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Figure 6. Identification of regulatory elements in PUF9 target mRNAs. A: The over-represented motif identified by Trawler. B: Derivatives of

the PNT1 39 UTR were fused to the CAT reporter ORF and tested for cell cycle-coupled transcript regulation. Quantification of Northern blots of
synchronized cell cultures are shown. At least one replicate experiment was performed for each reporter shown, yielding similar results. Transcripts
were normalized against TUBA and then against their own values at 3 hours post-release. C: Quantification of CAT reporter transcript abundance,
fused to the PNT1 39UTR or the derived G445A point mutation, during progression through one cell cycle. Transcripts were normalized against TUBA
and then against their own values at 3 hours post-release. D: Dependence of reporter transcript stability on PUF9 expression. The reporters described
above (wt or G445A) were transformed into PC cells containing the PUF9 hairpin construct and RNAi against PUF9 was induced for 16 hours. RNAI
was confirmed by Northern blot and probing for the native PNT1 transcript, which is dependent on PUF9 expression. Reporter transcript abundance
was revealed by probing for the CAT ORF and normalizing against SRP. All transcripts were then normalized against their own abundance in the wt
UTR/uninduced condition. Error bars represent 95% confidence intervals.

doi:10.1371/journal.ppat.1000565.g006
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The temporal expression and localization of the proteinsabnormalities and accumulation of G2-phase cells [44]. Given its
encoded by the PUF9 target transcripts indicates that theysimilar localization and temporal expression, we speculate that
function in certain organelles (the nucleus, mitotic spindle and®NT2 may have a similar function related to the timing of mitotic
kinetoplast) at a specific time in the cell cycle (late S-phase/G2pindle assembly or disassembly.
phase). In kinetoplastid cells, the copy numbers of kinetoplasts andIn addition to being regulated at the mRNA level, LIGKA,
other major organelles and cellular structures are stringentllPNT1 and PNT2 are probably regulated at the protein level.
maintained at one per G1 phase cell, and their replication iSLIGKA protein is known to be relatively unstable [16], while levels
coordinated with each other and coupled to that of the cell. Weof tagged PNT1 in the PNT1::myc over-expressing cells seem to
hypothesize that PUF9 switches on the expression of target genks self-limiting, in light of the fact that many cells displaying the
in late S-phase of the cell cycle to ensure simultaneouassociated phenotype no longer expressed detectable protein at the
performance of their respective functions in organelle replicationtime of fixation €.gthe top cell in Figure 7A, which possesses an
or division. Three lines of evidence support a role for PUF9 in co-anterior kinetoplast fragment but does not express PNT1::myc).
coordinating cell-cycle governed replicative processes: firstly, theurther, the massive increase in PNT1::myc protein levels in the
extra nuclei and kinetoplasts seen in BS cells when PUF9 imitochondrion of cells lacking a normal kinetoplast may mean that
knocked down indicate that organelle replication is de-coupledhe kinetoplast not only sequesters PNT1 but also suppresses
from cell division. Secondly, PUF9 drives the upregulation of itSPNT1 expression at the protein level, although here we have only
target transcripts specifically in mid- to late- S-phase. Thirdly,demonstrated an associative, rather than causal, relationship
bypassing PUF9 regulation by directly interfering with the between kinetoplast loss and increased PNT1 protein. Addition-
expression of the downstream LIGKA or PNT1 proteins resultsally, the ancillary kinetoplasts we observed, while capable of
in aberrant kinetoplast DNA content [17] or copy-number (shown sequestering PNT1, were not by themselves associated with
here). repressed PNT1 protein levels. In general, rapid protein

The parallels between two PUF9 targdisGKA (characterized degradation for cyclically regulated proteins should allow a
previously [16,17]) andPNT1, are particularly striking. Both sharper peak in protein levels to occur at the proper time.
encode proteins localized to the kinetoplast and both probably Puf proteins in other eukaryes generally act to destabilize
function in kinetoplast replication as indicated by their over-their target transcripts. However, PUF9 was shown to stabilize its
expression or knockdown phenotypes. The kinetoplast DNA igarget transcripts, and similarlyg stabilize a reporter transcript
unique in nature in that it is a disc-shaped network of opencarrying the UTR of PNT1 The presence of the UUGUACC
circular DNA molecules, concatenated together with a “chainmotif (common to all PUF9 target®3UTRS) is essential for
mail” topology (reviewed in [42]). It also has a unique mechanisnregulation by PUF9. The fact that mutations in this motif appear
of replication: individual minicircles disassociate from the networkto stabilize the transcript, raén than destabilizing it, suggests
migrate to the posterior kinetoflagellar zone where they arethat the motif recruits a destalzing factor that is then inhibited
replicated, and then migrate back to one of the two “antipodal”’by PUF9. Probable candidateorf this destabilizing factor
sites which flank the disk at its perimeter, and where topoisominclude the other Puf-domain pteins, since as mentioned, they
erase-mediated minicircle reattachment to the kinetoplast occurgenerally act to destabilize targets, and are quite likely to bind the
It has been hypothesized that LIGKA seals the final nick insame motif as PUF9 because Puf proteins usually bind a
replicated kDNA minicircles, re-licensing them for replication conserved “UGUA"-containing motif [39]. This would poten-
[16]. If so, this process would require some temporal and spatidiate a simple binding-site oetition model of regulation
regulation to prevent re-licensing in the vicinity of active minicirclewhereby PUF9 and the destabilizing factor compete for binding
replication machinery in the same cell cycle. Similarly, the factat the same RNA motif. Other more complex mechanisms are
that PNT1 over-expression results in an observable defect suggeatso plausible, and it is worth noting that th@ 3TR of PNT-1,
that a tight reign on its protein levels must also be maintained tavhile capable of conferring celf«de regulation onto a reporter
avoid negative consequences for the cell. We speculate that thesanscript, did not confer exactly the same expression as the
shared requirements for tightly controlled expression may explaimative transcript, which implicates th® BTR and ORF, and
the involvement of PUF9 in regulating these two genesperhaps even pre-mRNA sequences, in fine-tuning post-tran-
Interestingly, the doublet that PNT1 sometimes forms, flankingscriptional regulation oPNT1
the kinetoplast disc, is similar to that seen for proteins belonging to The means by which PUF9 seems to be most active in late S-
the antipodal sites where newly replicated minicircles arephase is of particular interest if PUF9 is to be placed within a cell-
reattached to the kinetoplast. cycle regulatory network. Higher expression of PUF9 protein

PNT2::myc displayed an interesting cell-cycle dependenturing S-phase may occur, and indeed there was an indication
dynamic localization, being present in the nucleus in pre-mitoticthat PUF9transcript levels oscillate with the cell cycle. However,
cells but localized to the spindle midzone in post-mitotic cellsthe magnitude oPUFO9transcript upregulation in S-phase seemed
Because its MRNA levels peak at around mid- to late- S-phase, the be insufficient to fully explain that of its downstream targets.
protein levels of endogenous PNT2 might be expected to peakVhile regulation may occur at the translational level, a suitable
shortly afterwards, probably co-inciding with this relocalizationantibody against PUF9 could not be raised to test this. Post-
during mitosis. Similar localization patterns have been reportedranslational modifications such as phosphorylation, ubiquitination
for certain other proteins such as TbNOP86, a nucleolar proteinetc.may also play a role, although a V5-tagged PUF9 protein
that localizes to the spindle during cytokinesis and whose RNAshowed no changes in electrophoretic mobility (which might
phenotype resembles that of PUR® an increase in G2 phase indicate post-translational modification) over the cell cycle, and a
and polyploid cells [43]. Some chromosomal passenger proteingcent analysis of th€. brucephosphoproteome did not identify
such as TbhCPC1 and TbCPC2 also display similar localizationPUF9 among the set of phosphorylated proteins [45]. However, all
during mitosis, although they additionally relocalize to a dot on thethese possible modes of regulation might not act only on PUF9 but
cleavage furrow during cytokinesis, which we could not detect forather on factors cooperating with PUF9 in regulating transcrip-
PNT2::myc. These proteins are involved in spindle function andtional stability, for instance the factor hypothesized above to act
cytokinesis as their suppression in PCs leads to mitotic spindntrary to PUF9 to destabilize the target transcripts.
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The characterization of PUF9 target transcripts Tn brucei control. One allele o0PUF9in the parent cell line wais situtagged
appears to be revealing a post-transcriptional regulon of genesith the V5 epitope (to facilitate checking clones for RNAI),
involved in coordinating the replication of subcellular structures inpossibly explaining the two slightly different siz&UF9
the cell cycle. This is regulated independently to the set of celkranscripts. B: Down-regulation of mRNA iRUF9RNAI PCs is
cycle-regulated transcripts investigated by several other groupsstricted to PUF9 target transcripts. Total RNA was isolated from
[10,11,12,13] containinPHFR, LIGKB TOP2andRPA1 because two PUF9RNAI PC clones, with or without induction of RNAi by
the timing of peak expression of the PUF9 targets is significantl@4 hours of tet treatment. Levels of the PNT1 mRNA, B8RP
later in the cell cycle (as was first observed when the expression®RNA, and a control mRNA (the abundantTh927.5.2560
LIGKBwas compared to that dflIGKAin C. fasciculais6]). The  transcript), were compared by Northern blotting and hybridiza-
three PUF9 targets encode kinetoplast- or spindle- associateibn.
proteins, are co-regulated in the cell cycle, and perturbations ifFound at: doi:10.1371/journal.ppat.1000565.s002 (5.19 MB TIF)

expression of at least two of theRNT1and LIGKA[17]) cause Figure S3  Effect of PUF9RNAI on abundance of CAT reporter

oo st oo o1 Xpressc o NTLIDUTR  Learng ranscr & oS
P y getg ells, expressing th@AT::PNT1-9UTR reporter transcript, were

late S-phase in order to tempo_rally coord!nate certain processes Il "\ ith tet to suppresBUFY by RNAI. Approximately
organellar and cellular replication. In particular, the putative roles

for PUF9 target proteins in kinetoplast replication and the mitotic.26106 cells were collected after 0, 24 or 48 hours of RNAI

. o ) - : . “induction by tet and analyzed by SDS-PAGE and western
spindle implicates PUF9 in synchronizing kinetoplast maturatlorblotting CAT was visualized by probing with rabbit anti-CAT
and mitotic spindle function. The further investigation of the :

. antibody (5 Prime 3 Prime; 1:2000 dilution), or rabbit ahtibrucei
upstream regulatory network and downstream effectors will lead tQ . . - .
S - . L -aldolase antisera (1:50000 dilution) as a loading control. A HRP-
insights into how trypanosomes coordinate the replication of their_ : . .

. - conjugated anti-rabbit 1gG antibody was used to detect the
organelles with that of the entire cell, and how they regulate genée

expression in general without transcriotional control primary antibody in conjunction with the ECL detection system
P 9 P ’ (GE Healthcare). B: BS cells were again induced with tet to

. . suppres®UF9by RNAI, and samples were taken immediately or
Supporting Information after 24 hours of RNAI for RNA isolation and Northern blotting.
Figure S1 Effect of PUF9 over-expression or knockdown on The blot was probed for th€ATtranscript and theSRPRNA as a
target transcripts in BS cellPUF9over-expressin®UFq; ) or  loading control.

PUF9RNAI (PUF® ) BS cells were uninduced or induced with tet Found at: doi:10.1371/journal.ppat.1000565.s003 (0.41 MB TIF)
for 24 hours prior to RNA isolation and Northern blotting. Results

from a representative experiment are shown. The blot was probed\cknowledgments

for PUF9 and PUF9 target genes. A replicate blot was probed
separately for some transcripts (*).

Found at: doi:10.1371/journal.ppat.1000565.s001 (0.31 MB TIF)

Figure S2  Effect ofPUF9RNAI on target transcripts in PC cells.
A: PC cells inducibly targetingUF9by RNAIi were cultured for
24 hours with or without tet induction, prior to RNA isolation and
Northern blotting. Duplicate blots were probed f®YUF9 and
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