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Supplementary Notes 

Introduction 
Note 1: The full classification of the family Trypanosomatida is as follows: Phylum Euglenozoa; Class: 
Kinetoplastea; Subclass Metakinetoplastina; Order Trypanosomatida, [1]. The supergroups are Excavata, 
SAR (Stramenopila, Alveolata, Rhizaria), Archaeplastida, Opisthokonta and Amoebozoa; but some 
organisms do not fit into any of these. Animals and fungi are both in Opisthokonta, so are actually relatively 
closely related. The position of the root is controversial [2]. 

Note 2: Bloodstream forms are cultivated at 37°C in medium containing glucose, whereas procyclic forms 
are cultivated at 27°C in medium containing proline, and sometimes also glucose. The peptides that 
mediate quorum sensing mechanism in T. brucei are produced from host (or culture serum) proteins by 
secreted peptidases. For more details and references see [3].  

Note 3: Sexual forms of T. cruzi and L. major have not been identified, but based on population genetics, 
they seem likely to exist (e.g. [4, 5]). 

Genome organisation and transcription 
Genome organisation 
Note 4: Results from sequencing of a Euglena genome and transcriptome showed a similar overall genome 
architecture, with extensive trans splicing, but also a lot of cis splicing. Euglena is within Eugleozoa, but 
outside Metakinetoplastina. The loss of cis splicing probably occurred when the Kinetoplastea (which 
includes the trypanosomatids and their free-living relatives, the bodonids) branched from other Euglenids 
[6].  

A recent claim for extensive alternative cis-splicing, and for miRNAs, in Trypanosoma evansi [7] is 
inconsistent with published results for another T. evansi isolate [8], and with the fact that T. evansi is a 
derivative of T. brucei that has defective mitochondrial DNA.  Raw data for the T. evansi genome for which 
cis splicing was claimed are not publically available and the authors offered no supporting evidence. 
Moreover, the only example of cis splicing that they show in a Figure [7] shows translation of the antisense 
strand of the annotated open reading frame. Another paper containing miRNA predictions is also devoid of 
experimental evidence [9]. 

Note 5: For example, in T. brucei, fibre-FISH experiments demonstrated 19 copies of the alpha-beta-tubulin 
tandem repeat [10], and there are at least 40 different genes that are present in more than 3 copies per 
haploid genome [11].  

Polymerase II transcription 
Note 6: In yeasts, plants and mammalian cells, Maf1 is a general repressor of tRNA synthesis during stress 
or differentiation  [12]. However it can also influence transcription by pol I and pol II, in part by specific 
regulation of TBP transcription [12]. T. brucei has a MAF1 homologue and its depletion increased most 
transcription (relative to 18S) while over-expression decreased it [13]. In both cases parasite growth was 
inhibited, suggesting that the relationship between transcription and growth is finely tuned. The effect of 
MAF1 seemed to be more general than in other organisms, since it was enriched on tRNA, SLRNA, 5S 
rRNA and procyclin promoters [13]. 

Note 7: In Leishmania major, episomes that contain only plasmid backbone, RNA processing signals and a 
selectable marker gene are transcribed [14]. In T. brucei, polymerase II initiation can be turned on by 
transcription by a bacteriophage polymerase with a cognate integrated promoter [15], or by inserting a 
reporter in a region that is kept open by RNA polymerase III activity [16].  

A ~200bp GT-rich sequence was able to drive 3-5x more forward transcription of a reporter than an 
inverted version`, if integrated at the centre of a strand-switch region [17]. Curiously, early ChIP results for 
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TRF4 and the largest RNA polymerase II subunit suggested that both accumulate at the ends of some 
coding regions [18]. ChIP-Seq results for the RNA polymerase II subunit RPB9  [17] do not substantiate 
this, however.  

Polymerase II termination 
Note 8: SnoRNA precursors are synthesised by RNA polymerase II, and are trans spliced and 
polyadenylated before cleavage to the final products. Whether they are independently transcribed, or made 
as part of polycistronic units, is unknown (references in  [19]). The distribution of the RNA polymerase II 
subunit RPB9 over snoRNA clusters is rather more irregular than over regions that are processed to make 
mRNAs (see tritrypdb.org for data from [17]). 

Note 9: RBP33 is essential in both bloodstream and procyclic form T. brucei. In addition to associating with 
various mature mRNAs, it binds to snoRNAs, tRNAs, and to very low abundance mRNAs, and affects the 
abundances and lengths of retroposon and repeat RNAs [20]. Overexpression of RBP33 caused cell cycle 
arrest, with decreases in total mRNA and SLRNA [21]. This result is difficult to interpret since over-
expressed RNA-binding proteins may bind to sequences that are not normally bound when the protein is 
expressed at the normal level; and decreases in mRNA and SLRNA levels could be secondary to 
transcription arrest. The result nevertheless shows that RBP33 dosage is very important.  

mRNA processing and export 
The 5' cap and SLRNA processing 
Note 10: The start sites for polymerase II transcription of protein-coding genes were identified through their 
possession of a 5'-triphosphate. It therefore seems unlikely that these primary transcripts are capped; ChIP 
data for capping enzymes, which might resolve this, are not available. 

Splicing and polyadenylation: basal machineries and signals 
Note 11: In 1982, the spliced leader on VSG mRNA was thought to be added by cis-splicing [22] but 
evidence for trans splicing was strong by 1984 [23-25]. Trans-splicing was found in C. elegans later, in 
1987 [26]. Apart from its presence throughout Euglenozoa, trans splicing has since been observed in other 
animals, including Cnidaria, Ctenophora, Rotifera, Platyheminthes, Tunicata, Arthropoda; in Perkinsozoa 
and dinoflagellates [27], and most recently in a Cryptomonad [28] and the rhizarian Paulinella micropora 
[29]. Is this the result of multiple evolutionary accidents? There is no obvious selective advantage. 

Note 12: Results in T. brucei using transiently transfected reporters [30] suggested that (U)10 was sufficient 
to obtain a functional mRNA, while maximal activity was attained with 25nt, but in this study the mRNAs 
themselves were not analysed. So far there is little evidence for effects of polypyrimidine tracts length on 
mRNA abundance [31], but extremely little relevant work has been done. RNA-Seq results [32, 33] 
confirmed that T. brucei trans splicing sites are downstream of polypyrimidine tracts (median length 18nt) 
with a strong preference for U over C; in Leishmania this preference is not so pronounced [34].  Several 
alternative 3' acceptor AG dinucleotides downstream of the polypyrimidine tract may be used, but there is a 
preference for the first one [35]; the median distance from the tract to the AG in T. brucei is 43nt [32] but 
distances range to 200nt. Mapping of branch points for eighteen T. brucei genes [36, 37] and one from T. 
cruzi [35] suggested use of the nearest A residues upstream of the polypyrimidine tract, with no upstream 
consensus sequence - suggesting that pairing of the branch point with the U2 snRNA does not occur. 

The mRNAs at the beginnings and ends of polycistronic transcripts are processed in just the same way: 
polyadenylation occurs upstream of first splice site, either at divergences or downstream of tRNA genes. 
This results in uncapped but polyadenylated RNAs which are presumably rapidly destroyed. At the end of 
the unit, the last remnant before termination is spliced but not polyadenylated [32]. 

Note 13: Transcriptome-wide data for T. brucei and Leishmania, and cDNA studies for T. cruzi, indicated 
that the approximate distances between the polypyrimidine tract and polyadenylation sites are 100nt for T. 
brucei [32], 400nt for Leishmania [38], and around 50 nt) in T. cruzi [39]. Cleavage and polyadenylation 
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factor CPSF3 (or CPSF73) co-purified with the U1 snRNP protein U1A [40] - but the involvement of U1A in 
cis splicing is unclear. 

Note 14: Site-directed mutagenesis of CPSF3 also gave moderate resistance to acoziborole [41]. Notably, 
a different benzoxaborole series targets the same process in Plasmodium, and in that case, 10000-fold 
resistance could easily be obtained. The failure to generate any trypanosome resistance above about 5-
fold (see also [42]), combined with the absence of structure-function relationships with different 
benzoxaboroles [43], suggests that one or more additional targets may be present, although it also possible 
that resistance mutations in T. brucei CSPF3 are incompatible with activity. Inhibition of CPSF3 enzyme 
activity by these compounds has not yet been reported. 

Note 15: In Opisthokonts and plants,splicing factors  interact with the phosphorylated C-terminal domain 
[44-46]. Alternative splicing patterns are influenced by chromatin status and the rate of polymerase II 
elongation [47], and elongation is in turn influenced by splicing [48, 49].  

Note 16: At present it isn't possible to say whether the trypanosomatid splicing machinery is influenced by 
chromatin or not. In T. brucei, many polyadenylation sites and most splice signals contain poly(A:T) tracts, 
and nucleosomes are depleted over each, with a strong nucleosome positioning immediately downstream 
(and therefore at splice acceptor sites) [50]. It is not known whether this nucleosome alignment is important 
for mRNA processing. RNA-DNA hybrids were also much more concentrated in intergenic regions than 
coding regions [51]; the significance of this is unknown. In Leishmania, although there is there is some 
nucleosome depletion at poly(A) sites, the pattern for splice sites is opposite to that in trypanosomes, with 
strong nucleosome positioning immediately upstream of the splice site, with depletion at the site itself [52]; 
this may be because, in contrast to T. brucei, Leishmania polypyrimidine tracts contain roughly equal levels 
of C and T [38]. 

Note 17: U2AF35, U2AF65, and SF1 depletion affected both splicing (at a global level) and stability [53]. 
The effects of depleting these factors on mature mRNA abundances could not be correlated directly with 
the effects on splicing.  mRNAs that were decreased after U2AF65 or SF1 depletion had very slightly 
shorter than average polypyrimidine tracts, while those that increased had more purine-rich exons  [53]. 

Quality control of RNA processing 
Note 18: To test the influence of length, we measured the abundances of mRNAs from two loci that 
included very long open reading frames. We progressively truncated each through integration of a reporter 
at different positions. Although the shorter versions were indeed more abundant, increased mRNA stability 
accounted for the differences [54]. The conclusions concerning both length and the effects of differing 
processing relied on modelling, using half-lives that were measured after inhibition of transcription with 
Actinomycin D, and of splicing with the general methylation inhibitor Sinefungin. It is likely that this method 
gives incorrect half-lives for at least some mRNAs (see for example [55]).  

Note 19: The principal role of the exosome is processing of stable RNAs in the nucleus, but a fraction is 
also present in the cytosol. It has a ring-like core that consists of 6 proteins, with a central channel through 
which RNAs can pass [56]. At the top (entrance), there are three S1 domain proteins. These 9 proteins 
together act to unwind RNAs, making them more accessible to exonucleases. Substrates that transit the 
channel are degraded a different, processive exoribonuclease called Rrp44 (all names here from S. 
cerevisiae), the active site of which is near the channel exit [57, 58]. Rrp44 also, however, has an additional 
endonuclease domain (PIN domain) that is not oriented towards the channel. A distributive 3'-5' 
exoribonuclease called Rrp6 (in S. cerevisiae) binds towards the top (entrance) of the exosome. Rrp6 is 
responsible for trimming rRNAs; its substrates are recruited by the exosome (and cofactors) but do not 
travel throught the entire central channel [59].  In yeast, Rrp6 is predominantly in the nucleus whereas 
Rrp44 is mostly in the cytoplasm, whereas in human cells, Rrp6 is also cytoplasmic.  

Note 20: Trypanosomes have the core exosome, and homologues of both Rrp6 (RRP6) and Rrp44 
(RRP44) [60, 61]. The proportions of exosome proteins found in nucleus and cytoplasm vary depending on 
methods used; results indicate that it is mostly, but not exclusively, in the nucleus [62, 63]. RRP6 is 
reproducibly exosome-associated, and found in both cytoplasm and nucleus [62]. RRP44 does not co-
purify with the exosome core on affinity columns, and does not co-sediment with the complex on a glycerol 
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gradient  [60]. Despite this, depletion of RRP44 - like depletion of demonstrated exosome subunits - results 
in impaired rRNA processing [60, 64], suggesting that it is indeed associated with the exosome in vivo. 
Proximity labelling methods might resolve this issue. 

Note 21: The T. brucei alpha and beta tubulin genes are arranged in an alternating tandem repeat [65, 66]. 
When splicing is impaired, beta-alpha dimer and tetramer tubulin mRNAs accumulate [67, 68], suggesting 
less efficient alpha-tubulin splicing [69]. This could be because the alpha-tubulin polypyrimidine tract is 
shorter, and less U-rich than that for beta-tubulin.  

Note 22: The effect of exosome depletion on mRNA was so far seen for three different loci containing 
repeated genes, including alpha-beta tubulin. It could relatively easily be examined transcriptome-wide by 
re-analysis of existing RNASeq datasets from exosome-depleted cells [70]. 

Splicing and polyadenylation: possible specific regulators 
Note 23: The proteins that interacted were Tb927.10.15870, DRBD2, and RBP23. TSR1IP, but not TSR1, 
also showed some co-migration with monosomes or disomes in a sucrose gradient but not clear if this was 
actual association.  

Note 24: These proteins have at least two RRM domains, but possibly more. The number of motifs 
identified in a protein depends on the algorithm used and the threshold that is set. The C-rich DRBD3 
recognition sequence is present in the PAP1 intron and DRBD3 depletion impaired PAP1 cis-splicing  [71]. 

Note 25: RHS2 proteins may also exit the nucleus with mRNAs as they have been implicated in both 
mRNA export and translation [72]. 

Export of mRNAs to the cytoplasm 
Note 26: The additional proteins are CBP110, CBP66 and CBP30  [73]. CBP66 has a zinc finger so might 
bind - perhaps specifically - to the SL sequence. 

Note 27:  These proteins are essential in mammals, and are conserved in all eukaryotes except those with 
very low intron densities [74]. 

Note 28: T. brucei EIF4AIII was not detectably associated with Y14 [75], and it is enriched in the nucleolus 
[76], consistent with the role of the yeast homologue, FAL1, in rRNA processing. Results using a different 
antibody, in both T. cruzi and T. brucei, gave a different location, on the cytosolic side of the nuclear pore  
[77]. These authors presented evidence that the protein shuttles between nucleus and cytoplasm, with 
export depending on interaction with MEX67 [77]. An NTF2 (nuclear transport factor) domain protein that 
was associated with Y14-Magoh [75] is predominantly cytosolic. 

Translation 
Cap-binding translation initiation complexes 
Note 29: The efficiency of in vitro translation initiation is enhanced by the presence of a poly(A) tail on the 
mRNA. All cytosolic mRNAs that have been examined so far were strongly compacted (relative to the 
stretched-out length), but interaction between the 5' and 3' ends is seen in only a minority [78-80], 
suggesting that circularization might be non-obligatory, or occur transiently during initiation.  

Translation initiation 
Note 30: The "tethering" assay involves expression of a protein fused to a (poly)peptide that binds to a 
target RNA sequence with high affinity and specificity, together with a reporter RNA that bears that 
sequence [81]. One example is the lambdaN peptide, which binds to the boxB sequence. The assay 
measures how a protein affects the mRNA to which it is bound, so can give information about the protein's 
possible effect on mRNA decay and translation without any prior knowledge of the mRNAs to which that 
protein binds. The assay can give artifactual answers - for example, if fusion with the RNA-binding peptide 
affects activity, or the protein in question never, under normal circumstances, binds to RNA. Additional 
evidence is therefore always required. In high-throughput assays using random-shotgun fragments, false-
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positive and false-negative results can occur, since fragments may lack interactions or be prone to 
aggregation [82]. Results with full-length proteins [83] are more reliable but artifacts still cannot be ruled 
out. 

Note 31: It has been reported that the internal ribosome entry site of Cricket Paralysis Virus functions in T. 
brucei; those of Encephalomyocarditis Virus and Human Papilloma Virus do not [84]. If confirmed, this 
could be a useful experimental tool. 

Note 32: EIF4E1 might be similar to the cap-binding mammalian protein 4EHP and its interaction partner 
GIGYF2 [85]. 4EHP has no initiation activity by itself, and tethered GIGYF2 inhibits independently of 4EHP 
[85] - as does 4EIP [86]. Alternatively, the model may be more similar to the action of 4E-BPs on their 
target eIF4Es - in which case 4EIP would inhibit active initiation by EIF4E1. To test this it is necessary to 
know which proteins are bound by EIF4E1 in the absence of 4EIP. An interaction between Leishmania 
EIF4E1 and eIF3 was seen using proteins made in vitro  [87], but has not been confirmed in vivo.   

Scanning, elongation and termination 
Note 33: Oddly, even mRNAs without uORFs from procyclic forms were found to have substantial ribosome 
occupancy of the 5'-UTR [88]. This be a consequence of slow initiation (perhaps "queuing" 40S subunits 
were also included) but might also have been influenced by cycloheximide treatment.  

Note 34: The median half-lives of mRNAs with uORFs are 11.3 min for bloodstream forms, and 16.5 min 
for procyclic forms; for remaining mRNAs the values are 11.8 min and 19.7 min (calculated from [89]). 

Note 35: In mammals, a protein called Upf3 binds to the exon junction complex, while Upf1 is recruited by 
the translation termination complex, which includes proteins called eRF1 and eRF3. Upf1 recruits Upf2. If 
termination occurs upstream of an exon junction, Upf1 is activated by a kinase and the complex recruits an 
endonuclease which cleaves the mRNA [90-92]. In S. cerevisae, which lacks the exon-junction complex 
and has very little splicing, Upf1-dependent nonsense-mediated decay seems to be triggered in mRNAs 
that have abnormally long 3'-UTRs, or perhaps in mRNAs with G-or GC-rich sequences near the 
termination codon, and these may influence NMD in other species as well [92-95]. 

In T. brucei, insertion of a premature termination codon in either a reporter or an endogenous gene 
decreased mRNA abundance, and tethering of UPF1 to a reporter also suppressed expression [96]. These 
results would be consistent with NMD. Unfortunately, depletion of UPF1 by RNAi was not very effective, so 
the lack of any effect on the mRNA abundances, for either reporters of the whole transcriptome, could not 
be interpreted. Nonsense-mediated decay should also be dependent on ongoing translation, but insertion 
of a translation-inhibitory hairpin did not increase the abundance of a reporter with a premature termination 
codon. Instead, the hairpin decreased the abundance of mRNAs without premature termination codons, in 
tune with the general positive correlation between translation and mRNA stability [96]. 

mRNA decay 
Deadenylation  
Note 36: Other complex components that are conserved from trypanosomes to man are NOT2, NOT3/5, 
NOT10, NOT11 and the 3'-5' A-specific processive exonuclease CAF1. Opisthokonts also have NOT9, and 
in most species examined so far, an additional deadenylase enzyme, CCR4, is attached to the complex via 
CAF1. The helicase DHH1 is often co-purified but may be associated indirectly. The functions of the other 
subunits are not really understood in any organism. A homologue of NOT9 exists in trypaosoes, but no 
interaction with the trypanosome complex was detected. Trypanosomes do have a protein similar to CCR4, 
but it lacks the CAF1-interacting domain and, like a possible NOT9 homologue, shows no detectable 
association with the NOT complex [97]. Trypanosome NOT10 is required to stabilise the association of 
CAF1 with NOT1, but this is not the case in human cells [98], and in yeast, NOT10 may be replaced by a 
different protein, Caf130. 

Note 37: Metabolic labelling with 4-thio-uridine or 4-thio-uracil, followed by a chase period, it the most 
popular way to determine mRNA half-lives since it results in minimal disturbance of cellular function [55]. 
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Unfortunately, incorporation of 4-thoi-uridine into mRNA by trypanosomes is exceptionally inefficient. All 
measurements of mRNA half-lives to date have involved inhibition of RNA synthesis (with Actinomycin D) 
and/or of trans splicing (with Sinefungin). This method is unsuitable for determining mRNA half-lives longer 
than 4-6h, because of toxicity. Moreover, it is susceptible to artifacts. Notably, the amounts of many 
mRNAs appear to increase (relative to total RNA) before they decrease. This seems impossible - and has 
never been satisfactorily explained.  Even if both mRNA synthesis and processing are inhibited (using 
Actinomycin D and Sinefungin, respectively), this phenomenon persists. Actinomycin D treatment also 
leads to accumulation of poly(A)-containing RNA in the nucleus, suggesting an effect on export [72]. 

Transcriptome-wide measurements in trypanosomes using both Actinomycin D and Sinefungin suggested 
three different decay patterns: immediate exponential decay, decay after a delay (perhaps indicating 
gradual deadenylation), and very rapid decay followed by more gradual loss [89]. The last pattern could be 
explained if a fraction of the mRNA is immediately decapped, while the remainder is first subject to 
deadenylation  [99-101]. Using inhibitors, complex decay patterns were also seen in yeast [102], but more 
recent pulse-chase assays did not reproduce this and yielded substantially shorter half-lives [55]. To 
measure mRNA decay in future, it should be possible to label mRNAs with 5-ethynyl uridine, chase, and 
then sequence labeled RNAs, as described in [72].  

Decapping and degradation of the body of the mRNA 
Note 38: This enzyme, which the authors unfortunately named Dcp2, is clearly not the major decapping 
enzyme since it has poor activity on the complete modified cap; moreover its depletion has no effect on 
trypanosome multiplication [100, 103, 104], whereas all other components of the constitutive pathway are 
essential. 

Note 39: Intriguingly, XRNA depletion led to accumulation of an aberrantly spliced version of the EP 
procyclin mRNA [100]. This is however a single observation which remains to be confirmed, and no such 
effect was seen for a few other mRNAs [63, 105]. Re-examination of transcriptome data could reveal 
whether or not mRNAs with alternative 5'-UTRs accumulate after XRNA depletion. 

Regulation of mRNA decay and translation 
The role of untranslated regions 
Note 40: The published estimates of 300-500nt [32, 33, 106] are probably under-estimates since potential 
polyadenylation sites that were many kb from the end of the ORF were generally not considered during the 
annotation. The estimate of the number of possible bound proteins is a lower estimate, since it is based on 
the 30nt occupancy of PABP. PABP has 4 RRM domains, but many kinetoplastid RBPs have only a single 
RNA recognition motif (RRM) or CCCH (CX8CX5CX3H) domain, so could recognise only 3-5 bases [107-
109]. Pumilio (Puf) domain proteins usually recognise 7-8 bases [110-112].  

Environmental adaptation and differentiation 
Note 41: Diverse growth-inhibitory in vitro treatments of long slender T. brucei result in at least partially 
differentiation-competent stumpy-like cells, with varying subsets of the expected mRNA changes [3, 113-
117], but so far no in vitro stumpy-formation protocol has been able to mimic fully the process that is seen 
inside a mouse [118]. Growth-inhibitory treatments of procyclic forms can also cause a partial switch 
towards bloodstream-form gene expression (e.g. [119]), but it is difficult to tell whether such responses are 
biologically meaningful, unless the cells are then able to grow as bloodstream forms. 

Note 42: The prozyme and enzyme subunits of S-adenosylmethionine decarboxylase are both required for 
enzyme activity. Repression of prozyme mRNA translation by high levels of decarboxoylated S-
adenosylmethionine depends on the presence of the enzyme subunit [120]. A catalytically inactive version 
of the enzyme suffices for repression but here is currently no evidence for a direct enzyme-mRNA 
interaction [82]. A microarray analysis documented increases or decreases in expression of 138 mRNAs in 
response to addition of guanosine to late log-phase procyclic forms. Repression of expression of the NT8 
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purine transporter mRNA by guanosine or hypoxanthine, or in early log phase, required the presence of a 
60nt putative stem-loop in the 3'-UTR [121]. 

Regulation by RNA-binding proteins 
Note 43: The mRNP includes cap-binding proteins, PABPs, various other RBPs bound to the mRNA, and 
other proteins that interact with them. Proteins that bind to the 5'-UTR or coding region (including the EJC) 
will be swept away by ribosomes, whereas those on the 3'-UTR may persist through numerous rounds of 
translation. Associations depend on the binding affinities and intracellular concentrations of RBPs, and the 
number of available target sequences. The behaviour of an mRNA will depend on the combined effects of 
all bound proteins, which will in turn be affected by the age and poly(A) tail length of the mRNA. Changes in 
binding of just one protein may well not suffice to change RNA fate. Unfortunately, it has so far not been 
possible to isolate individual mRNAs in sufficient purity and yield to identify the specifically-bound RBPs. 
Instead, we have to rely on incomplete information from studies of individual RBPs. A Puf domain binds a 
single base, but the presence of 7-8 Puf domains ensures RNA specificity [110].  RRM and CCCH domains 
recognise only 3-5 bases [107-109]. Consequently, in order to have specificity for particular mRNAs, at 
least two RRM or CCCH domains must be present in a protein or protein complex. 

Note 44: To find all proteins that were bound to mRNAs in bloodstream forms, cells were UV-treated to 
create protein-RNA cross-links. Proteins were then identified after purification of poly(A)+ mRNA under 
very stringent conditions [83] (supplementary TAble S1). Several of the bound proteins - including some 
which are metabolic enzymes - lacked known RNA binding domains, but the functions of these in gene 
expression are not yet known. Results from tethering [82, 83] are incomplete since in some cases, only 
protein fragments were assayed. 

Cell-cycle regulation 
Note 45: Data for RNA binding and tethering are from T. brucei. T. cruzi ZC3H39 is associated with 
ZC3H40, and with an RNA helicase, a possible translation elongation factor, release factor ERF1, and a 
few other proteins. It is found in mRNP granules in stressed epimastigotes [122]. A potential binding 
sequence, AAACAA, was suggested for the 3'-UTRs of target mRNAs, but the complete list of RNA targets 
was not supplied, enrichment of the motif relative to unbound RNAs was not assessed, and the role of the 
sequence in ZC3H39 binding to mRNAs was not tested [122]. 

Procyclic-form-specific mRNAs 
Note 46: RBP10 has poly(Q) regions which might mediate protein-protein interactions or aggregation. A 
yeast 2-hybrid screen yielded too many potential binding partners to be interpretable. This could be 
because RBP10 is prone to aggregation, as seen after over-expression of the protein in procyclic forms 
[123]. Interactions of RBP10 were also investigated using proximity biotinylation (BioID), after expression of 
a BirA fusion in procyclic forms [123]. More than 180 proteins were identified as putative interactors, 
including several implicated in mRNA pathways [123]. Comparison of the BioID results with those from 
RBP10 affinity purification [124] yielded a few common interaction partners, including CAF40 and some 
proteasome subunits, but the two-hybrid results did not overlap.  

Note 47: Expression of the bloodstream-form-specific repressor RBP9 in procyclic forms prompted a switch 
towards a bloodstream-type transcriptome [123], but our preliminary results (unpublished) for RNA binding 
and RNAi in bloodstream forms do not support a role in developmental regulation. Pull-down of T. cruzi 
RBP9 from exponentially growing epimastigotes revealed association with numerous RNA-binding proteins, 
both PABPs, and EIF4G5 [125]. 

Note 48: Bloodstream forms lacking ZFP1 were capable of surface protein exchange during differentiation, 
but could not reposition the kinetoplast towards the nucleus [126]. RNAi targeting ZFP2 reduced procyclin 
expression, morphological changes, and subsequent growth in differentiating monomorphic cells; over-
expression also resulted in abnormal morphology [127]. It would be interesting to re-examine ZFP1 and 
ZFP2 function in pleomorphic parasites. Over-expression of ZFP3 in bloodstream forms accelerated EP 
procyclin expression during differentiation [128]. In procyclic forms, over-expression resulted in elongation 
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of the posterior part of the parasites [128]. RNA binding by ZFP3 was examined, first using a candidate 
approach and later with a microarray. ZFP3 indeed associates with the EP procyclin 3'-UTR [128], and this 
requires both the UA(U)6-containing regulatory 26mer and a 16mer that promotes translation [129]. Neither 
RNAi nor over-expression affected the of ZFP3 abundances of EP and procyclin mRNAs, but at the protein 
level, an increase in EP at the expense of GPEET was seen [129]. This could well be indicative of a switch 
from early to late procyclic forms. A microarray analysis, however, showed that ZFP3 also associates with 
many other mRNAs that are not regulated during any analysed transition [130]. 

Note 49: The "early" phenotype can be maintained by glucose deprivation or addition of glycerol to the 
medium and is prevented by hypoxia, by RNAi that inhibits pyruvate catabolism, and by inhibiting the 
mitochondrial alternative oxidase [131, 132]. Conversely, GPEET expression was promoted by alternative 
oxidase over-expression [133]. A sequence that overlaps with the 26mer of GPEET mRNA specifies this 
regulation [131, 132]. It is not known what this element responds to - a metabolite, or perhaps levels of 
oxidative stress? The role of the cytosolic terminal uridylyl transferase TUT3 is not known. The only other 
candidate, TUT4, is cytosolic by cell fractionation (R. Aphasizhev, Boston University, personal 
communication) but a GFP fusion localises to mitochondria [134]. 

From procyclic to metacyclic forms. 
Note 50: In cultured bloodstream and procyclic forms, there is approximately one RBP6 mRNA for every 2 
cells [89].  Although recombinant RBP6 interacts with repeats of AUUU but not AUCU [135], these were the 
only sequences tested and its RNA targets in vivo are not known.  

Note 51: Possible epimastigote- or metacyclic-specific RNA-binding proteins are DRBD6, PUF5, PUF11, 
and SLBP1 and, in some datasets, RBP7. The fact that induced expression of PUF5 in procyclic forms 
inhibited growth [136] could indicate a role in differentiation. 

Note 52: Ectopic expression of myc-tagged DRBD13 slightly increased levels of three bloodstream-form 
specific mRNAs including VSG [137]. If DRBD13 represses RBP6 expression the opposite would be 
expected. However changes in mRNA levels were all less than 1.5-fold. 

Abundant mRNA-binding RBPs with unclear functions. 
Note 53: In bloodstream form T. brucei, UBP1 and UBP2 appear to bind to and stabilise the mRNAs 
encoding the cyclin-F-box-containing proteins CFB1 and CFB2. UBP2 also accentuates developmental 
regulation of pyruvate transporter mRNAs [138]. Studies with RNA homopolymers indicated that T. cruzi 
UBP1, UBP2, and the single-RRM RBPs 2-6 had differing sequence preferences [139], and a limited 
survey of mRNAs bound to UBP1 and RBP3 [140] also suggested some targets. However, comprehensive 
studies are missing for these proteins, and screening results relied on relatively insensitive microarrays. 
While T. cruzi RBP3 bound to ribosomal protein mRNAs  [140], ten completely different bound targets were 
found for the T. brucei version [141]. A microarray after RBP3 RNAi did not reveal any changes in gene 
expression [141]. 

Note 54: The AATP11 mRNA has two RBP10 binding sites; deletion analyses suggest that these may 
contribute to, but are not sufficient for, down-regulation in bloodstream forms [142]. The same RNA also 
binds to DRBD3 in procyclic forms, and is destabilised by DRBD3 depletion. The DRBD3 binding sites are 
towards the 3'-half of the 3'-UTR [143], which appeared, from deletion analyses, to be needed for a high 
procyclic-form mRNA level [142]. 

Stress responses and ZC3H11 
Note 55: Stress granules are thought to form by a phase-separation mechanism which is assisted by poly-
Q tracts and disordered regions in some of the component proteins [144, 145]. Aggregation can be 
inhibited by arginine methylation [146]. SCD6, a universal granule component, suppresses translation in 
Opisthokonts, preventing formation of 48S complexes [147] and binding eIF4Gs via RGG motifs [148]. 
Methylation of those motifs enhances the repression [149].  

Note 56: The fact that translation inhibition stabilizes mRNAs has often been interpreted to mean that the 
degradation depends on an unstable protein factor. Although this may well, in some cases, be true, 



 9 

evidence from translation inhibitors alone alone cannot be used to draw the conclusion. Cycloheximide 
causes ribosomes to build up on the mRNA; puromycin results in the formation of RNA-protein granules 
[150] and may induce stress because of a build-up of protein fragments [119]. One publication showed that 
stopping translation of the reporter under investigation, by adding a stem-loop in the 5'-UTR, did not have 
the same effect as inhibitor treatment [151], but even there, a stress response is not ruled out. Even if an 
unstable protein is involved in mRNA decay, it could just be one of the decay enzymes - for example, the 
stabilities of ALPH1 and XRNA are not known. Interactions between termination factors or initiation factors 
with the decay machinery are also likely.   

Note 57: The five T. brucei genes encoding the major cytosolic HSP70 [152] are present as a tandem 
repeat at least 74kb from the transcription start site. (It may be further since the genome assembly 
collapses tandem repeats.) Very severe heat shock also inhibits mRNA processing [153]. The authors 
thought that processing of HSP70 mRNA continued at high temperature [154] because the 
precursor:mature ratio for tubulin mRNAs increased, whereas the same ratio for HSP70 mRNA did not. 
This is however probably because tubulin mRNAs are degraded, while HSP70 mRNAs have increased 
stability.  

Chromatin immunoprecipitation results showed that a 41°C heat shock caused a 1.5-3-fold increase in the 
pull-down of several different DNA segments with histone H3. This may suggest that the loss of 
transcription is caused by - or results in - chromatin compaction. Exceptionally, association of histone H3 
with the HSP70 genes was 12-fold increased. The duration of the heat shock is not given, but if it was (as 
for the other experiments) 1 h, the increased pull-down of HSP70 is at odds with the idea that their 
transcription continues because they are a long way away from the start site [155]. On the other hand, 
nuclear run-on results suggested strong inhibition of HSP70 gene transcription within 45min at 41°C [156]. 
GRO-Seq labeling experiments [72] could be used to address these contradictory results. 

Note 58: RNAi targeting MKT1 was lethal in bloodstream forms but did not affect growth or 
survival of procyclic forms after heat shock. Although it is possible that ZC3H11 acts on 
chaperone mRNAs without needing MKT1 in procyclic forms, it is more likely that the low levels of 
MKT1 that remain after RNAi are sufficient. Attempts to delete both MKT1 genes or both ZC3H11 
genes in procyclic forms failed (our unpublished results and [157]). 

Note 59: Upon over-expression, T. brucei SCD6 aggregates via the LSm domain, and the RGG domain 
promotes formation of larger granules [158]. 

The odd behaviour of mRNAs encoding ribosomal proteins 
Note 60: Median values are as follows: 

 Bloodstream 
ribosomes/kb 

Procyclic 
ribosomes/kb 

Bloodstream 
half-life, min 

Procyclic 
half-life, min 

ribosomal protein RNAs 2.3 2.0 >120 >240 

All other RNAs  2.7 6.5 12 19.7 

Other with RNAs  with  
t1/2 >30 min 

4.3 14.0   

Only one copy each of repeated or similar genes was considered. Data are from [89, 159]. 

The discrepancy is particularly obvious in procyclic forms, which also show a much stronger relationship 
between ribosome occupancy and mRNA half-life than bloodstream forms. 

Note 61: Ribosomal protein mRNAs were depleted in pull-downs of UBP1 and PUF2 [160], ZC3H32 [161], 
ZC3H30 [162], TRRM1 [163] and DRBD13 [137], but all of these datasets showed bias towards long RNAs 
in the bound fractions. 

Regulating the regulators 
Note 62: PMRT1  and consists of catalytically active and proenzyme subunits [164]. Proteins that are 
potentially associated with PRMT1 include DRBD13, TRRM1, RBSR1, SCD6 and ALPH1 [165]. However 
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only a few proteins altered their association with mRNA in the absence of PMRT1, the most notable effects 
being decreased association of EIF4G5, G5IP, PUF11, RBP35 and DRBD17. 
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