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Ribosome biogenesis requires a highly diverged XRN
family 5'—3’ exoribonuclease for rRNA processing
in Trypanosoma brucei

JOSEPH SAKYIAMA,'? SARA L. ZIMMER,'* MARTIN CIGANDA,' NOREEN WILLIAMS," and LAURIE K. READ'?

'Department of Microbiology and Immunology, School of Medicine and Biomedical Sciences, University at Buffalo, State University of New York,
Buffalo, New York 14214, USA

ABSTRACT

Although biogenesis of ribosomes is a crucial process in all organisms and is thus well conserved, Trypanosoma brucei ribosome
biogenesis, of which maturation of rRNAs is an early step, has multiple points of divergence. Our aim was to determine whether
in the processing of the pre-rRNA precursor molecule, 5’—3’ exoribonuclease activity in addition to endonucleolytic cleavage is
necessary in 7. brucei as in other organisms. Our approach initiated with the bioinformatic identification of a putative 5'—>3’
exoribonuclease, XRNE, which is highly diverged from the XRN2/Rat1 enzyme responsible for rRNA processing in other
organisms. Tagging this protein in vivo allowed us to classify XRNE as nucleolar by indirect immunofluorescence and identify by
copurification interacting proteins, many of which were ribosomal proteins, ribosome biogenesis proteins, and/or RNA
processing proteins. To determine whether XRNE plays a role in ribosome biogenesis in procyclic form cells, we inducibly
depleted the protein by RNA interference. This resulted in the generation of aberrant preprocessed 18S rRNA and 5’ extended
5.8S rRNA, implicating XRNE in rRNA processing. Polysome profiles of XRNE-depleted cells demonstrated abnormal features
including an increase in ribosome small subunit abundance, a decrease in large subunit abundance, and defects in polysome
assembly. Furthermore, the 5’ extended 5.8S rRNA in XRNE-depleted cells was observed in the large subunit, monosomes, and
polysomes in this gradient. Therefore, the function of XRNE in rRNA processing, presumably due to exonucleolytic activity very
early in ribosome biogenesis, has consequences that persist throughout all biogenesis stages.

Keywords: Ribosome biogenesis; ribonuclease; trypanosome; nucleolus; RNA processing

INTRODUCTION trimming of the transcript ends. In yeast, four endonucleo-
tytic cleavage events generate the mature 18S, whereas the
processing of large subunit rRNA is more complex and in-
volves both endonucleolytic cleavage and 5" and 3’ exonu-
cleolytic end trimming (Fatica and Tollervey 2002). Two
pathways generate alternative forms of matured 5.8S rRNAs
in yeast, metazoans, plants, and other eukaryotes except pro-
tozoa; the major short form (5.8Ss) comprises 80% of the
total 5.8S population and is ~7 nucleotides (nt) shorter at
the 5" end than the long form (5.8S;) (Rubin 1974; Henry
et al. 1994). The significance of this heterogeneity in 5.8S is

Most aspects of eukaryotic rRNA processing and ribosome
biogenesis are conserved. They have been studied in Xenopus,
human, and mouse cells, but are understood in greatest detail
in yeast (Venema and Tollervey 1999; Fatica and Tollervey
2002; Gerbi et al. 2003). Generation of rRNAs occurs mainly
in the nucleolus, where a polycistronic preribosomal RNA
(pre-rRNA) transcribed by RNA Polymerase I is processed
into mature small subunit (SSU) rRNA (here called 18S),
5.8S rRNA, and large subunit (LSU) rRNA (here called 25/
28S), whereas 5S rRNA is transcribed separately in the nucle-
oplasm by RNA Polymerase III. The matured 18S rRNA is unclear. ) )

a component of the ribosome SSU, whereas 5.8S, 25/28S, .RNA processing often takes an unus.ual tum,l? the early
and 5S rRNAs are components of the LSU. Pathways to mat- diverging egkaryote Tryp anosoma brucei, a Paras1.t1c protozo-
uration of rRNAs involve endonucleolytic cleavages, often di- an responsible for human African sleeping sickness and

rected by snoRNA complexes (Kiss 2001), and exonucleolytic Nagana in ca‘-[tle. T. brucei is known for exotic and unique
RNA processing events such as nuclear pre-mRNA trans-

splicing and mitochondrial RNA editing (Liang et al. 2003;

*These authors contributed equally to this work. Simpson et al. 2003). The pre-rRNA of T. brucei itself is dif-
3 . . . . .
E““F;{’”;g;f’ ?E:lhord ferent from that in the previously mentioned well-studied eu-
-mail Iread@buffalo.edu . .
Article published online ahead of print. Article and publication date are at kawots:s, with the normall.y smgle 25/285 rRNA fragmented
http://www.rnajournal.org/cgi/doi/10.1261/rna.038547.113. into six matured transcripts (LSUa, LSUB, LSUy, LSUS,
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LSUg, and LSUC). Additionally, T. brucei 18S rRNA is the
largest known so far. Another striking difference between try-
panosomatid rRNAs and those of other eukaryotes is that one
rather than two forms of 5.8S rRNA are generated (White
et al. 1986; Campbell et al. 1987; Hartshorne and Toyofuku
1999). Not surprisingly, along with these differences in
rRNA species come differences in T. brucei pre-rRNA pro-
cessing; and indeed, novel T. brucei factors have already
been identified (Jensen et al. 2003, 2005; Hellman et al.
2007). For instance, the processing of pre-rRNA in yeast, hu-
mans, and mouse is initiated by cleavage events at the 5’ ex-
ternal transcribed spacer (5 ETS) (Venema and Tollervey
1999; Fatica and Tollervey 2002; Gerbi et al. 2003); but in try-
panosomatids, the initial cleavage event is usually that which
separates 18S rRNA from the 5.8S and the 5.85/LSU rRNAs
(Hartshorne and Agabian 1993).

In eukaryotes a nuclear 5 —3’ exoribonuclease termed
XRN2/Ratl (henceforth called Ratl), and the exosome, a
3'—>5" exoribonuclease complex, are responsible for the
bulk of trimming required in pre-rRNA maturation (Henry
et al. 1994; Geerlings et al. 2000; Houseley et al. 2006). In
yeast, Ratl’s roles include trimming the 5" end of the major
5.8S species from an upstream cleavage site (Henry et al.
1994), trimming the 5" end of 25/28S rRNA from its up-
stream cleavage site, and processing the 5" end of intronic
snoRNAs, which guide modification and cleavage events of
pre-rRNA, notably upstream of 18S. In addition, it also de-
grades pre-rRNA spacer fragments, which is vital (Petfalski
et al. 1998; Geerlings et al. 2000). We wanted to determine
the extent to which the requirement for 5'—3’ exoribonu-
clease activity for pre-rRNA processing is conserved within
the full breadth of eukaryotic evolution, given the known dif-
ferences in T. brucei rRNAs and their maturation compared
to those of well-studied eukaryotes.

5'—3’ exoribonucleases derive from the pfam XRN_N
protein family (http:/pfam.sanger.ac.uk/). Two major pro-
teins delineate two functional classes of XRN family proteins
in Saccharomyces cerevisiae; these are Ratlp and the cytosolic
XRNI1p. In yeast, conservation between these two well-stud-
ied XRN’s occurs at the catalytic domain-containing N termi-
nus comprising the first 765 amino acids of Rat1 and the first
671 amino acids of XRN1. Notably, there is no sequence sim-
ilarity at the C termini among XRN family proteins (Larimer
et al. 1992; Kenna et al. 1993).

Four T. brucei XRN family proteins (XRNA through D)
were previously identified and partially characterized in Li
et al. (2006). All four T. brucei XRNs contained a number
of insertions and deletions within the conserved N termini
compared to yeast and human XRNs. Further analysis dem-
onstrated that XRNA is most similar to XRN1 in that it func-
tions in mRNA decay in the cytosol, although a fraction of
this enzyme is localized to the nucleus as well (Li et al.
2006; Manful et al. 2011). XRNB and XRNC appear cytosolic.
Although XRND is nuclear and had the highest sequence
similarity to yeast Ratlp, it does not appear to function in ri-

1420 RNA, Vol. 19, No. 10

bosomal RNA or snRNA processing (Li et al. 2006). So to
date, no enzyme of the XRN family has been linked to pre-
rRNA processing in T. brucei. Here, we report the identifica-
tion of a T. brucei Ratl functional homolog we term XRNE.
XRNE is conserved in kinetoplastids, associates with a num-
ber of ribosome biogenesis and ribosomal proteins, localizes
to the nucleolus, and is required for proper 5.8S rRNA mat-
uration. Depletion of XRNE in procyclic form T. brucei re-
sults in a decreased growth rate, appearance of aberrant
preprocessed 18S rRNA, and the generation of 5 extended
5.8S rRNA that is able to incorporate into the LSU and ribo-
somes. Aberrant polysome profiles are also observed when
XRNE is ablated. Thus, nuclear 5’ =3’ exoribonuclease activ-
ity and its function in pre-rRNA processing are conserved in
trypanosomes.

RESULTS

XRNE is a diverged XRN homolog

None of the four previously characterized T. brucei XRN fam-
ily members are functional Ratl homologs with respect to the
role of this enzyme in rRNA processing (Li et al. 2006). Thus,
we questioned whether 5'—3’ RNA decay activity was a part
of normal rRNA precursor processing in trypanosomes. To
answer this, we analyzed the T. brucei genome in an attempt
to identify additional candidates for such a function. Using a
BLAST search of TriTrypDB with the conserved N-terminal
sequence of Ratlp (Fig. 1), we noted that, in addition to the
four previously identified XRNs, which matched with strong
E-values, two other candidates with much weaker E-values of
2.5x1077 (Tb927.5.3850) and 3.2x 10™° (Tb11.55.0025)
were evident. We termed these proteins, both of which are
conserved in T. cruzi and Leishmania major, XRNE and
XRNF, respectively. Comparisons of the sequence similarities
between the N terminus of Ratlp and those of XRNE and
XRNF are shown in Figure 1. Comparison of the conserved
amino acids of the previously characterized trypanosome
XRNA and XRND enzymes to XRNE and XRNF in Figure
1B emphasizes the highly diverged nature of the two newly
identified XRN homologs. Neither XRNE nor XRNF have
identifiable domains outside their N-terminal XRN_N do-
mains, so very little function can be predicted based on pri-
mary sequence. However, XRNE, but not XRNF, possesses
a C-terminal lysine rich region containing a predicted bipar-
tite nuclear localization signal (see below); and thus, we con-
sidered this protein a potential player in rRNA processing. In
further support of this hypothesis, the N terminus of XRNE
displays higher homology to yeast Ratlp (44% identity/63%
similarity over the first 655 amino acids of XRNE) than to
XRNT1 (24% identity/42% similarity over the first 486 amino
acids of XRNE).

Genome-wide analyses identified a single splice site in
XRNE RNA 141 nt upstream of the start codon (Kolev
et al. 2010; Siegel et al. 2010), thereby predicting an 891-
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A ScRAT1 (xRN N ] ]..... 1006 aa Dhm1 (Bashkirov et al. 1997). Thus, al-
4;55111 163 though highly diverged, XRNE likely
9e- . . .
ToXRND [ XRRN ] ]......801 aa " possesses the amino acids essential for
2:17 - abe 5 exoribonuclease activity.
ThXRNA [CXRNN] l......1358 aa w
169 601 o
c . .
—3:20:08 @ XRNE is localized to the nucleolus
ToXRNF [ oxRicne o] ] ]
33 236 524 g .
@
25 007 a8 Th.e cleavage and processing steps re-
ThXRNE [ xRN N -] l...891a2a ¥ quired to produce mature rRNAs from
72 267 655 . .
the precursor rRNA transcript occur in
the nucleolus. Consistent with a role in
B scrari 1 PSEFR LSRK PKIISPVL ————————— EEQEQI----------- VvD-EVILEPLDYS . . .
XRNA 1 [Rvexgen AER ITPFR--------- L TPy this process, XRNE is predicted by Nuc-
XRND 1 LKR CMEDVP--------- QCVVEA----==nn- ASKSSPPEKEYM
XRNF B RS guvrsssre  Pred  (http:/www.sbc.su.se/~maccallr/
XRNE 1 M8r1LrEFIDSSSCERLLEIDTQDEDEETLQRPEPERNLSRASSTLQDEYQEIEGEVLCS P .
nucpred/cgi-bin/single.cgi) to have 85%
ScRAT1 PENKPP- - ------ pg%:gm‘mnm vine  probability of nuclear localization and is
XRNA el g THKA PR ANVEENMIS YLEK - FNA . . .
XRND BDTS--P----- LPEPES EEFTQIDL-VFKV predlcted by motifscan (http:// myhlts.
XRNF 23 RDGTVRATHEA TN ARy TuE VR TT e KSVIBGYVEAVOK-HIsa . . C . .
XRNE 61 SDTVTPHARHVLVpI cssLRKSTVSGDVSAAGAASMEKRDLIQLQRLRFLTRV 1sb-51b.Ch/cgl-bln/motlf_scan) to con-
* * . . . . . .
tain a bipartite nuclear localization signal
ScRAT1 AR R SR PEAEIFES ARDAQ I ENEAREJIMRQRE - - EVGEIIDDA .
XRNA EiGYEHMVARE-——E:LSRG --------- EEL (NLS). However, T. brucei XRNA, B, C,
XRND AEERAEG- - - - - MSAKCADVLLEKGLPY .
XRNF TERIASYNKRHSSECTS---------- SLELRYNHDY and D all have moderate nuclear localiza-
XRNE GTERMEIRQVELLDTSSAQ- - == - - = === == - - === - . .. . .
tion prediction despite the finding that
SCRAT1 149 VRNKKTWRERARSLRPEIDK@AARLRYWTAF -- - - - - TRC oA only XRNA and XRND are nuclear
XRNA 123 PEEADVE|RyCIESgeRiDI@ VRISEHFQYF IMM- - sr DH . .
XRND 145 PKVRERWPHLVIGSISkP ER.GL IEWFVVK------ mm F D A H (XRNA is both nuclear and CytOSOllC)
XRNF 120 IGQEISFSREEMIAESE[FLLACED) RCAFGIGGEFCVPPGEG---R YTI CAEG] . .. .
XRNE 160 =----- QLSILASLLLVEEN LAAQFKL------ RNGKGFLAEYVP FLH[ES THA (Ll etal. 2006). To deﬁnltlvely determine
whether XRNE is present in the nucleus
ScRAT1 203 NF - - === TREFGRIN Pl T EiIY DA DL G LA T ELER .
XRNA 177 EF--------- ERE;Q DG ISUEER{C MY P LALATHE(} HEV and could therefore have a role in rRNA
XRND 199 Q- -------- P3G LAMORGDIID TS &GI‘DADLLGLETBE: -svT . .
XRNF 177 LIVVCVLRT- - - - - IWLEQEIKSQTTGDDEI IV V(eN|als|sdv L V[ VEICT PY TK D processing, we performed immunofluo-
XRNE 209 RSLAFLASCGFGEHSEASRR| NND.IVVINITLTCIGATQYH EALE .
= rescence microscopy. An exogenous
FORATL, BB T Do e oo 15 e g e S 5 S0 1006  copy of XRNE with Myc, His, and Tan-
XRNA 227 EVjf-=eve-cmcccncecacccccsescmeeasmeasnccssanamenenenanan 1418 . . .
XRND 249 NQL--- 301 dem Affinity Purification (TAP) tags on
XRNF B39 PRV A cm s shm o e o on mie G e e e 524 . . . .
XRNE 268 its C terminus (XRNE-MHT) was induci-

FIGURE 1. XRNE and XRNF are newly identified T. brucei homologs of yeast Ratl. (A)
Comparison of the N terminus of yeast Ratl (SCRAT1) with N termini of previously identified
T. brucei pfam XRN_N domain-containing proteins exhibiting complete or partial nuclear local-
ization (XRNA and XRND) and with the N termini of newly identified T. brucei XRN domain-
containing proteins XRNE and XRNF, which have lower sequence similarity to Ratl. E-values in-
dicated are between Ratl amino acids 1-765 and each corresponding T. brucei XRN from amino
acid 1 to the amino acid displayed at the end of the rectangle representing the aligned region. T.
brucei XRNs are shown in order of decreasing sequence similarity. The total protein length in ami-
no acids, which includes both the aligned N terminus and the unaligned C-terminal portion, is
given at the far right of the protein schematic. The dotted region denotes the XRN_N domain. The
entire XRNF protein aligns to the Ratl N terminus. (B) Sequence alignment of the XRN domain
of Ratl with the T. brucei XRN domain-containing proteins shown in A. Amino acid conserved
between three or more aligned sequences are indicated by black background; a gray background
indicates conservative substitutions in three or more sequences. The lengths of the entire proteins
are indicated by underlined terminal numbers. Asterisks are indicated below twelve of the thirteen

bly expressed in the 29-13 parental cell
line. Figure 2 shows the detection of
XRNE-MHT with anti-myc primary and
CY5-conjugated secondary antibodies as
visualized by fluorescence microscopy.
The signal is confined primarily to a re-
gion within the nucleus (visualized by
DAPI staining) and colocalizes with the
signal from the nucleolar marker NOG1
(Park et al. 2001; Jensen et al. 2003).
Therefore, XRNE is a nucleolar protein
and has the potential to be involved in
rRNA processing.

amino acids determined to be crucial to catalysis in Johnson (1997), Page et al. (1998), Solinger
et al. (1999), and Yang et al. (2006); the final conserved amino acid is located outside of this

region.

residue, 98-kDa protein. Thirteen amino acids are essential
for activity in the XRN1p exoribonuclease (Johnson 1997;
Page et al. 1998; Solinger et al. 1999; Yang et al. 2006). All
thirteen essential amino acids are conserved in XRNE except
Cys201, which is Val243 in XRNE; these are indicated in
Figure 1B. A Cys to Val substitution also occurs in T. brucei
XRNB-D and in the enzymatically active mouse XRN enzyme

Ribosomal and rRNA processing
proteins copurify with XRNE

XRN family enzymes typically interact with other proteins to
perform their functions. For example, Ratlp binds proteins
such as Rail in the nucleus (Stevens and Poole 1995; Xue
et al. 2000), and XRN1 is found in P bodies co-localizing
with a number of proteins involved in mRNA turnover, no-
tably mRNA decapping protein Dcp2 (Bashkirov et al. 1997).
If XRNE acts in ribosome biogenesis, it may associate with

1421
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XRNE-MHT  NOG1 Merge
DAPI (CY5) (FITC)

Merge
CYS/FITC CYS/DAPI

DIC
- ..-...
A
Lpd
Uninduced

FIGURE 2. XRNE-MHT is nucleolar. Cells expressing XRNE-MHT in
a tet-inducible manner were either induced or left uninduced as de-
scribed. Expression and localization of XRNE-MHT was determined
by immunofluorescence with a-Myc primary and Cy5-conjugated sec-
ondary antibody. Likewise, the nucleolar marker NOG1 was detected
with a-NOGI primary and a FITC-conjugated secondary antibody.
DAPI staining indicates location of the nuclear DNA and kinetoplast.
Appropriate images were merged.

XRNE-MHT

other ribosome biogenesis proteins or with the ribosomal
proteins themselves. We thus determined whether XRNE as-
sociates with other proteins, in part to obtain clues to its func-
tion, by performing copurification experiments. XRNE-
MHT was tandem affinity (TAP) purified from procyclic
form cells and associating proteins identified by LC-MS/
MS. A number of additional proteins were identified in the
XRNE-MHT preparation. We first excluded those proteins
that are common contaminants in T. brucei TAP preparations
(Supplemental Table 1; Hashimi et al. 2008; Ammerman et al.
2011; Ounaetal. 2012). Strikingly, associated with TAP-puri-
fied XRNE-MHT, we identified numerous ribosomal pro-
teins, proteins reported or annotated as ribosome assembly
proteins, and potential RNA processing factors (Supple-
mental Table 2). Ribosome biogenesis proteins and potential
RNA processing proteins that copurified with XRNE are
shown in Table 1. Four of the five ribosome biogenesis factors
included in Table 1 are putative homologs of yeast ribosome
biogenesis proteins, whereas one, P37 (or P34), has been char-
acterized in and is unique to trypanosomes as a factor impor-

tant for stability of 55 rRNA and ribosome biogenesis
(Hellman et al. 2007). This protein is listed as P34/P37 in Ta-
ble 1 because the recovered peptides are common to both of
these almost identical paralogs.

In an attempt to validate the mass spectrometry data, we
performed reverse coimmunoprecipitations on two proteins
that copurified with XRNE-MHT by TAP, PABP2 (Pitula
et al. 1998), and P34/P37 (Zhang and Williams 1997) for
which antibodies were readily available, keeping in mind
that PABP2 is on our common contaminant list (Supplemen-
tal Table 1). However, XRNE-MHT did not reliably copreci-
pitate with PABP2 or P34/P37 (data not shown). This result
suggests that either there are weak or no physical interactions
or that the fraction of PABP2 and P34/37 associating with
XRNE is very low. The fact that we did identify these proteins
in the XRNE mass spectrometry analysis suggests that XRNE,
P34/37, and PABP2 are at least sometimes in a similar cellular
location.

XRNE is required for normal growth

We next determined whether XRNE is an essential enzyme in
trypanosomes. To this end, we generated procyclic form T.
brucei cells harboring tetracycline (tet)-induced expression
of an RNAI construct targeting XRNE mRNA. We isolated
RNA from 29-13 (parental) cells as well as from XRNE
RNAI cells with and without 3 d of tet induction of RNAi.
qRT-PCR analysis revealed that although XRNE mRNA lev-
els in uninduced RNAI cells were equivalent to parental cells,
levels in induced RNAI cells decreased to ~30% of wild type
(Fig. 3, inset). Growth of RNAI cells with and without RNAi
induction was monitored over 10 d and compared to that of
parental 29-13 cells. We observed a mild growth defect upon
XRNE depletion starting at day 3 (compare RNAi induced to
uninduced) (Fig. 3). This result is consistent with a genome-

TABLE 1. Ribosome biogenesis and RNA processing proteins copurify with XRNE-MHT

Amino acid

Peptide hits/

Group GeneDB # coverage (%) # unique Name/motif: Known or putative function
Ribosome biogenesis Tb927.5.3850 27.2 41/19 XRNE: 3'>5’ exoribonuclease
Tb09.244.2790 33.1 7/6 EBP2 domain: rRNA processing protein
Tb11.01.5570 32.6 10/9 P34/P37: RNA-binding protein
Tb11.01.5590
Tb10.61.1990 19.5 6/6 Brix domain: ribosome biogenesis protein
Tb927.7.270 9.6 3/3 Brix domain: ribosome biogenesis protein
Tb927.3.3590 4.6 2/2 MPP10: U3 small nucleolar ribonucleoprotein protein
RNA processing Tb09.211.0930 15.5 4/4 PABP1: poly(A)-binding protein
Tb927.5.1560 9.4 3/3 Q motif: ATP-dependent DEAD/H RNA helicase
Tb927.2.4710 7.7 3/2 TRRM: RNA-binding protein
Tb927.8.900 7.3 2/2 TSR1: splicing factor TSRT1
Tb927.4.2430 43 2/2 EEP1: Endo/exo/phosphasase domain

XRNE-MHT was TAP purified using IgG Sepharose and calmodulin affinity resin and associated proteins identified by LC-MS/MS (Supplemental
Table 2). Consolidated here are proteins detected in the preparation with known or predicted functions in ribosome biogenesis and RNA

processing.

1422 RNA, Vol. 19, No. 10
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FIGURE 3. XRNE depletion results in a modest growth phenotype
in T. brucei. T. brucei cells harboring tet-inducible RNAi constructs
were induced or left uninduced, and growth of these and tet-treated
29-13 parental cells was monitored for 10 d. (Inset) Quantitative RT-
PCR demonstrating the relative abundance of XRNE mRNA from the
tet-induced and uninduced RNAi cell lines compared to tet-treated
29-13 parental cells. A value of 1 indicates no change in transcript com-
pared to 29-13 cells, whereas negative values indicate the level of deple-
tion of XRNE mRNA. Error bars indicate standard deviation of triplicate
determinations.

wide RNAi-based screen suggesting a mild loss of fitness
upon XRNE depletion in procyclic cells. However, greater
loss of fitness in bloodstream form cells and during differen-
tiation would be expected based on the same screen (Alsford
et al. 2011). We also note that the uninduced XRNE RNAi
cell lines grew slower than the parental cells, potentially due
to nonspecific effects of transformation. Thus, XRNE is re-
quired for normal growth rates in procyclic form T. brucei.

XRNE depletion leads to accumulation of aberrant
18S and 5.8S rRNAs

Ratlp is involved in the processing of a number of RNAs in-
cluding rRNA, snRNAs, snoRNAs, and pre-mRNAs in the
nucleus (Amberg et al. 1992; Bousquet-Antonelli et al.
2000; Lee et al. 2003; Fang et al. 2005). Of these RNA species,
our focus regarding XRNE function was the polycistronic
precursor rRNA transcript that is conserved, with some im-
portant differences, across the spectrum of life. Uniquely in
trypanosomatids, the 25/28S rRNA normally residing as the
third gene of the precursor is cleaved into two large and
four small fragments (Fig. 4A; fragments beginning with
RNA labeled “LSUa”). The 18S, 5.8S, and six LSU rRNAs
are matured in a process with an acknowledged requirement
for endonucleolytic cleavage and 3'—5" exoribonucleolytic
degradation (White et al. 1986; Campbell et al. 1987;
Hartshorne and Toyofuku 1999). However, there has been
no explicit evidence that the 5'—3’ processing activity of an
XRN enzyme is essential for T. brucei rRNA maturation.
Therefore, we asked whether XRNE-depleted cells display
an rRNA processing defect. When total RNA was visualized

with Ethidium bromide on 8% polyacrylamide or 1.2% aga-
rose gels, we observed no changes in the abundance, sizes, or
relative ratios of mature rRNAs at day 3 following induction
of XRNE RNAIi (Figs 4B,C). Consequently, we used RNA
blots to detect potential increases in processing intermediates
in XRNE RNAI cells. Transcripts that accumulate in XRNE-
depleted cells likely represent those that are normally turned
over by XRNE, and new RNAs that appear only in XRNE-de-
pleted cells are presumably abnormal intermediates whose
processing requires XRNE. Gray bars in Figure 4A show
the locations of the five probes utilized for this study. A probe
spanning the 5" end of the LSUa rRNA and sequences imme-
diately upstream revealed the absence of changes in size or
abundance of the detected product upon XRNE depletion
(data not shown). Similarly, probes to two intergenic regions
within the LSU rRNAs (ITS3 and ITS7) (Table 2) did not re-
veal a buildup or change in the ratios of precursor rRNA mol-
ecules normally observed with these probes upon XRNE
depletion (data not shown).

In contrast, a probe abutting the 5" end of 18S yet located
entirely within the 5" ETS hybridized to two additional prod-
ucts upon XRNE silencing, as well as to the normal 3.7-kb
processing intermediate consisting of 18S and additional up-
stream and downstream sequence (Fig. 4D). The longer ad-
ditional fragment is likely the intact or nearly intact
precursor rRNA molecule. The smaller additional product
is of a size (2.7 kb) consistent with an 18S fragment possess-
ing a cleaved or trimmed 5" ETS. The T. brucei mature 185
rRNA is generated by a series of three U3 snoRNA-dependent
cleavages within the 5" ETS. Since, in other organisms, Ratl
is required for U3 snoRNA processing, one explanation for
the presence of the aberrant SSU fragment is that XRNE
normally processes U3 snoRNA. Consequently, we analyzed
the abundance and size of the 144-nt U3 snoRNA
(Tb927.8.2864) using an oligonucleotide probe that hybrid-
izes to nt 1-30 (Pitula et al. 2002; results not shown).
Surprisingly, no differences could be detected, suggesting
that XRNE’s role generating the correctly processed 5" end
of 18S may be direct rather than indirect. The observation
that a very long product also accumulates suggests that this
inappropriate cleavage within the 5" ETS can occur prior to
the cleavage separating the SSU from the LSU rRNAs, nor-
mally thought to be the first step of the processing pathway.

We identified an additional function of XRNE using a
probe designed to hybridize to the 9 nt immediately adjacent
to the 5’ end of 5.8S rRNA and the first 15 nt of 5.85 rRNA.
Using this probe, we detected an accumulation of an RNA of
approximately the same size as 5.8S and a slight increase in
the 5.9-kb precursor, which was not analyzed further (Fig.
4E). Since there was no observable change in the amount
of mature 5.8S rRNA on EtBr gels, we hypothesized that
the stronger signal represented accumulation of a precursor
of similar size rather than an increase in mature transcript.
To test this, we repeated the RNA blot using an 8% denatur-
ing polyacrylamide gel with higher resolution (Fig. 4F).
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FIGURE 4. Ablation of XRNE leads to accumulation of preprocessed rRNA species. RNA har-
vested from XRNE RNAI cells that were tet-induced or uninduced for 2, 3, or 4 d, and from 4-
d tet-treated 29-13 cells, was fractionated by electrophoresis and stained with Ethidium bromide
(EthBr) for direct visualization of mature rRNAs or subsequent Northern blot analysis. (A)
Schematic representation of the T. brucei rRNA transcription unit, probes used for Northern blot-
ting (gray bars below rRNA representations) labeled with italicized letters and identified in the
accompanying legend, and processing products observed by Northern blotting in D, E, and F.
Approximate sizes of each rRNA representation are indicated next to each schematic. Probes re-
vealing no differences upon XRNE depletion are indicated with an asterisk. (B) Total RNA was
electrophoresed on an 8% acrylamide/7M urea gel and stained with EthBr. (C) Total RNA was
electrophoresed on a 1.2% formaldehyde agarose gel and stained with EthBr. (D) Northern
blot utilizing the probe complementary to the region immediately upstream of 18S (pre-18S
probe). Preprocessed products of 3.7, 2.7, and 9.6 kb accumulate in the tet-induced RNAI cell
line. (E) RNA fractionated on a 1.2% formaldehyde agarose gel was analyzed with a probe span-
ning the 5" end of the 5.85 RNA and upstream sequence (pre-5.8S probe). The 5.9-kb and ~0.17-
kb products that accumulate are noted. (F) RNA fractionated on 8% acrylamide/7M urea gel and
analyzed with pre-5.8S probe. A 5 extended product (ext. 5.8S) is noted. For D and E, EthBr-
stained images of 18S and two largest LSU rRNAs from the gel used in that Northern blot are
used as a loading control. For F, the loading control is the methylene blue-stained image of the
small rRNA species on the membrane subsequently probed with pre-18S.

Although the mature 5.8S rRNA appears to be fairly equivalent
in every sample, a second, higher band appears at 2, 3, and 4 d
post-induction of XRNE RNAi. In these RNA blots, the ex-
tended 5.8S band is of equal or greater intensity to the normal
despite it being far less abundant, in fact unobservable, on the
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EtBr stain; this is expected, considering
the longer region of complementarity
this probe shares to the extended product
compared to the normal 5.8S rRNA.
Based on its location relative to the loca-
tion of LSUS detected by methylene blue
staining on this blot, the larger 5.8S tran-
script is not extended by >10 nt. Again,
the appearance of this band suggests that
endonucleolytic cleavage in the spacer
between 18S and 5.8S occurs in a loca-
tion upstream of the mature 5.8S and
requires 5'—3’ exonucleolytic decay by
XRNE to generate the proper 5.8S rRNA
5" end. This is a pathway apparently com-
mon to other organisms (Henry et al.
1994; Mullineux and Lafontaine 2012).
The fact that the 5.9-kb precursor also
increases in abundance upon XRNE
RNAIi induction again suggests that the
exonucleolytic trimming of the 5 end
can occur prior to additional endonu-
cleolytic cleavages of LSU rRNAs but is
not a prerequisite for these cleavages.

Both 5.8S rRNA and extended 5.8S
can be incorporated into LSU,
monosomes, and polysomes

Since aberrantly processed rRNA precur-
sors accumulate upon XRNE depletion,
we wanted to know whether these aber-
rant transcripts participate in later stages
of ribosome biogenesis, including those
outside of the nucleolus. We first de-
termined whether the 2.7-kb or other pre-
processed 18S rRNAs can be incorporated
into ribosomes. XRNE RNAi cells in-
duced with tet for 3 d and 29-13 parental
cells were fractionated on 10%-40%
sucrose polysome gradients. RNA was
isolated from each fraction and subse-
quently analyzed by RNA blot with the
pre-18S probe as in Figure 4D. Faint sig-
nals with sizes the same as those observed
in the total RNA blots were detected in
fractions corresponding to higher order
complexes from both cell lines (Fig. 5A).
That is, RNA from the induced XRNE
RNAi cell line contained two prepro-

cessed 18S rRNAs compared to one in 29-13 (Fig. 5A). If these
RNAs were properly incorporated into SSU (40S), we would
expect to observe them in fractions corresponding in the
40S region of the gradient. However, both the 2.7-kb RNA
unique to XRNE RNAi cells and the 3.7-kb RNA present in
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both RNAI and parental cells occur in 60S fractions. Sedi-
mentation at 60S does not imply incorporation into the LSU
that also sediments at 60S but rather suggests the association
of these RNAs with a complex of unknown composition.
Because the aberrant 2.7- and 3.7-kb RNAs do not associate
with complexes in the 40S region of the gradient, it is unlike-
ly that the complexes containing these preprocessed 18S
rRNAs are legitimate ribosomal subunits. Additionally, there
is no indication that these aberrantly processed 18S rRNAs
are incorporated into monosomes (80S) or polysomes.

In other eukaryotes, the two species of 5.8S rRNA, 5.8Ss,
and 5.8S;, incorporate into the LSU, monosomes, and poly-
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somes. Only one type of 5.8S has been observed in kineto-
plastid wild-type cells, but we demonstrate here (Fig. 4F)
that two forms exist when XRNE is depleted. To ascertain
whether abnormal, 5" end-extended, 5.8S rRNAs can be in-
corporated into T. brucei ribosomes, polysome gradient frac-
tions were analyzed by RNA blot with the pre-5.8S probe. As
expected, in the polysome gradient from 29-13 cells, only the
matured 5.8S form is present and incorporated into the LSU,
monosomes, and polysomes. Interestingly, however, the ex-
tended 5.8S, despite being an abnormal rRNA, was incorpo-
rated along with the mature 5.8S into all of these complexes
in XRNE-depleted cells (Fig. 5B). These data demonstrate
that the effects of aberrant processing in
the XRNE RNAI cells persist throughout
ribosome biogenesis.

Large subunit biogenesis is impaired
in XRNE depletion leading to
polysome abnormalities

Because XRNE depletion leads to aber-
rant rRNA processing, we next wanted
to ascertain whether the integrity or abun-
dance of the 408, 60S, 80S, or polysome
complexes are affected upon XRNE
RNAI. Parental 29-13 cells, as well as un-
induced and 3-d induced XRNE RNAi
cells, were fractionated on 10%—40%
sucrose gradients and their polysome
profiles compared (Fig. 6). The 29-13 cells
exhibit a typical profile for T. brucei
(Jensen et al. 2003, 2005; Hellman et al.
2007), and this profile was identical in
the uninduced XRNE RNAI cell line. On
the other hand, the profile of the XRNE
RNAI cell line shows an increased amount
of SSU and decreased amount of LSU
compared to the controls. The mono-
somes for the different cell lines could
not be compared because the signal ex-
ceeds the highest detection limit. Also,

5.8 O .
RN RNAT 55 655 555 Soreaes Blue very distinct in the XRNE RNAi profile
ext.555 1ot is the appearance of half-mers, or shoul-
Y b - “15.88 ders, which appear at the polysome peaks.
: - =283 | I\Bﬂle:‘t:ylene Half-mers arise when small subunits stall
29-13 405 60S 805 r— at a start codon due to a lack of large sub-

FIGURE 5. 5’ extended 5.8S rRNA can integrate into ribosomes. Northern blot analysis of RNA
isolated from fractions obtained from sucrose gradient fractionation (10%—40%) of induced
XRNE RNAI and 29-13 parental cells, with fraction number shown across the fop of each set of
panels. Lanes indicated with a “C” contain total RNA from tet-induced XRNE RNAI cells and
are used as a marker for sizes of aberrantly processed rRNAs. (A) Northern blot analysis of gradient
fractions using pre-18S probe. (B) Northern blot analysis of select fractions using the pre-5.8S
probe. Fractions corresponding to peaks containing 40S (SSU) and 60S (LSU) subunits, 80S
monosomes, and polysomes are indicated. Botform panels in both A and B are images of the meth-
ylene blue staining of the region of the membranes where SSU and two largest LSU rRNAs are lo-

cated and demonstrate accuracy of fractionation.

unit competent for subunit joining. This
has been observed previously under con-
ditions leading to large subunit defects
in both T. brucei (Jensen et al. 2005) and
yeast (Rotenberg et al. 1988; Zanchin
et al. 1997). This result indicates that
XRNE is required for proper LSU biogen-
esis, SSU-LSU ratios, and assembly of
polysomes.
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FIGURE 6. Ribosome biogenesis is impaired upon XRNE depletion.
Total cell lysates from 29-13 parental cells (A), uninduced XRNE
RNAI cells (B), and tet-induced XRNE RNAI cells (C) were fractionated
on 10%-40% sucrose gradients. Absorbance readings were taken at 254
nm, and peaks representing 40S (SSU), 60S (LSU), 80S monosomes, and
polysomes are indicated. Half-mer peaks are indicated with asterisks.

DISCUSSION

In this study, we demonstrate that the highly diverged T. bru-
cei XRN family protein XRNE functions in 5" end processing
of rRNAs. That XRNE is, at least in part, a functional homo-
log of the Ratl/XRN2 enzyme involved in precursor rRNA
processing in other organisms is surprising, considering
that of the six conserved kinetoplastid XRN family members,
two are nuclear and have a much higher sequence similarity
to Ratlp than does XRNE (Li et al. 2006). Database searches
suggest yeast and most metazoans have only two XRN genes
(Chang et al. 2011) with isoforms generated through alterna-
tive splicing (Li et al. 2005). Plants and algae have three XRN
genes (Kastenmayer and Green 2000; Souret et al. 2004;
Zimmer et al. 2008). Thus, of the organisms studied to
date, kinetoplastids may have the highest number of XRN
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family protein coding genes. What roles might proteins of
this expanded gene family play in trypanosomatids besides
the roles of XRNA and XRNE as the closest functional homo-
logs of XRN1 and XRN2/Rat1? XRNB is apparently not es-
sential in either life cycle stage (Li et al. 2006; Manful et al.
2011), and XRNC likewise has no effect on PF growth (Li
et al. 2006). Thus, there could be functional redundancy
between at least some members of this family to complicate
analysis. A clue to the essentiality of XRNF is an RNAi library
screen suggesting that loss of XRNF results in a loss of fitness
for procyclic form cells (Alsford et al. 2011), a result that re-
quires validation. Gross differences in mRNA abundance be-
tween life cycle stages for XRN-containing genes are not
obvious (Siegel et al. 2010; Archer et al. 2011). However, reg-
ulation of protein expression for the other XRN family pro-
teins may occur at the level of protein stability or translation,
as it does for the mitochondrial ribonuclease TbRND
(Zimmer et al. 2011), so we should not rule out stage-specific
roles for XRN-containing proteins. Consistent with this pos-
sibility, global proteomic analyses identified XRNA, XRND,
and XRNF as more abundant in procyclic compared to
bloodstream form cells, although the number of peptides
found and analyzed was as low in some instances; and
XRNF was only observed in one of the studies (Urbaniak
etal. 2012; Butter et al. 2013). Finally, there are potential roles
for post-translational modifications in altering the function
of XRN-containing protein between life cycle stages.
Interestingly, phosphorylation of T108 in XRNF is >10-
fold more abundant in the procyclic than the bloodstream
life cycle stage (Urbaniak et al. 2012), and phosphorylation
of XRNA Y343 is >10-fold more abundant in bloodstream
form cells.

XRNE-MHT copurifies with a number of ribosomal, ribo-
some biogenesis, and RNA processing proteins. Although we
were not able to validate the XRNE interaction with P34/P37,
trypanosome-specific RNA binding protein paralogs involved
in the biogenesis of 80S monosomes and interacting with and
affecting the abundance of 5S rRNA (Hellman et al. 2007), we
note that P34 and P37 are nucleolar, nucleoplasmic, and cyto-
solic (Prohaska and Williams 2009), whereas we show here
that XRNE-MHT appears exclusively nucleolar. Therefore,
any XRNE interactions would only occur with a subset of
P34 and P37. The interactions may also be mediated by other
factors and thus not be direct. Importantly, we note that other
nucleolar proteins involved in ribosome biogenesis in try-
panosomes did not copurify with XRNE. For example,
NOGI1 was absent from the XRNE TAP purification and
NOPP44/46 was identified with only one peptide and was
thus below our stringency cut-off (Jensen et al. 2003, 2005).
Thus, at least some of the XRNE interactions we observe are
likely due to more than simple proximity or binding on com-
mon RNAs. Also of note, XRNE-MHT copurified with two
currently uncharacterized proteins of the Brix/Imp4 super-
family, which are known to be involved in the processing of
ribosomal RNA (Eisenhaber et al. 2001). Based on sequence
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similarity, one of these, Tb10.61.1990, is a member of family
V, represented by yeast Brx1p. The other is a member of fam-
ily VI, represented by yeast Rpf2p. Conditional mutations of
the essential nucleolar Brx1p and Rpf2p proteins result in
large subunit assembly blockages (Kaser et al. 2001; Bogen-
gruber et al. 2003) similar to what is observed with XRNE
depletion. Finally, a homolog of the MPP10 subunit of the
U3 snoRNP complex that functions in cleavage events result-
ing in mature 18S rRNAs (Hughes and Ares 1991) also co-
purified with XRN-MHT. In summary, XRNE associates
with other proteins that likely play roles in both small and
large ribosome subunit biogenesis.

Our inability to detect XRNE-MHT outside the nucleolus
suggests that this protein acts in a transient fashion and does
not form a stable complex with ribosomal subunits as they
continue maturation outside the nucleus. Other transient
players in ribosome biogenesis, such as T. brucei NOPP44/
46 and the yeast Rpf2p, migrate in low molecular weight re-
gions on sucrose gradients (Bogengruber et al. 2003; Jensen
et al. 2005); their lack of colocalization with ribosome sub-
units in a sucrose gradient demonstrates a lack of participa-
tion in the subunit complexes. XRNE-MHT migrates in the
low molecular weight fractions as well (data not shown).
This is an additional indication that like NOPP44/46 and
Rpf2p, XRNE is not part of a stable structure of a ribosome
subunit or monomer but rather functions transiently in early
stages of ribosome assembly.

This current study is the first evidence that 5'—3’ exoribo-
nuclease activity of an XRN family protein is required for
normal processing of pre-rRNA in T. brucei. One result of
XRNE depletion is the accumulation of preprocessed 18S
rRNA products. In T. brucei as well as in other organisms,
a number of cleavage events at the 5 ETS generates the ma-
ture 5’ end of 18S rRNA, and these cleavages are guided by
the U3 snoRNP complex (Hughes and Ares 1991). U3
snoRNA binding sites on 5" ETS have been mapped in T. bru-
cei (Hartshorne 1998; Hartshorne and Toyofuku 1999) and
are required for 5 ETS cleavage events (Hartshorne and
Agabian 1994; Hartshorne 1998; Hartshorne and Toyofuku
1999). Interestingly, although the U3 snoRNA component
of the RNP is processed by Ratlp in yeast (Petfalski et al.
1998), we did not observe a role for XRNE in trypanosome
U3 processing; rather, XRNE may be directly responsible
for removing 5 leader sequences on the small rRNA frag-
ment. Yet another explanation is that XRNE is required for
appropriate recruitment of endonucleolytic activities. It
must be emphasized that despite the accumulation of prepro-
cessed 18S rRNA, the integrity of the 40S subunit is not im-
pacted significantly based on the polysome profile.

Depletion of XRNE also led to the appearance of two 5.8S
rRNA species—the normal mature form (5.8S rRNA) and
another possessing a short 5" extension (5’ ext 5.8S). Likely,
the 5 extended 5.8S rRNA is an XRNE substrate, and
XRNE efficiently processes it to obtain the matured 5.8S in
T. brucei. In eukaryotes other than protozoa, two matured

5.8 species (5.8S; and 5.8Ss) are generated by two separate
pathways and incorporated into polysomes (Fatica and
Tollervey 2002). The 5" end of metazoan 5.8S; is generated
by a cleavage event in the preceeding ITS1, whereas the 5
end of 5.8Ss, ~7 nt shorter than 5.8S;, requires a different
cleavage event followed by XRN2/Ratl trimming at the 5’
end (Henry et al. 1994; Zakrzewska-Placzek et al. 2010).
The 5.8S rRNA of trypanosomes is unique in that a single spe-
cies is produced (Campbell et al. 1987). Based on this work,
the parasite utilizes a pathway similar to the 5.8Sg rather
than the 5.8S; pathway to generate its single 5.8S species.
Currently, it is not clear whether the 5.8Ss and 5.8S; rRNAs
in other organisms have distinct functions (Mullineux and
Lafontaine 2012), and perhaps more extensive investiga-
tion into the effects of multiple 5.8S species in T. brucei may
shed some light on potential effects that a long vs. short
5.8S rRNA could have in ribosomes of those organisms where
two are normally present.

A remaining question is the link between the observed
growth and ribosome biogenesis defects and XRNE activity.
At least some preprocessed 18S rRNA resulting from XRNE
depletion is incorporated into a high molecular weight com-
plex, but these complexes are too large to be consistent with
SSU that have incorporated preprocessed transcript. The
identity of this complex is unknown; therefore, it is not pos-
sible to speculate what its impact might be on growth or ri-
bosome assembly. On the other hand, incorporation of the
5’ extended 5.8S rRNA into 60S and 80S complexes and poly-
somes is potentially detrimental to cells, as only one 5.8S
rRNA is normally generated and incorporated into trypano-
some 60S subunits. Although the 5.8S rRNA 5’ end is buried
within the LSU by visual analysis of the cryo-electron micros-
copy structure (Hashem et al. 2013), there appears to be space
to accommodate an extended 5 end. A 5 extension of 5.8S
rRNA could result in 5.8S interactions with ribosomal pro-
teins L13A and L3 that are unlikely to exist with the normal
form of 5.8S rRNA. Alternately or additionally, an extended
5’ end could change the 5.8S rRNA secondary structure on
the 5 terminus; and since a portion of the L17 protein
runs alongside the 5.8S terminus, this could affect interac-
tions with L17 indirectly. Therefore, incorporation of a lon-
ger version of 5.8S rRNA into large subunits may result in
changes to L3, L13A, and L17 interactions with RNA in the
LSU in such a way that large subunit loading on polysomes
or translation is decreased. In support of this hypothesis,
the polysome profile of XRNE-depleted cells revealed the
appearance of half-mers, suggesting a problem with sub-
unit joining on polysomes. Half-mers have previously been
observed when ribosome biogenesis proteins such as
NOPP44/46 and NOG1 have been depleted, leading to growth
defects (Jensen et al. 2003, 2005). Whether it is aberrantly ex-
tended 5.8S or 18S rRNAs or an unidentified function of
XRNE that contributes to the accumulation of half-mers
and/or the growth phenotype of XRNE-depleted cells will
be an interesting topic for further study.
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MATERIALS AND METHODS

Cloning of XRNE RNAi construct and XRNE-MHT

Oligonucleotides used for cloning are shown in Table 2. The gene en-
coding the XRNE open reading frame (ORF; Tb927.5.3850) was in-
serted in pLEW-79MHT plasmid containing a C-terminal myc-
6xhis-TAP (MHT) tag (Jensen et al. 2007) between the HindIII
and BamHI sites to generate pXRNE-MHT. This allows for tet-reg-
ulated expression of XRNE with a C-terminal myc-6x histidine-
Tandem Affinity Purification tag (XRNE-MHT) in T. brucei. To gen-
erate a tet-inducible XRNE RNAi plasmid (p2T7-177XRNE), a 524
nucleotide fragment (nucleotides 1-524) of the XRNE gene was
cloned into p2T7-177 plasmid (Wickstead et al. 2002) between
Xbal and HindIII restriction sites internal to opposing T7 promoters.

T. brucei cell culture, transfection, and induction

Procyclic form T. brucei strain 29-13 was grown in SM media sup-
plemented with 10% fetal bovine serum. Notl linearized pXRNE-
MHT was transfected into 29-13 cells using an Amaxa Nucleofector
1I device with the Basic Parasite I kit, and positive transfectants were
selected by phleomycin resistance. Tet-induced cells at 1 x 10° cells/
mL starting concentration were harvested at 2 d post-induction for
all experiments involving expression of XRNE-MHT.

Similarly, a tet-inducible clonal XRNE RNAI cell line was gener-
ated by transfection of 29-13 cells with Notl linearized p2T7-
177XRNE, and positive transformants were selected by addition of
puromycin, resulting in three puromycin-resistant polyclonal cul-
tures. A single clone was obtained from one of these polyclonal cul-
tures by limiting dilution. Tet-induced XRNE RNAi cells were
harvested at day 3 except where noted otherwise. In all cases, cells
were induced with 2.5 pg/mL tet, and for growth curves, cells
were induced at a concentration of 5 x 10° cells/mL and diluted as
necessary every 24—48 h. Values from three independent growth ex-
periments were averaged to generate growth curves with experimen-
tal error bars depicting standard deviation.

TAP-purification of XRNE-MHT

Cells (4.5 x 10'°) containing tet-induced XRNE-MHT were lysed on
ice for 30 min in 20 mL of IPP150 buffer (Puig et al. 2001) containing
1% Triton X-100 and two tablets of EDTA-free protease inhibitors

TABLE 2. Oligonucleotides used in this study

(Roche). The supernatant after centrifugation at 14,000g for 10
min was considered crude lysate. The crude lysate was treated with
177 units of DNAsel for 60 min before incubation with 200 pL of
the IgG Sepharose Fast Flow beads (Pharmacia) for 4 h at 4°C.
After washing with IPP150, beads were equilibrated with TEVCB
(Invitrogen) and incubated for 15 h at 4°C with 10 units of TEV pro-
tease (Invitrogen) in 1 mL of TEVCB buffer. The TEV eluate was
combined with a 3x volume of CBB buffer (Puig et al. 2001) and
incubated for 4 h at 4°C with 200 pL calmodulin affinity resin
equilibrated with CBB. The tagged XRNE and its interacting partners
were eluted with 1 mL of the CEB buffer (Puig et al. 2001) after wash-
ing. One hundred microliters of the eluate was concentrated and
separated by 10% SDS-PAGE and visualized by silver staining
(data not shown). The remaining eluate was sent for LC-MS/MS
analysis.

LC-MS/MS analysis

The TAP-purified XRNE-MHT sample was digested overnight with
5 ng/pL trypsin (Promega Corporation) in 50 mM ammonium
bicarbonate at 37°C. LC-MS/MS analysis was performed using
LTQ Orbitrap mass spectrometer (Thermo Scientific). The LC sys-
tem configured in a vented format (Licklider et al. 2002) consisted of
a fused-silica nanospray needle packed in-house with Magic C18 AQ
100A reverse-phase media (Michrom Bioresources Inc.) (25 cm)
and a trap (2 cm) containing Magic C18 AQ 200A reverse-phase me-
dia. The peptide samples were loaded onto the column, and chro-
matographic separation was performed using a two-mobile-phase
solvent system consisting of 0.1% formic acid in water and 0.1% ace-
tic acid in acetonitrile. The mass spectrometer operated in a data-de-
pendent MS/MS mode over the m/z range of 400-1800. For each
cycle, the five most abundant ions from each MS scan were selected
for MS/MS analysis using 35% normalized collision energy. Selected
ions were dynamically excluded for 45 sec.

Data analysis

Raw MS/MS data were submitted to the Computational Proteomics
Analysis System (CPAS), a web-based system built on the LabKey
Server v11.2 (Rauch et al. 2006) and searched using the X!
Tandem search engine (Craig and Beavis 2004) against T. brucei
protein database v. 4.0 (ftp:/ftp.sanger.ac.uk/pub/databases/T.bru-
cei_sequences/T.brucei_genome_v4/), which included additional

Name Experiment Oligonucleotide (5'—3") Reference
XRNE MHT for cloning 5-GCGAAGCTTATGGGGATAATAGGTCTGCGC-3/ This study

XRNE MHT rev cloning 5'-CACGGATCCTCTTTGATGGTCCTGTACCTTC-3’ This study

XRNE RNAi for cloning 5'-GCTCTAGAATGGGGATAATAGGTCTGCGC-3’ This study

XRNE RNAI rev cloning 5-GCGAAGCTTCAACTAGAAGCAACGAACCC-3’ This study

XRNE gPCR for qPCR 5-GAAAGTATGGAAGAGCTGAGGAGG-3’ This study

XRNE gPCR rev gPCR 5'-CGCACTACCCAGTCCTTATCAAAG This study

Pre-18 S RNA blot TCAAGTGTAAGCGCGTGATCCGCTGTGG This study

Pre-5.8 S RNA blot CCATCGCGACACGTTGTGGGAGCCG This study

ITS3 RNA blot ACGACAATCACTCACACACACATGGC (Jensen et al. 2003)
ITS7 RNA blot TATGTAGTACCACACAGTGTGACGCG (Jensen et al. 2003)
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common contaminants such as human keratin. The search output
files were analyzed and validated by ProteinProphet (Nesvizhskii
et al. 2003). First, peptide hits were filtered with PeptideProphet
(Keller et al. 2002) error rate less than 0.05, and proteins with prob-
ability scores of greater than 0.9 were accepted.

Coimmunoprecipitation studies

Crude lysate from 1.4 x 10'° cells expressing XRNE-MHT was pre-
pared as described above and treated with 177 units of DNAsel. The
lysate was then incubated with 200 pg Protein A-Sepharose beads
crosslinked with either T. brucei anti-P34/P37 rabbit polyclonal an-
tibodies or preimmune serum from the same rabbit (Zhang and
Williams 1997). Likewise, beads were prepared with either anti-
PABP?2 rabbit polyclonal antibodies (a-PABP2) or preimmune se-
rum from the corresponding rabbit (Pitula et al. 2002; called
PABP1 in this reference), for 3 h at 4°C. Beads were washed with
50 bed volumes of phosphate-buffered saline (PBS pH 7.5), and
bound proteins were eluted with 100 mM triethanolamine (pH
12.5) and dialysed into PBS. Crude lysate (input) and an amount
of P34/P37 eluate corresponding to 33% of loaded input or
PABP2 eluate corresponding to 16% of total input was separated
by 10% SDS-PAGE. Protein was transferred to PVDF membranes
and used in immunoblotting experiments. Reaction with Peroxi-
dase-Anti-Peroxidase soluble complex (PAP; Sigma-Aldrich) was
used to detect the presence of XRNE-MHT.

qRT-PCR

RNA was isolated from 29-13 cells and uninduced and tet-induced
XRNE RNAi cells using RiboZol RNA extraction reagent (Amresco)
according to manufacturer’s instructions. Forty to fifty micrograms
of isolated RNA was DNAse treated with DNAse 1 (Ambion DNA
free kit) and cDNA was prepared from 4 pg RNA using random hex-
amers and Tagman reverse transcription kit using conditions rec-
ommended by manufacturer (Applied Biosystem). qRT-PCR was
performed and analyzed as previously (Carnes et al. 2005) using
primers shown in Table 2 and iQ5 software (Bio-Rad). cDNA start-
ing quantities were normalized with telomerase reverse transcriptase
(TERT) (Brenndorfer and Boshart 2010).

Indirect fluorescence microscopy

After harvest, uninduced and induced XRNE-MHT-expressing cells
were treated using a modification of the protocol in Engstler and
Boshart (2004). Briefly, cells were fixed in suspension on ice for
30 min with 4% paraformaldehyde and permeabilized as described.
Fixed cells were incubated for 1 h with Anti-c-Myc (9E10) mouse
monoclonal IgG (Santa Cruz Biotechnology) at a dilution of 1:50
and the nucleolar marker Anti-NOG]1 (Park et al. 2001) at a 1:500
dilution. Anti-mouse Cy5 conjugated antibody (Chemicon) at a
1:200 dilution and Anti-rabbit FITC (Millipore) at a 1:100 dilution
were used as secondary antibodies in a 30-min incubation, and cells
were mounted in ProLong Gold antifade reagent with DAPI
(Molecular Probes) as described. A Zeiss Axioimager Z1 Fluores-
cence microscope and AxioVision software was used to visualize try-
panosomes. Cell preparations were also made and visualized lacking
either of the primary antibodies to verify that the FITC and Cy5 sig-
nals did not overlap (data not shown).

Northern blot analysis

RNA was collected as described for qRT-PCR, with an additional
Phenol:Chloroform:Isoamyl Alcohol (25:24:1) pH 5.2 extraction.
RNA was then precipitated and resuspended in RNase-free water
at a concentration >1 mg/mL. Two micrograms RNA (5 pg in the
case of pre-5.8S agarose Northern) was electrophoresed on 1.2%
formaldehyde agarose gels or 8% polyacrylamide/7M urea gels
and transferred to neutral nylon membranes by capillary transfer
(agarose) or positively charged nylon membranes by semidry trans-
fer in 0.5X TBE (polyacrylamide) and subsequently crosslinked with
UV illumination. 5’ radiolabeled oligonucleotide probes described
in Table 2 were used to probe membranes in ULTRAhyb-Oligo buff-
er (Ambion) according to the manufacturer’s instructions.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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