence regulates RNA stability in this system
[10]. In human mitochondria, it appears that polyadenylation
positively or negatively regulates steady-state levels of mito-
chondrial mRNAs in a transcript-specific manner [11-13].

The scenario in Trypanosoma brucei mitochondria is even
more complicated. The synthesis of short (~20nt) and long
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(~120-200nt) mRNA poly(A) tails is developmentally reg-
ulated in a transcript-specific manner and coordinated with
mRNA editing status [14—18]. Moreover, polyadenylation plays
a dual role in modulating RNA stability. In in vitrro RNA
turnover assays, the presence of a poly(A),g tail destabilizes
unedited RNAs; however, the same modification stabilizes their
partially and fully edited counterparts [19,20]. In vivo, the 3’
poly(A) tracts on 7. brucei mitochondrial RNAs often contain
interspersed uridine residues, the distribution of which appears
relatively random [18,21-23]. The functional impact of 3’ tracts
with differential adenosine/uridine ratios is not well understood.
In in vitro decay assays, replacement of four adenosine residues
within a 20 nt 3’ tail with a stretch of four uridines did not affect
the ability of the 3’ tail to stabilize edited RNA [20]. How-
ever, the same replacement partially impeded the rapid decay
of polyadenylated unedited RNA [19].

To understand how polyadenylation regulates mRNA sta-
bility in vivo, it is important to identify protein factors that
are involved in these pathways, such as poly(A) polymerases
(PAPs). Several enzymes have been described to catalyze
polyadenylation reactions. The canonical PAP, represented
by bacterial class II [24] or eukaryotic class I [25] PAPs,
mainly synthesizes homopolymeric adenosine tails. Another
enzyme, polynucleotide phosphorylase, which is primarily
a degradative enzyme in vivo, has been shown to possess
polyadenylation activity and create heteropolymeric tails in
prokaryotes, cyanobacteria, and chloroplasts of higher plants
[26-28]. Recently, a new class of PAPs was described in several
eukaryotes. Members of this class include Cid1p and Cid13p in
the fission yeast Schizosaccharomyces pombe [29,30], GLD-2 in
Caenorhabditis elegans [31], and hmtPAP in human mitochon-
dria [11,12]. Members of this novel PAP family diverge from
canonical PAPs, exhibiting relatively low homology within the
catalytic domain. In addition, they lack the C-terminal RNA-
recognition motif, which is characteristic for canonical PAPs
and is thought to be critical for substrate binding. Therefore, in
order for members of this novel PAP family to execute their func-
tion, the existence of an associated RNA-binding protein as part
of its functional moiety can be postulated. Indeed, Wang et al.
have reported that in C. elegans, an RNA-binding protein termed
GLD-3 binds to and stimulates the polyadenylation activity of
GLD-2 [31]. Another member of the novel PAP family, hmtPAP,
has been shown to be the bona fide mitochondrial PAP in humans
[11,12]. Mitochondria from cells in which hmtPAP expres-
sion was down-regulated by RNA interference (RNAi) showed
decreased poly(A) tail lengths. These alterations in poly(A) tail
length exerted positive or negative effects on the steady-state
levels of mitochondrial mRNAs in a transcript-specific manner.

As stated above, in vitro studies suggest that polyadenyla-
tion plays a central role in regulating RNA stability in 7. brucei
mitochondria. Here, we set out to identify mitochondrial PAPs
in this system. To this end, we searched for homologs of known
mitochondrial PAPs in the 7. brucei genomic database. A hypo-
thetical protein that was previously designated TbTUT6 [32],
which is yet uncharacterized, was found to share the highest
sequence homology to the recently identified hmtPAP. Based
on the homology of TbTUT6 with hmtPAP and its in vivo

characteristics described here, we now refer to this enzyme as
kinetoplast PAP2 (kPAP2). kPAP2 was initially reported as one
of the five putative terminal uridylyltransferases (TUTases) in
T. brucei based on the sequence similarity of these enzymes to
two formerly characterized kinetoplastid RNA editing TUTases,
KRET1 and KRET?2 [32]. Indeed, TUTases and the novel class
of PAPs are similar to each other within their catalytic motif, the
nucleotidyltransferase domain. Both types of enzyme belong
to the superfamily of nucleotidyltransferase II, which is exem-
plified by eukaryotic DNA polymerase 3 [33,34]. Members of
this group catalyze template-independent transfer of nucleotides
onto the 3’ end of a nucleic acid chain. However, the nucleotide
and substrate RNA specificity, processivity, and in vivo func-
tion of these enzymes cannot be distinguished based on amino
acid sequence and need to be determined empirically. There-
fore, in this study, we investigated the potential role of kPAP2
in polyadenylation and RNA stability in 7. brucei mitochondria.
We found that kPAP2 is mitochondrially localized and expressed
in both bloodstream and procyclic form trypanosomes. Tar-
geted gene depletion using RNAi showed that kPAP2 is not
required for 7. brucei growth in either bloodstream or procyclic
life stages, nor is it essential for differentiation from blood-
stream to procyclic form. The steady state abundance of several
mitochondrial RNAs was also largely unaffected upon kPAP2
down-regulation. Interestingly, when we sequenced the 3’ tails of
several mRNAs, we found that different mRNAs possess 3 tails
of very specific length and uridine content. Upon kPAP2 deple-
tion, mRNA-specific tail lengths were maintained. However, the
percentage of uridine residues in 3’ tails was increased, and the
percentage of adenosine residues correspondingly decreased,
upon kPAP2 down-regulation in a distinct subset of mRNAs.
Thus, kPAP2 apparently contributes to adenosine incorpora-
tion into mRNA 3’ ends in some, but not all, mitochondrial
mRNAs. In sum, these results suggest that multiple nucleotidyl-
transferases act on mRNA 3’ ends, and that these enzymes are
somewhat redundant and regulated in a transcript-specific man-
ner.

2. Materials and methods
2.1. Oligonucleotides used in this study

The oligonucleotides used in this study are listed as follows
with restriction sites or T7 promoter sequence (for CR6-5T7)
underlined: RXS-dT7 (5’ GAGAATTCTCGAGTCGACTTTT-
TTTTTTTTTTT 3'); mtPAP-5-EXP (5 CCCAAGCTTATG-
GCTTTAGTTCGTAGGATAGG 3’); mtPAP-3-EXP (5
GCTCTAGACTCGAGAACACTAGAAAGCCTTCCTTGTTT
3); mtPAP5Y'i (5 GCGGATCCATGCTGATTACGCAGTGTT-
ATTT 3'); mtPAP3'i (5" CCATCGATCTTAAAACATTCTGT-
ATGTCAACGT 3’); Tub-RT (5 GGGGGTCGCACTTTGTC
3); Tub-5" (5’ GGACTATGGCAAGAAGTCC 3');12S-1 (5’
GCTTGTTAACCTGCTCGAAC 3’); CYb-D (5" CCTGACA-
TTAAAAGACCCTTTCTTTTTTCTC 3") CYb-R (5’ CCTGA-
CATTAAAAGACAACACAAATTTCTAAA 3') CR6-5'T7 (5
TGTAATACGACTCACTATAGGGCTAATACACTTTTGAT-
AACAAACTAAAGTAAA 3'); CR6-3'E (5 AAAAACATA-
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TCTTATATCTAAATCTAACTTACAATACGT 3'); COI-RT
(5’ GTAATGAGTACGTTGTAAAACTG 3'); NDI-RT2 (5
AAAGCAATTTTGTAAAGAAAGTTG 3’) ND4-RT (5’ GAT-
AAAAATATTAGTGACATTG 3'); CO2-RT (5 ATTTCA-
TTACACCTACCAGG 3'); CYb-RT (5 CAACCTGACATT-
AA AAGAC 3'); A6-3NE (5 GCGGATCCATTTGAT-
CTTATTCTATAACTCC 3'); ND7-5'-RT (5" CACATAACTT-
TTCTGTACCACGATGC 3'); CO3-3'NE (5 ACTTCCTA-
CAAACTAC 3') COI-RT (5 GTAATGAGTACGTTG-
TAAAACTG 3’) COI-1 (5 CCAATCATTTTATGAGAAA-
CACTTAAGCACACAAGACATAG 5’) COl-lower (5 CG-
TATTTTATATTTTTTTTTGACAAG 3') RPSI12-2b (5 GC
GGATCCTTATTCAAAAGAAGCTCTCCGTCG 3') CR6-
5NE (5 ACTTTAGTTTGTTATCAAAAGTGTATTAG 3')
CR6-3'U (5" CATCGTTTAGAAGAGATTTTAGAA 3') CYb-
cRT1 (5" AAATCCTAAACTAAAACCTACCC 3') CYb-cRT2
(5" TATGAATGGAATTACAATACTGAG 3') 12S-2 (5' CG-
GGATCCATTAAAAATAAATGTGTTTCATCGTC 3') 12S-3
(5" CATTATTATAATATTCTTCTTAATTGG 3').

2.2. ¢cDNA cloning and plasmid construction

A BLAST search of the T. brucei genomic database (Well-
come Trust Sanger Centre and the Institute for Genomic
Research T. brucei databases) revealed a hypothetical protein
(Tb10.100.0050; hereafter referred to as kPAP2) that shares
homology to human mitochondrial PAP. To clone kPAP2, total
procyclic form cDNA was generated by reverse transcription
primed with [dT]-RXS. The entire kPAP2 ORF was ampli-
fied using oligonucleotides mtPAP-5'-EXP and mtPAP-3’-EXP,
which were designed based on the genomic sequence. To con-
struct tetracycline (tet) regulatable Myc100-kPAP2 plasmid,
the aforementioned PCR product was digested with Xbal and
HindIIl, and then ligated into the same sites of Myc100 vector
[35]. The resulting plasmid encodes a tet-regulated full-length
kPAP2 gene fused with two copies of myc epitope at the C-
terminus.

2.3. Trypanosome culture, mitochondrial isolation,
transfection, induction of RNAi, and differentiation

Procyclic form 7. brucei brucei clone IsTaR1 stock EATRO
164 was grown as described by Brun and Schonenberger [36].
The bloodstream form 7. brucei brucei 221a variant (MiTat
1.2a), which expresses the VSG 221 from the 221 ES, was main-
tained as described [37]. Mitochondria were isolated according
the method of Harris et al. [38]. Procyclic T. brucei brucei strain
29-13, which contains integrated genes for T7 RNA polymerase
(T7RNAP) and tetracycline repressor (TetR), were grown in
SDM-79 medium supplemented with 15% fetal bovine serum
(FBS) at27 °C as described previously [36,39] in the presence of
G418 (15 pg/ml) and hygromycin (50 pg/ml). The bloodstream
single-marker cell line, which also expresses T/RNAP and TetR,
were maintained in HMI-9 medium supplemented with 10%
FBS and 10% Serum Plus (JRH Biosciences) at 37 °C/5% CO,
as described previously [37] in the presence of G418 (2.5 pg/ml).

Bloodstream form 221a cells, single marker cells, and procyclic
form 29-13 cells were all generously provided by Dr. George
Cross.

To construct the p2T7-177-kPAP2 vector for RNAi, a 476 bp
fragment of the kPAP2 gene (nucleotides [nt] 200-675 from
the start codon) was amplified by PCR with oligonucleotides
mtPAP5’i and mtPAP3/i. The fragment was digested and inserted
into the BamHI/Clal sites of p2T7-177 vector [40]. For procyclic
transfection, 1 x 10° cells were washed once in 100 ml of ice-
cold EM buffer [41] and resuspended in fresh EM buffer to a
concentration of 2.5 x 107 cells/ml. One hundred micrograms of
p2T7-177-kPAP2 plasmid linearized with Notl was then added
to 0.45 ml of cells. Transfections were carried out on ice in 2 mm
cuvettes using a Bio-Rad electroporator with two pulses at the
following settings: 800V, 25 wF, and 40 2. Following electro-
poration, 0.25 ml of the cell suspension was transferred into 4 ml
SDM-79 (15% FBS) in the presence of G418 and hygromycin
and allowed to recuperate for 20 h. Selection was then applied by
the addition of 2.5 wg/ml phleomycin, and the cells were grown
for 3 weeks to obtain stable transfectants. For bloodstream trans-
fection, 5 x 107 cells were washed in 50 ml ice-cold EM buffer
[41] and resuspended in fresh EM buffer to a concentration of
2.5 x 107 cells/ml. One hundred micrograms of p2T7-mtPAPi
plasmid linearized with Notl was added to 0.6 ml of cells. Elec-
troporations were performed on ice in 4 mm cuvettes using a
Bio-Rad electroporator with one pulse at the following setting:
1990V, 25 wF, and 25 Q2. Following electroporation, the entire
0.6 ml of cell suspension was transferred into 50 ml HMI-9 (10%
FBS and 10% Serum Plus) in the presence of G418, and allowed
to recover for 20h. Selection was applied by the addition of
2.5 pg/ml phleomycin, and stable transfectants were obtained
on day 6 post drug selection. Clonal lines were obtained by
serial dilution.

For induction of double-stranded RNA (dsRNA), procyclic
or bloodstream transfectants were cultured in the presence of 1
and 2.5 pg/ml tet, respectively. Growth curves were obtained by
plotting the total cell number (the product of the cell number
and the total dilution) over a period of 10-12 days.

Differentiation of bloodstream form kPAP2 RNAi cells
was carried out based on the protocol developed by Brun
and Schonenberger [42]. Briefly, bloodstream form cells
(1-2 x 10° cells/ml) cultured in HMI-9 medium were collected
by centrifugation, and then resuspended into Cunningham’s
media (JRH Biosciences) with 6 mM cis-aconitate and 6 mM
citric acid at a concentration of 2 x 10° cells/ml, accompanied
by a drop in culture temperature from 37 to 27 °C. For kPAP2
RNAI cells, differentiation was initiated on day 4 following
tet-induction.

2.4. RNA analysis

Total RNA was purified from 1 to 2 x 10° cells (Purescript
RNA isolation kit; Gentra Systems). For PCR analysis, cDNA
was synthesized from 10 pg of total RNA by using oligonu-
cleotide RXS-dT7. Ten percent of the resulting cDNA was used
as a template for amplification of the full-length kPAP2 ORF
(oligonucleotides mtPAP-5-EXP and mtPAP-3'-EXP) or a 445-
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bp fragment of the tubulin cDNA (oligonucleotides Tub-RT and
Tub-5"). cDNA was titrated to ensure that PCRs were performed
in the linear range. For northern blot analysis, 10-20 g of total
RNA was electrophoresed on 1.5% formaldehyde—agarose gels
and transferred to nylon membrane. Blots were probed with
kinase-labeled oligonucleotide probes 12S-1 for detection of
12S RNA, CYb-D for unedited CYb RNA, and CYb-R for
edited CYb RNA. For northern blot analysis of edited RPS12
mRNA, a radiolabeled DNA probe corresponding to the full-
length fully edited RPS12 sequence was generated by PCR
reaction using oligonucleotides CR6-5'T7 and CR6-3’E with
[a-32P]dATP, and hybridization was performed as described pre-
viously [17]. Poisoned primer extensions using oligonucleotides
Tub-RT, COI-RT, ND1-RT, ND4-RT, CO2-RT, CYb-RT, A6-
3/NE, ND7-RT and COIII-3’NE were performed with 20 pg of
total RNA as described previously [43]. Gels were analyzed by
phosphoimager analysis on a Bio-Rad Personal FX Phosphoim-
ager using Quantity One software.

For circular RT-PCR (cRT-PCR) analysis, the protocol
described by Kuhn and Binder [44] was adopted with slight
modification. In short, 10 g of RNA was circularized with T4
RNA ligase in a total volume of 25 ul, following the instruction
of the manufacturer (New England Biolabs). Resulting circular
RNA was subjected to standard phenol:chloroform extraction
and ethanol precipitation, and then resuspended in 30l of
distilled water. cDNA was synthesized using the self-ligated
RNA, 5 pmol of gene-specific primers (COI: COI-RT; RPS12U:
RPS12U-2b; CYb: CYb-cRT1; 12S rRNA: 12S-1), and Super-
Script IIT Reverse Transcriptase (Invitrogen). The first-strand
cDNA was subjected to PCR with appropriate primer pairs
(COI: COI-1 and COI-lower; RPS12U: CR6-5NE and CR6-
3'U; CYb: CYb-cRT1 and CYb-cRT2; 12S rRNA: 12S-2 and
12S-3) flanking the 3’ and 5’ end joining sites. The PCR prod-
ucts were cloned into pCR2.1-TOPO vector using TOPO TA
Cloning kit (Invitrogen). Plasmids with inserts were submit-
ted to sequencing with vector primers (RPCI DNA Sequencing
Laboratory).

2.5. Western blot analysis

For analysis of the subcellular localization of myc-kPAP2,
10 or 25 g of whole cell or mitochondrial extracts from
procyclic form trypanosomes expressing myc-kPAP2 were
electrophoresed in SDS-PAGE (10% polyacrylamide) and trans-
ferred to nitrocellulose membranes. Blots were probed with
anti-myc (1:6000 dilution; a generous gift from Dr. Alfred Pon-
ticelli), anti-RBP16 (1:1:000 dilution; [45]), or anti- tubulin
(1:1000; Sigma—Aldrich) primary antibodies. For differentia-
tion studies, aliquots (1 x 10° cells) of uninduced and induced
kPAP2 RNAI cells were suspended in SDS-PAGE sample
buffer immediately after harvesting, boiled for 5min, and
stored at —80°C until use. After SDS-PAGE electrophore-
sis and transfer steps, blots were probed with anti-VSG221
(1:10,000 dilution; a generous gift from Dr. George Cross
[46]) and anti-GPEET procyclin (1:2000 dilution; Cedar-
lane) as primary antibodies. Primary antibodies were detected
by incubation with horseradish peroxidase conjugated goat

anti-mouse antibodies (1:10,000 dilution; Pierce) for anti-
myc and anti-GPEET procyclin antibodies, or horseradish
peroxidase conjugated goat anti-rabbit antibodies (1:10,000
dilution; Pierce) for anti-RBP16, anti- B tubulin, and anti-
VSG221, and then detected by enhanced chemiluminescence
(Pierce).

3. Results
3.1. kPAP2 encodes a homolog of hmtPAP

To identify a homolog of hmtPAP, we performed a BLAST
search of the T. brucei GeneDB database (Sanger Institute) using
hmtPAP as the query. A hypothetical protein previously desig-
nated TbTUT6 [32] based on its sequence homology to RNA
editing TUTases emerged with the highest matching score (E-
value: 1.6E—08). The next highest match, TbTUT4, had a score
of 2.7E—07. However, TbTUT4 has been recently demonstrated
to be a cytoplasmic TUTase [47], and is unlikely to be involved
in mitochondrial polyadenylation. No other protein with an E-
value lower than E—5, which is the typical threshold for highly
unique alignments, was identified by the search. Therefore, we
focused our study on the previously designated TbTUT6 pro-
tein. Based on the high degree of sequence homology between
hmtPAP and this protein, in conjunction with in vivo data
described below, it is hereafter referred to as kinetoplast PAP2
(kPAP2). (Another enzyme, which displays PAP activity in
vitro, has previously been referred to as KPAP1 (R. Aphasizhev,
pers. comm.; Woods Hole Molecular Parasitology Meeting
XVII, #217B).)

A search for defined protein motifs in kPAP2 using the
InterProScan tool (EBI Server) revealed that this protein
contains several conserved domains. Among the most signif-
icant with respect to its putative function were the class II
nucleotidyltransferase domain (InterPro unintegrated domain
no. SSF81301), PAP/25A core domain (InterPro accession no.
IPR001201), and PAP/25A-associated domain (InterPro acces-
sion no. IPR002058) (Fig. 1). Furthermore, a mitochondrial
localization sequence was predicted for this protein by multiple
topology prediction programs, including PSORTTI, TargetP 1.1,
and MITOPROT (Fig. 1B). kPAP2 shares 26% identity and 45%
similarity to hmtPAP within a 244 amino acid (aa) conserved
domain, which encompasses the nucleotidyltransferase motif
and PAP/25A core domain (Fig. 1A). When aligned with hmt-
PAP, kPAP2 apparently lacks the N-terminal sequence (~200
amino acid long) immediately upstream of the catalytic domain,
which is present in hmtPAP and its orthologs in other mammalian
systems (Fig. 1A). The absence or presence of this domain
largely accounts for the difference between the sizes of kPAP2
(375 aa) and hmtPAP (582 aa). The sequences downstream of
the catalytic motif, which include a portion of the PAP/25A
associated domain, are not well conserved between kPAP2 and
hmtPAP. As stated above kPAP2 also displays homology to
known TUTases. However, multiple alignment of the kPAP2
amino acid sequence with those of RET1, RET2, and TUT3
reveals that KPAP2 lacks the ~100 nt insertion found in the mid-
dle domain of these TUTases (data not shown) [47]. Absence



162
(A)

kPAP2

hmtPAP

(B)

Tb
Tc
Lm

Tb
Tc
Lm

Th
T¢
Lm

Tb
Te

Tb
Tc
Lm

Th
Tc
Lm

C.-Y. Kao, L.K. Read / Molecular & Biochemical Parasitology 154 (2007) 158-169

conserved region
I 1

----MALVRRIGSS---------=------------ LLSHKEYSRFLDNRKWLEGALEGFS
----MALSSRLRSL--------------------- LLTRMDHTRFIDNGKWLQGLLEGFS
MDLNMRLLTRIFTYRRNHAEQGTIMSSKIAELSGRILSQQQYSQILEQRRWLQGLLKEVS

* % * . - P I ckk ok k. *

Nucleotidyltransferase domain

IENVLGISQLSSRPSVLMKYGSCVSGTAFSNADADYAVLFLTQGNTEESSMANMLNYTHSK
VENVLGIPSVGTSPCVMIYGSFVAGTAFQDGDADY[ITAFISKKSHEELSKLEKLKLSSSN
LDMGAKEKEKSASPVVLPYGSIVSGTSFKDGDADY[[VSFPIVSESTR---------- QsG

* ki kkk Kkakk ok o kkkk o * e 3 : *

FIEVKREHHQRVLLAILEHIRVSFCSTVLKCEQIYSARVPFIRLFKSSANNTEGSHLDVS
FLEVSREHHQYVLSSILRHIKNQDPYAGLEHERIFMARVPIVRLKRMKNTGDDGMRFDLS
ACVIDRERQEKFLSDIFSHIRKRNSDVELHPQRIFRARVPIVQYVRKS - - GOESARFDLS

¥ Rrae oK e Ak o By gap¥®a ERER s 2 y pRig

PAP/25A core domain

LSFDGPRNSLLLRLYMEGDPRLRCGVLCAKKWCRSQGILDARRGWISAYALTVMY IFYMQ
LSLDGFRNSLLIRLYMESDPRLRAGALCLKRWGRSQRILDARRGWISPYALTVMY IFYMQ
LSLDGLKNSLLLRQYMAGDPRLRLGVLGAKOWGREQQILNARRGWISPYALSIMY IHYMK
Kk kK ok ok ok Kk kkkkkKR hhk,  kkk Kk,

skdkkdk ok kk ko kK

VTKRAVRIIDESEVNNILYCMSKOMLEGVN--ECFPFVGDVCSCSDVDIQNVLSDLHGFF

ATGRSRFVINESKVDKMLEAVAARISEEYG- - INCSQFYENIPCVDVNASDVLADLKGFF
ETGRTALSFDEEAVSQRVNAIVSTAAESEGDISHVDELASILPLQEADMLLVEKDVFDFF

* k. - * .. o: L * 3 3 I * * . * ok

PAP/25A-associated domain

HFFGGSMCFDFDTDVVDIRKNDKLVSKESWLEGINHFDEKTRWNLLGYET IMIRDPYEDH
CFFSDSRQFDFDADVVDIRTKGKCLSKERWLENMRGFSEKERWELLGYELIMVRDPYEPH
AFYGTPGGFDFDASVVDIRSRERFSSKDQWCQLLDQLDERERWNLLGHEVILLRDPFEPH

35
35
60

95
95
110

155
155
168

215
215
228

273
273
288

333
333
348

k. . kkkk, Kkkkk

Th
Tc

Lkkkkkkkkk Kk kkk Kk k.

*k .k

sk kE kkKk .k k. kkEk .k K

-
NLGRSVDFFRGERIREVFRLASETKIEDVLNELAKQGRLSSV 375
NLGRSVDFFRAEVIREAFRLASEKCAEDLL-EL---------

SLGRSVDFFRGEEIRERFRSAAVRKEPLSLFAFL--------
* . "

365

Fig. 1. kPAP2 amino acid sequence analysis. (A) Schematic diagram comparing 7. brucei kPAP2 and human mitochondrial PAP (hmtPAP, accession no. NP_060579)
proteins. Class II nucleotidyltransferase domains are shaded dark grey. PAP/25A core domains, which overlap the nucleotidyltransferase domains, are indicated by
a thick, black line. kPAP2 and hmtPAP are 26% identical and 45% similar within the 244 amino acid conserved region. (B) Clustal W alignment of full-length
kPAP2 homologs from 7. brucei, T. cruzi, and L. major. Conserved domains detected using InterProScan tool (EBI Server) are indicated above each bold line that
marks the range of the domain: class II nucleotidyltransferase domain (InterPro unintegrated domain no. SSF81301), PAP/25A core domain (InterPro accession no.
IPR001201), and PAP/25A-associated domain (InterPro accession no. IPR002058). The signature sequence of the Pol  superfamily of nucleotidyltransferases (hGS
X0 DXDh) is boxed [34]. Predicted mitochondrial import sequences are shown in italics. (*) Indicates identical residues, (:) indicates conserved substitutions, and

(.) indicates semi-conserved substitutions.

of this TUTase-specific insertion is consistent with a role for
kPAP2 in polyadenylation as opposed to uridylation. kKPAP2 is
conserved among kinetoplastids. In addition to the previously
reported ortholog in Leishmania major database [32], BLAST
search also revealed an apparent ortholog in 7. cruzi (Fig. 1B).
The degree of amino acid identity between full-length 7. bru-
cei kPAP2 and its orthologs in other kinetoplastids is 55% in T.
cruzi and 41% in L. major. The kPAP2 ortholog in L. major also
contains a predicted mitochondrial localization sequence. Con-
servation of KPAP2 suggests that this protein plays an important
role in kinetoplastid biology.

3.2. kPAP2 is constitutively expressed and mitochondrially
localized

To begin functional analysis of kPAP2, we first examined
the mRNA expression profile in both bloodstream and procyclic
form parasites. Equal microgram amounts of total RNA from
both life stages were isolated, and northern blot analysis was
performed using a riboprobe complementary to the full-length
kPAP2 coding region (1128 nt). A single band at ~1300 nt was
detected in both life stages at similar intensity (Fig. 2A), suggest-
ing that kPAP2 functions throughout the trypanosome life cycle.
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Fig. 2. kPAP2 is constitutively expressed and mitochondrially localized. (A)
Twenty micrograms of total RNA isolated from procyclic (PF) and bloodstream
(BF) form trypanosomes were subjected to northern blot analysis. KPAP2 mRNA
was detected by full-length riboprobe. Ethidium bromide staining of riboso-
mal RNAs is shown to indicate loading. (B) Anti-myc antibodies were used to
probe blots containing 10 or 25 p.g of whole cell (WCE) or mitochondrial (mito)
extracts prepared from procyclic form 7. brucei cells that express Myc-kPAP2
protein. RBP16 levels were detected with anti-RBP16 antibodies, and are shown
as a positive control for a known mitochondrial protein. Tubulin was detected
using anti-tubulin antibodies, and is shown as a control for proteins that are not
enriched in mitochondria.

We next sought to verify that KPAP2 is indeed a mitochondrial
protein. Due to the lack of antibody against endogenous kPAP2,
we created trypanosomes that stably express a tet-inducible C-
terminally tagged myc-kPAP2. We were unable to obtain stable
clones in procyclic form cells, but did generate bloodstream
form cell lines expressing myc-kPAP2. Because procyclic form
trypanosomes, unlike their bloodstream form counterparts, con-
tain mitochondria that are both cristae-rich and competent in
oxidative phosphorylation, we differentiated the bloodstream
from transfectants to procyclic form prior to induction of
myc-kPAP2. Differentiation was confirmed by monitoring the
expression of stage-specific surface markers, VSG and GPEET-
procyclin, by western blot analysis. Three days post induction,
whole cell and mitochondrial extracts were prepared from
myc-kPAP2 expressing procyclic cells, and equal microgram
amounts of extracts were subjected to western blot analysis
using anti-myc antibody. A band corresponding to the calculated
molecular weight of myc-kPAP2 fusion protein (~42 kDa) was
detected in both whole cell and mitochondrial extracts. This
protein was enriched approximately 14-fold in mitochondrial
lysates (Fig. 2B, upper panel). This degree of enrichment is
similar to that observed for a known mitochondrial protein,
RBP16, which was probed on the same blot (Fig. 2B, mid-
dle panel). Tubulin, which is mainly localized to microtubules
and flagella, was relatively depleted in mitochondrial extracts,
demonstrating the quality of cell fractionation (Fig. 2B, lower
panel). Thus, consistent with its predicted mitochondrial import
sequence, kPAP2 is mitochondrially localized in procyclic form
T. brucei.

3.3. Knockdown of kPAP2 has no effects on survival,
growth, or differentiation of T. brucei

To determine the function of kPAP2, we first sought to
characterize the enzymatic activity of kPAP2 in vitro. kPAP2
generated by in vitro transcription/translation was inactive (data
not shown). Next, using the myc-tagged kPAP2 cell extracts, we
performed pull-down assays with anti-myc antibody under sev-
eral wash conditions. The affinity-purified myc-kPAP2 was used
for in vitro nucleotide incorporation assay under several assay
conditions with various cationic species and concentrations, as
well as different nucleotide triphosphates and RNA substrates,
yet no enzymatic activity was detected (data not shown). Thus,
we were unable to determine the nucleotide specificity or enzy-
matic activities of kKPAP2 in vitro.

We, therefore, turned to in vivo studies of kPAP2 function
using RNA interference (RNAi) approaches. A 476-bp frag-
ment of the kPAP2 coding region corresponding to nts 200-675
from the start codon was cloned into p2T7-177 vector between
opposing T7 promoters [40]. The resulting construct was trans-
fected into either procyclic 7. brucei 29-13 cells or bloodstream
single marker cells, both of which express TetR protein and
T7RNAP [39]. Stable clonal cells that had integrated the KPAP2
fragment into the 177 bp repeat locus on the minichromosomes
were selected by phleomycin treatment and used for subsequent
analyses. RNAi was induced by addition of 1 (procyclic form) or
2.5 (bloodstream form) wg/ml tetracycline, and the knockdown
of kKPAP2 mRNA in both procyclic and bloodstream form clonal
cells was demonstrated by RT-PCR (Fig. 3A) and confirmed in
procyclic cells by northern blot analysis (data not shown). Cell
growth was monitored in induced versus uninduced procyclic
and bloodstream form kPAP2 RNAI cells, and no apparent dif-
ference in growth rate or cell morphology was observed in either
life stage (Fig. 3A). These results suggest that KkPAP2 is not
essential for the survival or growth of the parasites. Alternatively,
the residual small quantity of kPAP2 present in the knockdown
cells is sufficient to carry out the tasks required for maintaining
normal cell growth.

Although down-regulation of kPAP2 in both procyclic and
bloodstream form parasites failed to show any growth phe-
notype, generation of bloodstream RNAi cells allowed us to
investigate the role of kPAP2 during bloodstream to procyclic
form differentiation. In vitro, bloodstream form 7. brucei differ-
entiates readily to procyclic form in response to environmental
cues, including temperature shift from 37 to 27 °C, and the pres-
ence of >3 mM citrate and/or cis-aconitate [42]. Differentiation
from the bloodstream to procyclic forms can be assessed by
the disappearance and appearance of stage-specific surface anti-
gens, as well as by change of cell morphology. To explore the
possible role of KPAP2 during differentiation, we tested whether
bloodstream form trypanosomes are capable of differentiating
to procyclic forms following kPAP2 knockdown. kPAP2 knock-
down was induced in bloodstream RNAi cells 4 days prior
to differentiation initiation, since down-regulation of kPAP2
expression is apparent on day 4 of tet induction (Fig. 3A, right).
Cells were monitored daily by light microscopy during the dif-
ferentiation process. Prior to differentiation initiation and 2, 4,
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Fig. 3. Knockdown of kPAP2 has no effects on survival, growth, or differentiation of 7. brucei. (A) Growth of PF (left) and BF (right) 7. brucei kKPAP2 RNA:I cells
either uninduced (close circles) or induced with 1 pg (PF) or 2.5 pg (BF) of tet (open circles). Growth curves were obtained by plotting the total cell per ml as the
product of the cell density and the total dilution. As shown in the insets, kPAP2 mRNA levels were monitored by PCR amplification of full-length kPAP2 RNA in
induced and uninduced cells on day 4 after tet addition. Tubulin RNA levels were monitored as a control. (B) Bloodstream form kPAP2 RNAI cells were induced
with tet for 4 days, and then induced to differentiate into procyclic forms. Aliquots of 1 x 10° cells of uninduced and tet-induced kPAP2 RNA: cells were analyzed by
western blot prior to differentiation initiation, and on days 2, 4, and 6 post-differentiation initiation. Blots were probed with antibodies against VSG221 and GPEET

procyclin to monitor differentiation.

and 6 days post-differentiation initiation, samples of whole cell
extract equivalent to 1 x 10° cells were prepared and subjected
to western blot analyses using anti-VSG and anti-procyclin anti-
bodies (Fig. 3B). A comparable rate of differentiation, depicted
by similar kinetics of VSG loss and procyclin appearance, was
observed for both uninduced and induced cells. The slight dif-
ference on day 2 (Fig. 3B) was not reproducible. From these
data, we conclude that that kPAP2 is dispensable for the differ-
entiation of trypanosomes in vitro, or that residual amounts of
enzyme suffice for this purpose.

3.4. Analysis of 3’ tail length and nt content in procyclic
and bloodstream form kPAP2 RNAIi cells

Since we speculated that kPAP2 contributes to polyadeny-
lation of mitochondrial RNAs due to its sequence homology
to hmtPAP, we examined the effect of kPAP2 knockdown on
mRNA 3’ tail length and sequence. Both short (~20nts) and
long (~120-200nts) poly(A) tails are found on the 3’ ends
of trypanosome mitochondrial transcripts [16-18,21,49], and
the poly(A) tails often contain interspersed uridine residues
[18,21-23]. To examine whether kKPAP2 depletion has an effect
on the length and/or sequence composition of 3’ tails of
mitochondrial mRNAs, we employed the circular RT-PCR (cRT-
PCR) method [44]. For this analysis we isolated total RNA from

uninduced and tet-induced kPAP2 RNAI cells from both blood-
stream and procyclic stages. RNA 5’ and 3’ ends were joined
by T4 RNA ligase, cDNAs were synthesized using RNA spe-
cific primers, and oligonucleotide pairs that amplify the regions
encompassing the ligated 5" and 3’ ends for specific mitochon-
drial transcripts were used for the PCR reaction. This method
may bias toward the analysis of short-tailed RNA, since PCR
products derived from long-tailed RNAs are less likely to be
amplified and cloned. In this analysis, we examined the 3’ exten-
sions of three different mRNAs that span different degrees of
editing and different life cycle stage regulation: cytochrome
oxidase I (COI), ribosomal protein S12 (RPS12), and apocy-
tochrome b (CYDb). COI is a never-edited mRNA, and it was
examined in both bloodstream and procyclic life cycle stages.
RPS12 is an extensively edited RNA, and both unedited and
edited versions of this RNA are upregulated in bloodstream 7.
brucei [17] (see also Fig. 4). Thus, we analyzed RPS12 unedited
(RPS12U) RNA 3’ ends in bloodstream parasites. CYb is edited
in a small domain at its 5’ end. CYb RNA is exclusively edited
in procyclic stage parasites, and it was analyzed in this life cycle
stage.

Results of mRNA 3’ tail analyses in uninduced and induced
kPAP?2 cells are presented in Tables 1 and 2. Tail lengths ranged
from 13 to 54 nt in those RNAs examined. Strikingly, in unin-
duced cells, the average tail length for a given mRNA species
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Table 1
mRNA 3’ tail length and nt composition in kPAP2 RNAI cells
—Tet +Tet
RNA? # clones Tail length Percent uridine residues # clones Tail length Percent uridine residues
BF COI 10 17+ 4 3.4 (5/147) 12 21 £ 7 3.9(9/231)
BF RPS12U 18 38+7 3.3 (23/689) 18 40+9 8.7 (64/736)
PF COI 6 20+ 4 1.0 (1/102) 5 22+4 2.0 (2/101)
PF CYb® 3 47+ 7 24.1 (34/141) 2 42+0 22.9 (29/83)

2 BF: RNA isolated from bloodstream form kPAP2 RNAI cells; PF: RNA isolated from procyclic form kPAP2 RNAIi cells; COI: cytochrome oxidase subunit I,

RPS12U: unedited ribosomal subunit 12; CYb: apocytochrome b.

b _Tet CYb clones consisted of one unedited and two partially edited; +Tet CYb clones were both partially edited.

was distinct. The longest tails were found on procyclic form
CYb RNA (in our analysis, consisting of primarily partially
edited RNAS), averaging 47 nt. 3’ tails on bloodstream form
RPS12U were just slightly shorter, at an average of 38 nt. In
contrast, COI mRNA 3’ tails were consistently much shorter,
averaging 17 and 20 nt in bloodstream and procyclic form par-
asites, respectively. These analyses indicate that 3’ tail lengths
are mRNA-specific and, at least for COIl mRNA, the lengths of
these relatively short tails do not change during life cycle stage
differentiation. (As stated above, the ~120-200 nt tail class is
probably excluded from the cRT-PCR analysis.) Upon kPAP2
down-regulation, nRNA-specific tail lengths were largely main-
tained (Table 1). Thus, we conclude that mitochondrial enzymes
other than kPAP2 are capable of synthesizing mRNA 3’ tails.

Table 2
Number of uridine addition sites and sequences of RPS12U 3’ tails in BF kPAP2
RNA:I cells

—Tet +Tet
No U’s
A3z Ayy
Asg Az
Ay Aszs
A27CACA Ad3
Ay
One site
AssUA, A4UAy;
Az UA7 AxgUA
AzsUAg
AxUA
A17UA2s
AqoUA4
AU
A4UA [ 0CA3p
Two sites
A3UA3,UC, AUA3;U
AgUApUA |3 AUz A2U3 A2
A1gUzA4UAy A1oUsA11UA g
A43UA3U A1gUA17UA,
UsArU7A35
AU A3UA4
>Two sites

AzUsA | UA| UA, AUAU,;A5U»A6GA 3
AUA4UA13UA 15CA 1o
UsA20UA7UA,UAg

UsA3U4A4UA4 UL A3UA [ )UAUA3UA 13UA3U

We also quantified the percent of uridine residues in mRNA
3’ extensions in uninduced and induced kPAP2 cells (Table 1).
Again, we were surprised to find a very significant mRNA-
specific difference in 3’ tail nt content. In uninduced cells, COI
and RPS12U RNA 3’ extensions consisted of between 1% and
3% uridine residues, with the remainder of nucleotides primarily
adenosines. CYb mRNA 3’ tails, on the other hand, contained
approximately 10-fold higher uridine content, with an average of
24% uridine residues. Thus, the percentage of uridine residues in
mRNA 3’ tails is RNA-specific, and it is not correlated with either
life cycle stage or overall 3’ tail length. We next asked whether
kPAP2 down-regulation affects mRNA 3’ tail sequence com-
position. For COI and CYb RNAs, we observed no significant
change in the nt composition of 3 tails. In KPAP2-depleted cells,
COI 3 tails averaged 2 and 4% uridine in procyclic and blood-
stream forms, respectively, while CYb averaged 23% uridine.
However, in RPS12U mRNA 3’ tails, we observed a striking
increase in the percentage of uridine residues, and a correspond-
ing decrease in adenosine residues, upon kPAP2 depletion. The
average uridine content of RPS12U 3’ extensions rose from 3.3%
to 8.7% upon tet-induction of kPAP2 RNAI, an increase of 2.6-
fold (Table 1). The sequences of RPS12U 3 tails in uninduced
and induced kPAP2 RNA:I cells are presented in Table 2. We
found that the increased uridine content of RPS12U 3’ tails in
kPAP2-depleted cells was not manifested primarily as long uri-
dine stretches. Rather, we observed an increased number of sites
of uridine addition, at which small numbers of uridines were
interspersed between adenosine stretches. The increased uridine,
and thus decreased adenosine, content of RPS12U 3’ tails upon
kPAP2 depletion suggests that, in vivo, KPAP2 contributes to the
incorporation of adenosine residues in the 3’ extension of this
RNA. In the absence of KPAP2, the activity of another enzyme(s)
that preferentially incorporates UTP and acts in a somewhat dis-
tributive manner apparently has increased access to RPS12U
3’ ends. Because we only observed increased uridine content
in one of the three RNAs examined in kPAP2-depleted cells,
our results underscore the RNA specificity of 3’ tail length and
composition and suggest that mitochondrial nucleotidyltrans-
ferases have differential affinity for, and/or access to, specific
RNA populations.

While our examination of mRNA 3’ tail nt content sug-
gests that KPAP2 preferentially adds adenosine residues to 3’
ends of some mitochondrial mRNAs, we could not rule out that
this enzyme can also catalyze the addition of uridine residues.
Therefore, we explored the possibility that KPAP2 functions as



166 C.-Y. Kao, L.K. Read / Molecular & Biochemical Parasitology 154 (2007) 158-169

a TUTase for ribosomal RNAs. To determine whether kPAP2
is involved in the poly(U) addition of rRNAs, we analyzed the
3’ extension of 12S rRNAs in procyclic kPAP2 RNAI cells by
cRT-PCR. Upon kPAP2 down-regulation, neither the length nor
the nucleotide composition on the poly(U) tail of 12S rRNA was
affected (data not shown). Therefore, KPAP2 is not essential for
the synthesis of poly(U) tails of rRNAs.

3.5. Analysis of mitochondrial RNA abundance and long 3'
tail synthesis in procyclic and bloodstream form kPAP2
RNA:I cells

We previously showed that poly(A) tails regulate stability
of mitochondrial transcripts in 7. brucei [19,20,48]. Thus, we
wanted to directly determine whether kPAP2 plays a role in
regulating RNA abundance in 7. brucei mitochondria. To this
end, we analyzed the steady-state levels of several mitochon-
drial RNAs in uninduced and tet-induced kPAP2 RNAI cells by
poisoned primer extension and northern blot. We began with pro-
cyclic form cells, using poisoned primer extension, which allows
us to compare the relative abundance of edited and unedited

versions of a specific transcript simultaneously. As shown in
Fig. 4A, three groups of mitochondrial RNAs were examined:
never-edited RNAs (COI, NADH dehydrogenase (ND) 1 and
4), RNAs whose editing is up-regulated in the procyclic stage
(COII and CYDb), and RNAs that are constitutively edited in both
life stages (ATPase 6, ND7 5’ domain, and COIII). For all tran-
scripts analyzed, we observed no significant difference in the
abundance between the RNAs from uninduced versus induced
kPAP2 RNAI cells in procyclic stage T. brucei.

We next used northern blot analysis to confirm poi-
soned primer extension results and additionally to visualize
whether the polyadenylation of RNAs with long poly(A) tails
(~120-200 nt) were affected in kKPAP2-depleted cells. Here, we
analyzed both unedited and edited versions of CYb RNA, as
well as edited RPS12 RNA from both procyclic and blood-
stream form cells. Although we were unable to clearly resolve
short and long tail forms of CYb mRNA in this gel, no appar-
ent difference in size of the mRNA was detected. Similar to
poisoned primer extension data, the abundance of both unedited
and edited CYb RNAs remained unchanged upon kPAP2 knock-
down (Fig. 4B). For edited RPS12 RNA, down-regulation of
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Never-edited PF up-regulated Constitutively
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Fig. 4. Effect of kPAP2 down-regulation on the steady-state abundance of mitochondrial RNAs. (A) Twenty micrograms of RNA isolated from uninduced (—tet)
and induced (+tet) procyclic form kPAP2 RNAI cells on day 4 after tet addition was subjected to poisoned primer extension analysis. Tubulin is shown as a control.
(B) Twenty micrograms of RNA isolated from uninduced (—tet) and induced (+tet) procyclic (PF) and bloodstream form (BF) cells on day 4 after tet addition was
subjected to northern blot analysis. Results from three individual gels are shown here. Ethidium bromide staining of ribosomal RNAs or tubulin RNA levels are shown
to indicate loading. CO1: cytochrome oxidase (CO)1; ND1: NADH dehydrogenase (ND) subunit 1; ND4: ND subunit 4; CO2-E: edited CO2; CO2-U: unedited CO2,
CYb: apocytochrome b; A6: ATPase subunit 6; ND7-E: edited ND7 5" domain; ND7-U: unedited ND7 5" domain; CO3-E: edited CO3; CO3-U: unedited CO3.
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kPAP2 had no reproducible effect on the steady-state RPS12
RNA levels in either life cycle stage. Moreover, long poly(A)
tails were present and of similar abundance in both kPAP2
induced and uninduced RNAI cells (Fig. 4B). We also exam-
ined the abundance of 12S rRNAs in procyclic form kPAP2
RNAI cells and found that the level of 12S rRNA remained
unchanged upon kPAP2 depletion. The data from poisoned
primer extension and northern blot analyses demonstrate that
the steady-state abundance of mitochondrial transcripts, and
the synthesis of long poly(A) tails, is unaffected by kPAP2
depletion.

4. Discussion

In our search for enzymes that act in mitochondrial mRNA
3/ tail synthesis in T. brucei, we identified a protein with high
homology to the human mitochondrial PAP, which we term
kPAP2. Here, we show that exogenously expressed kPAP2
is highly enriched in mitochondria, consistent with its pre-
dicted N-terminal mitochondrial import sequence. Conserved
domain analysis showed that kPAP2 contains a DNA pol B-like
nucleotidyltransferase motif that partially overlaps a PAP/25A
domain, as well as a PAP/25A associated domain. This domain
structure is conserved among members of the novel PAP family
as well as putative TUTases in 7. brucei, except for TbTUT7,
which lacks the PAP/25A associated domain [32,50].

We attempted to characterize the enzymatic activity of kPAP2
in vitro by several approaches without success. These data were
not surprising, since conserved domain analysis showed that,
similar to hmtPAP and other members of the novel PAP family,
kPAP2 lacks RNA-binding domains. Therefore, the presence of
a bridging partner that can mediate RNA substrate-kPAP2 inter-
action might be required in the assay for kPAP2 to perform its
enzymatic activity, resembling the model for the novel cytoplas-
mic PAP, GLD-2, in C. elegans [31]. kKPAP2 associated proteins
would necessarily be absent from reactions with recombinant or
in vitro transcribed/translated enzyme. In vivo, binding partners
may not be sufficiently abundant to associate with overexpressed
myc-kPAP2. In the absence of in vitro catalytic activity, we can-
not definitively rule out that KPAP2 functions as a TUTase or a
dual PAP/TUTase. However, our in vivo data and the absence of
a TUTase-specific insertion in the kKPAP2 protein [47] strongly
argue that the enzyme functions as a PAP. The future identi-
fication of kPAP2-associated proteins, potentially by tagging
the protein at its endogenous locus or through yeast two-hybrid
analysis, will likely be useful in the characterizing the activity
of kPAP2 in vitro.

Targeted disruption of kKPAP2 using RNAi demonstrates that
this protein is not essential for growth or survival of procyclic or
bloodstream form 7. brucei cells or for bloodstream to procyclic
form differentiation. These cells also exhibited no changes in
the length of 3’ tails, or in the steady-state abundance of sev-
eral mitochondrial RNAs examined, including never-edited and
edited RNAs, or in the steady-state abundance of several mito-
chondrial RNAs examined. However, when we looked into the
composition of 3’ tails, we detected a significant increase in
the percentage of uridine residues upon kPAP2 down-regulation

in RPS12U RNAs (Tables 1 and 2). The fact that kPAP2-
depleted cells are still able to synthesize 3 tails of sizes similar
to those of uninduced cells, yet in different nucleotide com-
position, indicates the existence of other enzymes that are
capable of synthesizing 3’ tails of mRNAs. However, these
enzymes may display different nucleotide specificity. Several
enzymes with the potential to function in this capacity have
been reported. Aphasizhev [50] identified seven TUTase-related
enzymes in the 7. brucei database, of which four have been
experimentally demonstrated to possess TUTase activity. Of
these, KRET1 and KRET2 are mitochondrial enzymes that
have a function in RNA editing [51]. Interestingly, KRET1 has
also been shown to be required for UTP-dependent decay of
polyadenylated RNAs in isolated 7. brucei mitochondria by a
mechanism involving RNA polymerization, suggesting it may
participate in formation of mRNA 3’ ends [52]. TUT3 and TUT4
are cytoplasmic, and thus unlikely to participate in mitochon-
drial mRNA maturation. kKPAP1 (previously termed TUTS) is
a mitochondrially localized enzyme which preferentially poly-
merizes poly(A) in vitro (R. Aphasizhev, pers. comm.). Hence,
kPAPI1 is a strong candidate for contribution to the synthesis
of mitochondrial 3’ extensions. In this report, we have renamed
the previous TUT6 enzyme [32,50], kPAP2, based on its mito-
chondrial localization, strong homology to hmtPAP, and our
in vivo studies demonstrating a decrease in the percentage of
adenosine residues in a subset of mitochondrial RNAs in kPAP2
depleted-cells.

Based on our observations in kPAP2 RNAI cells and the
knowledge of other nucleotidyltransferases, a model for the
3’ tail synthesis in 7. brucei mitochondria can be envisioned.
In this model, nucleotidyltransferases possessing specificity
toward ATP or UTP, or both, participate in the polymerization of
3/ tails. KPAP2 apparently functions as a PAP, since its disrup-
tion results in decreased adenosine content in some mRNAs. In
addition to kPAP2, another protein with PAP activity, potentially
KPAP1, must function in this pathway, since the 3’ tails in KPAP2-
depleted cells are still primarily composed of adenosine residues.
The interspersed uridine residues in mitochondrial mRNA 3’
tails can be explained by the participation of a TUTase, such a
KRETI. Upon kPAP2 knockdown, the activity of a TUTase(s)
becomes more dominant, and this is reflected by the increased
percentage of uridine residues in 3 tails, at least in RPS12U and
potentially other mitochondrial mRNAs.

The 3’ tail synthesis by these PAPs and TUTases must
be strictly regulated in vivo, since the length and composi-
tion of 3’ tails vary among transcripts. We observed discrete
mRNA-specific tail lengths for the RNAs we examined, and
in the case of COI RNA, tail length was maintained through-
out the life cycle. The mechanism by which specific tail
lengths are dictated is unknown, and presumably involves
nucleotidyltransferase-associated proteins. We also found that
the 3’ tails of CYb RNAs contain a 10-fold higher percentage
of uridine residues in comparison with tails of other tran-
scripts analyzed (Table 1). These observations, together with
the transcript-specific effect of kPAP2 RNAI, suggest that dif-
ferent combinations of nucleotidyltransferases have differential
access to and/or specificity for distinct mRNAs. This regulation
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may be achieved by crosstalk between transcript-specific factors
and the polyadenylation/polyuridylation machineries.

In summary, our in vivo RNAi data suggest that kPAP2
functions as a PAP in the 3’ tail synthesis of at least some
mRNAs in 7. brucei mitochondria, although other PAPs and
TUTases are apparently redundant in this pathway. To further
our understanding of the machinery involved in the polyadenyla-
tion/polyuridylation of mitochondrial RNAs, it will be of interest
to examine the 3’ tail composition of multiple RNAs in cells
depleted for various mitochondrial nucleotidyltransferases. In
addition, double (or multiple) RNAi knockdown experiments for
potentially functionally redundant enzymes will also be infor-
mative with regard to the apparently complicated 3’ processing
of trypanosome mitochondrial RNAs.
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