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Chapter 1
RNA Polymerases and Transcription Factors
of Trypanosomes

Arthur Gunzl

Abstract RNA synthesis in trypanosomatid organisms deviates substantially from
what we see in model organisms. In these parasites, protein-coding genes are
arranged in long tandem arrays that are polycistronically transcribed by an unre-
solved mode of transcription initiation. Moreover, the African Trypanosoma brucei
has evolved a multifunctional RNA polymerase I system which it employs for pre-
rRNA synthesis as well as for transcription of specific gene units encoding its major
cell surface antigens. Additionally, the trypanosomatid RNA polymerase III sys-
tem, by relying mostly on bidirectional tRNA gene promoters, exhibits clear
differences to other eukaryotic systems. Interestingly, annotation of completed
trypanosomatid genomes revealed only a small subset of basal transcription factors
(BTFs), which suggested that trypanosomes have a simplified transcription machin-
ery. Recent research, however, has demonstrated that trypanosomes possess
extremely divergent orthologs of most BTFs and that these factors deviate in
many aspects from their human counterparts; they are the focus of this chapter.

1.1 Introduction

Trypanosomatids represent a phylogenetically early diverged, protistan family of
parasites which include the human-pathogenic Trypanosoma brucei, Trypanosoma
cruzi, and Leishmania major (“Tritryp”). The transcriptional processes in these
organisms differ substantially from those described in the model systems of human
cells and of the budding yeast Saccharomyces cerevisiae. In the model systems, the
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2 A. Giinzl

three canonical nuclear RNA polymerases (pols) I, II, and III perform distinct tasks:
RNA pol I transcribes exclusively the large ribosomal gene units (RRNA) in the
nucleolus, RNA pol II all protein-coding genes and some small RNA genes, and
RNA pol IIT genes encoding tRNAs, 5S rRNA, and remaining small RNAs.
Transcription is typically monocistronic and each gene includes specific transcrip-
tion initiation and termination sites. In each case, conserved basal transcription
factors (BTFs) bind to core promoters, recruit RNA pols to specific transcription
initiation sites (TISs), and facilitate correctly initiated transcription. Conversely,
trypanosomatid protein-coding genes are organized in long tandem arrays, which
are transcribed polycistronically with transcription initiation at these arrays appar-
ently not depending on classical promoters and BTF assembly. Furthermore, the
African trypanosome 7. brucei has evolved a multifunctional RNA pol I system,
which, in addition to rRNA synthesis, is utilized for the transcription of specific
protein-coding gene units. Finally, small nuclear and cytoplasmic RNA genes are
transcribed by RNA pol III from unique, bidirectional tRNA gene promoters.

Polycistronic as well as RNA pol I-mediated transcription of protein-coding
genes in trypanosomes is based on an atypical mode of mRNA processing in which
polycistronic precursor RNAs are resolved into individual mRNAs by spliced
leader (SL) trans splicing and polyadenylation. In frans splicing, the capped 5’
terminal region of the small nuclear SL. RNA, referred to as the SL or mini-exon, is
transferred onto the 5’ end of each mRNA. SL #rans splicing is therefore a
posttranscriptional capping mechanism which is in contrast to the co-transcriptional
capping mode in yeast and higher eukaryotes. In those systems, the mRNA capping
enzyme physically interacts with the carboxy-terminal domain (CTD) of the largest
RNA pol II subunit RPB1 (from here on referred to as “CTD”) and cotranscrip-
tionally caps pre-mRNA (Bentley 2005). This enzyme association has two
consequences: pre-mRNA is exclusively synthesized by RNA pol II, because the
capping enzyme does not associate with other RNA pols, and protein-coding genes
are transcribed monocistronically because the capping enzyme requires a free 5’
end. However, in trypanosomatids, SL trans splicing uncouples capping from RNA
pol II transcription thereby eliminating the requirement for a free RNA end as well
as enabling RNA pol I to productively express functional mRNA. This difference
between trypanosomatids and other eukaryotes becomes apparent when the RRNA
promoter is used to express a reporter gene. In the mouse system, this experiment
yielded virtually no reporter protein despite high transcription rates (Grummt and
Skinner 1985), whereas in trypanosomes the RRNA promoter directed the expres-
sion of functional mRNA and very high reporter levels (Zomerdijk et al. 1991;
Rudenko et al. 1991).

Transcriptional studies in trypanosomatids first focused on promoter character-
izations. These studies were conducted more than a decade ago and have been
reviewed several times since, most recently by Martinez-Calvillo et al. (2010),
Giinzl et al. (2007), and Palenchar and Bellofatto (2006). Promoter structures will,
therefore, only be briefly discussed in this chapter. In contrast, our knowledge of
RNA pol subunits and transcription factors stems predominantly from recent
research. While the largest RNA pol subunits were identified early on (Kock et al.
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1988; Jess et al. 1989; Evers et al. 1989; Smith et al. 1989a, b), the first transcription
factor was only characterized in 2003 (Das and Bellofatto 2003). Since then, RNA
pol complexes and several transcription factors have been characterized in detail,;
together they currently account for an impressive repertoire of 80 proteins
(Tables 1.1 and 1.2). Finding such a large number of transcriptional proteins was
unexpected because annotation of the completed TriTryp genomes (Berriman et al.
2005; El Sayed et al. 2005; Ivens et al. 2005) revealed only very few orthologs of
known transcription factors. Now we know that these factor sequences are extremely
divergent from their eukaryotic counterparts, which has made bioinformatic identi-
fication nearly impossible. Thus, most of the transcriptional proteins were identified
biochemically as part of protein complexes. The advent of tandem affinity purifica-
tion technology enabled efficient protein complex isolation at nearly physiological
conditions and in amounts that could be analyzed by liquid chromatography—tandem
mass spectrometry (LC/MS/MS) (Rigaut et al. 1999; Giinzl and Schimanski 2009).
While the original method proved to be effective for some transcription complexes,
most transcription factors were purified by a modified approach, which depended on
a new epitope combination, termed PTP, that was specifically developed for the
isolation of complexes from transcriptionally active extracts (Schimanski et al.
2005b). Most of these studies were carried out on T. brucei and therefore the
trypanosome transcription machinery is the focus of this chapter.

1.2 RNA pol II Transcription

Except for gene units encoding the major cell surface antigens variant surface
glycoprotein (VSG) and procyclin in T. brucei, trypanosomatid RNA pol II
transcribes protein-coding gene arrays, which also contain genes encoding small
nucleolar RNAs and, as recently shown, a single tRNA gene (Aeby et al. 2010). The
only other known RNA pol II transcription unit is the SL RNA gene (SLRNA).

1.2.1 RNA pol I

Across eukaryotes, RNA pol II consists of 12 highly conserved subunits termed
RPB1-12. The two largest proteins RPB1 and RPB2 form the catalytic core, the
subunits RPB3, 10, 11, and 12 represent an assembly platform of the enzyme, while
the remaining subunits have specialized functions in the transcription process. The
subunits RPBS, 6, 9, 10, and 12 are shared between all three eukaryotic RNA pols,
whereas there are paralogous subunits of the other seven subunits in RNA pols I and
III. RPB1-12 are highly conserved with orthologs present in archaea (Werner
2007), and therefore all of them could be identified in silico in the Tritryp genomes
(Table 1.1) (Kelly et al. 2005). Interestingly, trypanosomatids harbor two divergent
sets of the shared subunits RPBS, 6, and 10, and due to trypanosomatid-specific



A. Giinzl

SWOURF 12071.4q " [ 3Y} UL PIJEIOUUE UQ 10U SBY QU3 )/ F ¥ UL,

soseqeep gqdAnii]/g@ousn dy) Ul paynuapl U3 10U Sey U3 ) LIquInu UoIssadde TFON,

surojoxd uewny Aty Jo $dZIs A 0 puodsariod jou op sFofoyio swosouedAn ayy jo sozrs juoredde oL,

QINJB[OUSWIOU UBWNH,

s3ooyiio prewosouedAn 03 syur] opraoxd s9jIsqam 95y} ‘QUAS OB J0,] ‘PIIID SIAqUINU UOTSS0e M S1o'gqdAniiy//:dyy pue 310

"GRUID) mMmm//:d1IY T8 PAAILIIOI 9 UBD $90UINDIs PIOE OUIWE PUE 9PHOJ[ONN “PIZLISIORIRYD/Paynuap! A[[ejuswiiodxa usaq aaey (.8 ur pajySiysy sursjorq

OLTT'T°LC64AL

uddd

$000°LS T14L

gdy

«S811°20°119L,,

L019dd

TL91S6 dX 00LS'10°T1AL 081570 T14L

,6L-POIN 7dSL 6ddd

0967+ LT64L 0801°'1°LT64L 06L5TO'T14L

SL-POIN 1dSL 8ddy

0LTT11T'609L 0092 19°019L 0609°'10°T14.L

LL-PPIN SAAL Lddd

01SE+ LT6AL

08¥€T LT6AL 0v6¥20' 1141 0SLLTO'TIAL 0LSST'0T°LT6AL 06v€ ¥ LT6AL
T-TSIAL 9L-POIN abed, & AVL/I-VIIAL oddy
08S€T'LT6AL 0£P0°€0'T1AL 0¥$9'8°LT6AL 0r8¥'01°LT64L 0TEET01'LT6AL
1-ZSIAL SL-PPIN abrd, T-VIIAL sadd
009C°20'114.L 09€7°8°LT6AL 0061°0L°014L 0LOL'01°LT6AL 0LTS'€'LT6AL
ISIAL AR tsd, £dVNS pddd
0795°€"LT6AL 0LIS€ LT6AL 00T1°10°119L 016€°S'LT6AL 00S5°€"LT6AL
onds 1ovd €L-POIN 0094, TZdVNS cddy
06£71°01°LT64L 0£0€+'LT6AL 0865°8°LT64L 0IST117'604L 018E+'LT6AL
1d¥SS 1OVd TL-PPIN adx 0SdVNS ddd
00¥L'8'LT6AL

0€81°10'T14L 0SELT0'T1AL 001$°€LT6AL 0TTH091'604.L 0S651°01°LT6AL 0205 +'LT6AL
caad 1L-PPIN adx qIdL paUL 1949

s10U30 L-PON HITAL qrdL VAL dVNS/PdaL 11 1od YN

s1030ey uondriosuer pue syrunqns [ [od YN 129149 [ T° dqeL


http://www.GeneDB.org
http://www.GeneDB.org
http://TritrypDB.org

1 RNA Polymerases and Transcription Factors of Trypanosomes 5

Table 1.2 T. brucei RNA pol I/pol III subunits and transcription factors

RNA pol I* CITFA RNA pol III* TFIIIB TFIITA/TFIIIC
RPA1 CITFA-1 RPC1 BRF1 ?
Tb927.8.5090 Tb11.47.0010  Tb927.10.2780 Tb11.03.0670
RPA2 CITFA-2 RPC2 TRF4
Tb11.03.0450 Tb09.211.3440  Tb927.1.540 Tb927.10.15950
RPC40 CITFA-3 RPC40 putative BDP1
Tb927.10.15370  Tb11.47.0008  Tb927.10.15370 Tb927.10.7840
RPA14° CITFA-4 putative RPC17°
2 Tb11.01.0240  Tb927.3.2700
RPB5z CITFA-5a RPB5
Tb927.10.13310  Tb927.8.4030  Tb927.10.13320
Tb927.8.4080

RPB6z CITFA-5b RPB6
Tb11.03.0935 Tb927.8.4130  Tb927.4.3490

Tb927.4.3510
TbRPA31¢ CITFA-6 RPC25
Tb927.10.3540  Tb927.5.970 Tb11.01.4820
RPBS CITFA-7 RPBS
Tb11.02.5790 Tb927.7.2600  Tb11.02.5790
RPA12 DYNLL1 RPC11
Tb11.01.2190 Tb11.50.0007  Tb927.10.15150

Tb11.0845

RPB10z RPB10°
Tb927.3.1250 “Tb11.02.1185”
RPC19 RPC19
Tb11.01.0625 Tb11.01.0625
RPB12 RPB12
Tb927.1.1170 Tb927.1.1170
RPA49 putative ‘RPC82’
2 Tb927.2.2990
RPA34 putative ‘RPC53’
2 Tb09.211.2090

putative ‘RPC37’
Tb11.02.0970
putative ‘RPC34°
Tb927.3.3910

RPC31
?

Proteins highlighted in gray have been experimentally identified/characterized. Nucleotide and
amino acid sequences can be retrieved at http://www.GeneDB.org and http://TritrypDB.org with
accession numbers cited. For each gene, these websites provide links to trypanosomatid orthologs
“Yeast nomenclature

<9 indicates that a trypanosome ortholog has not been found

““Putative” indicates weak sequence conservation

9TbRPA31 is potentially the ortholog of the yeast RPB7 paralog RPA43

°The RPBI10 gene has not been annotated in the T. brucei genome
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sequence insertions in one set the corresponding subunits were termed RPB5z, 6z,
and 10z (Kelly et al. 2005; Nguyen et al. 2006). RNA pol II was tandem affinity
purified in 7. brucei (Devaux et al. 2006; Das et al. 2006) and L. major (Martinez-
Calvillo et al. 2007), and across these three studies LC/MS/MS identified all
subunits as part of the enzyme. Due to RNA pol I and III characterizations (see
below), it became clear that RNA pols II and III share RPBS5, 6, and probably 10,
whereas RPB5z, 6z, and 10z are specific subunits of RNA pol I (Martinez-Calvillo
et al. 2007; Walgraffe et al. 2005; Nguyen et al. 2006).

Besides a high degree of sequence divergence in its subunits, trypanosome RNA
pol II does not appear to differ from its human/yeast counterpart. The exception is
the largest subunit RPB1. An early observation was that trypanosomes, in contrast
to other eukaryotes, harbor two RPBI genes that are located on different
chromosomes. Although the amino acid sequence encoded in the two genes differed
only in four positions, it was hypothesized that trypanosomes harbor two RNA pol
II enzymes with distinct essential functions (Evers et al. 1989; Smith et al. 1989b).
This scenario proved to be wrong because three of the four RPBI alleles could be
deleted without affecting parasite viability in culture (Ruan et al. 2004). A more
striking difference is located in the CTD. Conserved from some protists to humans,
the CTD contains 15-52 repeats of the heptad sequence YSPTSPS. Dephosphory-
lation of the serine residues in this motif directs recruitment of RNA pol II to core
promoters, while their phosphorylation transforms RNA pol II into an elongation-
competent enzyme (Buratowski 2009). However, the trypanosome CTD lacks this
motif raising the possibility that trypanosome RNA pol II transcription does not
depend on CTD (de-)phosphorylation. Accordingly, CTD phosphorylation in other
eukaryotes leads to the binding of RNA processing machinery, including capping
and splicing complexes, whereas trypanosome mRNA processing is not coupled to
RNA pol II transcription (Stewart et al. 2010). On the other hand, trypanosome
RPB1 including the CTD is phosphorylated (Chapman and Agabian 1994; Nett
et al. 2009) and it was recently shown that deletion of the larger part of the CTD
abolished RNA pol II transcription (Das and Bellofatto 2009).

1.2.2 SLRNA Transcription

SL RNA, the SL donor in the frans splicing process, is a key molecule in trypano-
some gene expression because all mRNAs are frans spliced and SL RNA is
consumed in the process. Therefore, trypanosomes need to continuously express
large amounts of this small nuclear RNA to sustain viable levels of gene expression.
This importance and the fact that SL RNA is a parasite-specific RNA without
counterpart in mammalian and arthropod hosts of trypanosomes has made SL
RNA biogenesis a research focus and SLRNA the best characterized transcription
unit of the parasites.

SLRNAs are tandemly repeated on 7. brucei chromosome 9 and there may be up to
100 SLRNAs per array according to hybridization experiments (de Lange et al. 1983;
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Nelson et al. 1983) although only 28 repeats were annotated in the 7. brucei genome
(Berriman et al. 2005). Each SLRNA is transcribed in a monocistronic fashion by RNA
pol II (Gilinger and Bellofatto 2001) from a concrete TIS and with a T-stretch as
termination signal (Sturm et al. 1999). The SLRNA promoter is conserved among
trypanosomatids and consists of a bipartite upstream sequence element (USE) and an
initiator element at the TIS (Fig. 1.1a) (Hartree and Bellofatto 1995; Giinzl et al. 1997,
Nunes et al. 1997; Yu et al. 1998; Luo et al. 1999).

In eukaryotes, transcription initiation by RNA pol II invariably depends on a set
of BTFs, which bind to a core promoter, recruit RNA pol II to a defined TIS, open
up the DNA strands at the TIS, and enable the enzyme’s escape from the promoter.
The protein complex that assembles at the core promoter is known as the
preinitiation complex (PIC) and is comprised of RNA pol II and the six BTFs
TFIIA, TFIB, TFID/TBP, TFIIE, TFIF, and TFIH (recently reviewed by
Thomas and Chiang 2006; Sikorski and Buratowski 2009). PIC assembly and
transcription initiation have been meticulously studied in protein-coding genes
and function as follows: The initial core promoter contact is made by TFIID,
which consists of TBP and up to 15 TBP-associated factors (TAFs). TFIIA,
which comprises two subunits, then binds to TBP stabilizing the DNA—protein
interaction. TBP binding leads to strong DNA bending allowing TFIIB to enter the
PIC. The single polypeptide TFIIB is of central importance to PIC formation
because it directly interacts with RNA pol II and positions the enzyme at the correct
TIS. TFIIB also binds to TBP and to the DNA on both sides of the TATA box
forming a bridge between core promoter and enzyme. RNA pol II that interacts with
TFIIB is associated with the bipartite TFIIF and is transcription elongation incom-
petent because the transcriptionally important CTD is dephoshorylated. To start up
the polymerase, the interacting TFIIE and TFIIH are needed. TFIIH is a large
complex consisting of a core of seven subunits, including the two helicases
Xeroderma pigmentosum B (XPB) and XPD, and of an additional cyclin-activating
kinase (CAK) subcomplex of three subunits. The helicase activity of TFIIH opens
up the DNA strands at the TIS, and its kinase activity phosphorylates the CTD
enabling RNA pol II to transform into an elongation-competent enzyme and escape
from the promoter. TFIIE consists of two subunits and is important for TFIIH
recruitment and function.

As mentioned earlier, the SL RNA is a small nuclear RNA. PIC formation at small
RNA gene promoters was shown in the human system to be nucleated by a dedicated
factor, termed small nuclear RNA-activating protein complex (SNAP,) (Henry et al.
1995; Yoon et al. 1995). While human SNAP, consists of five subunits, only three of
these factors are essential and conserved in other eukaryotes (Li et al. 2004). PIC
formation at small RNA genes is less well understood than at protein-coding genes
but an in vitro analysis in the human system demonstrated that TFIIA, TFIIB, TFIIE,
and TFIIF are essential for transcription of this gene class (Kuhlman et al. 1999).

Annotation of the completed Tritryp genomes in 2005 revealed only the try-
panosome TBP homolog, termed TBP-related factor 4 (TRF4), and the TFIIH
helicases XPB and XPD (Ivens et al. 2005); the claimed identification of cyclin-
dependent kinase 7 (CDK?7) in the same study is most likely incorrect (see below).
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Fig. 1.1 Schematic depiction of T. brucei promoters and transcription factors. Transcription
initiation sites (TISs) are represented by flags and essential promoter elements by black boxes.
Gray boxes indicate promoter elements that are important only in vivo. Furthermore, RNA pols are
drawn as rectangles and RNA pol I, 11, and III transcription factors as gray, black, and white ovals,
respectively. (a) SLRNA promoter consisting of a bipartite upstream sequence element (USE) and
an initiator (Inr). The preinitiation complex assembling at the SLRNA promoter consists of RNA
pol II, TRF4/SNAP./TFIIA, TFIIB, TFIIH/E, and mediator (Med-T). The arrow points to position
—90 relative to the TIS which is the minimum promoter length required for full transcriptional
activity. (b) RNA pol I promoters. The VSG ES promoter is short and consists of only two
sequence domains whereas the two nearly identical procyclin promoters GPEET and EPI as
well as the RRNA promoter have four distinct domains resembling the RRNA promoter of yeast.
T. brucei RRNA promoter domain III has not been mapped and, as discussed in the text, RRNA
promoter domain IV resembles the SLRNA USE in opposite direction indicated by the arrow
(rUSE). Although there is no obvious sequence similarity among the three different promoters
CITFA binds to all of them. (c) Depiction of the threonine tRNA gene (trRNAT")/U6 snRNA gene
association in 7. brucei. The U6 promoter elements include the A and B boxes of the upstream
tRNA gene as well as an intragenic control element (ICE) downstream of the TIS. TFIIIB binds to
the A box, whereas it is unclear how SNAP, interacts with RNA pol III genes
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This suggested that trypanosomatids either have a strongly reduced BTF repertoire
or that BTF sequences are too divergent to identify in silico. In the latter case, an
analysis of SLRNA transcription factors would depend on biochemical and genetic
experiments. The pioneering work, conducted in the trypanosomatid Leptomonas
seymouri by the research group of Dr. Vivian Bellofatto (New Jersey Medical
School, USA), used conventional chromatography and an electrophoretic mobility
shift assay to purify a tripartite factor that specifically interacted with the SLRNA
USE. One of the two proteins that were identified in this study by mass spectrome-
try was a clear ortholog of human SNAPS50, an essential SNAP, subunit, whereas
the second protein appeared to be parasite specific in sequence (Das and Bellofatto
2003). TRF4 was the second factor found to play a role in SLRNA transcription,
since TRF4 expression silencing in T. brucei resulted in a decrease of SL RNA
abundance (Ruan et al. 2004). Subsequently, tandem affinity purification of
SNAP50 and TRF4 in T. brucei identified a larger, SLRNA USE binding complex
that consisted of a tripartite SNAP., TRF4, a clear ortholog of the smaller TFIIA
subunit (TFITA-2), and a sixth protein whose sequence conservation was too weak
for an unambiguous assignment as the larger TFIIA subunit and thus may equally
well represent a TAF (Das et al. 2005; Schimanski et al. 2005a, b).

TRF4/SNAP./TFIIA has been implicated in transcriptional regulation. The com-
plex binds to the SLRNA USE most likely through its SNAP2 subunit, also known as
tSNAP42, because it contains divergent myb domains by virtue of which its putative
human ortholog SNAP190 binds the proximal sequence element of small RNA
genes (Das et al. 2005; Schimanski et al. 2005a; Hernandez 2001). Interestingly,
under certain stress conditions such as prolonged interference with endoplasmic
reticulum function, trypanosome SNAP, falls apart: SNAP2 dissociates from the
SLRNA promoter and accumulates in the nucleus whereas SNAP50 and the third
SNAP, subunit, SNAP3 or tSNAP26, become degraded. This response leads to
effective and specific inhibition of SLRNA transcription and therefore was termed
SL RNA silencing (Lustig et al. 2007). It was speculated that SL RNA silencing
leads to programmed cell death to “eliminate unfit parasites from the population”
(Goldshmidt et al. 2010). In this regard, it is interesting to note that in T. brucei the
most distal domain of the RRNA promoter, in opposite direction, resembles the
SLRNA USE, binds SNAP50 in vitro, and is in part functionally interchangeable
with the SLRNA USE (Schimanski et al. 2004a). These findings suggest that SNAP,,
dissociation in SL. RNA silencing would also affect RRNA transcription, but
28S rRNA amounts dropped only somewhat during the silencing period (Lustig
et al. 2007).

The identification of a clear TFIIA subunit in the TRF4/SNAP./TFIIA complex
was surprising because it suggested for the first time that trypanosomes do harbor
BTFs for RNA pol II transcription initiation, and it triggered in silico searches for the
key factor TFIIB. An extremely divergent TFIIB ortholog was finally identified in
T. brucei and shown to be recruited to the PIC, to be essential for SLRNA transcrip-
tion, and to interact with both RNA pol II and TRF4 (Palenchar et al. 2006;
Schimanski et al. 2006). TFIIB has two functional domains: the N-terminal part
consists of a zinc ribbon domain and a novel structure termed a B finger that, by
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reaching into the active center, takes hold of RNA pol II (Bushnell et al. 2004). The
C-terminal part harbors a tandem cyclin domain for the interaction with TRF4 and
promoter DNA (Nikolov et al. 1995; Tsai and Sigler 2000). In trypanosome TFIIB,
the zinc ribbon domain and a putative B finger are present, although there are clear
differences at the amino acid sequence level. Unfortunately, the N-terminal domain
did not fold appropriately in solution and therefore could not be structurally analyzed
so far (Ibrahim et al. 2009). In contrast, the C-terminal TFIIB domain, which also
deviates substantially from its eukaryotic counterparts, formed stable monomers and
was amenable to crystallographic analysis. At 2.3A this analysis produced the first
high resolution structure obtained from a trypanosomatid transcription factor and
revealed several unique structural elements that are not present in human TFIIB
(Ibrahim et al. 2009). Importantly, this study demonstrated that the high degree of
sequence divergence found in trypanosome BTFs confers structural differences.
The identification of TFIIA and TFIIB as essential SLRNA transcription factors
suggested that a PIC is formed at the SLRNA promoter and that trypanosomes have
a full complement of highly divergent BTFs. Accordingly, expression silencing of
the TFIIH subunit XPD and a corresponding in vitro transcription analysis unam-
biguously demonstrated that TFIIH is essential for SLRNA transcription (Lee et al.
2007; Lecordier et al. 2007). The subsequent biochemical characterization of the
TFIIH complex revealed a full core complex of seven subunits and two additional
bona fide subunits which were trypanosomatid specific in sequence and therefore
termed trypanosomatid-specific protein 1 (TSP1) and TSP2 (Lee et al. 2009).
Although there is no direct evidence yet, it is likely that TSP1 and 2 are the
orthologs of the two TFIIE subunits 3 and a, respectively, and that in trypanosomes,
TFIIH and TFIIE form a single, stable complex because of the following reasons:
(i) Like their putative counterparts in humans and yeast, TSP1 and 2 were indis-
pensable for RNA pol II transcription (Lee et al. 2009); (ii) trypanosomatid TSP2s,
like all known TFIIE« orthologs, harbor an invariant, internal C,C, zinc finger; and
(iii) the known interaction of TFIIE and XPB (Maxon et al. 1994) correlated with
the finding that the TSPs become part of TFIIH together with XPB. In addition,
solving the TFIIH structure by single particle electron microscopy (EM) and
comparing 3D reconstructions of human and trypanosome TFIIH revealed extra
protein densities in the trypanosome core domain which resembled the molecular
structure of human TFIIE (Jawhari et al. 2006; Lee et al. 2009). Most interestingly,
trypanosome TFIIH lacked a CAK subcomplex because its subunits do not belong
to the well-characterized trypanosome kinome (Parsons et al. 2005) or harbor the
invariant N-terminal C3HC4 RING finger domain of the CAK subunit MAT1 and
because the TFIIH structure lacked the CAK-characteristic knob of human TFIIH
(Schultz et al. 2000; Lee et al. 2009). This finding supported a previous comparative
genomics analysis which predicted that early diverged protists, whose CTD does
not contain the heptad motif, lack CDK7 (Guo and Stiller 2004). Hence, if CTD
phosphorylation is important for transcription initiation in trypanosomes, as it is in
all other eukaryotes analyzed so far, then it has to be conducted by a TFIIH-
independent kinase. This would be a first mechanistic difference in RNA pol II
transcription initiation between mammalian/yeast and trypanosome systems.
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While trypanosome TFIIH is not associated with a kinase, it interacted with another
protein complex of at least nine subunits. Again, this complex proved to be indispens-
able for SLRNA transcription in vivo and in vitro but this time the amino acid
sequences were so divergent that they did not reveal the identity of the complex
(Lee etal. 2010). However, the multisubunit nature of the complex, its association with
TFIIH, and its transcriptional importance raised the possibility that it might be a
trypanosome mediator complex. Mediator has been characterized in humans and
yeast and consists of ~25 subunits with a combined mass of >1 MDa comprising
four distinct domains, namely head, middle, tail, and CDK8 modules. Mediator has
been predominantly characterized as a coactivator linking a DNA-bound activator via
a protein bridge to the PIC (reviewed by Malik and Roeder 2010). Recently though, it
has emerged as a seventh BTF because studies in yeast demonstrated that, in vivo, this
complex has a basal function in transcription of the majority of genes (Takagi and
Kornberg 2006; Takagi et al. 2006). Thus far, mediator was shown to interact with
TFIIH, RNA pol II, and TBP, and to be important for TFIIB and TFIIH recruitment
into the PIC (Baek et al. 2006; Esnault et al. 2008; Cai et al. 2010). The single-particle
EM analysis of the trypanosome complex (Med-T) revealed a structure strikingly
similar to the head module of yeast mediator which resembles pliers with a “handle”
and a flexible “jaws” domain (Lee et al. 2010). Moreover, ChIP assays demonstrated
that, as expected for mediator, Med-T was essential for the recruitment of TFIIH and
TFIIB to the SLRNA promoter (Lee et al. 2010). Interestingly, identification of Med-T
is based on structural and functional data only because Med-T sequences are so
divergent that a similarity to yeast/human mediator head subunits could still not be
established. Nevertheless, this study represented the first characterization of a protistan
mediator complex, it showed that the basal transcription function of mediator has
evolved very early in eukaryotic evolution, and it represented the first demonstration in
any system that mediator is essential for the transcription of a small nuclear RNA gene.

Overall, the BTFs for SLRNA transcription now comprise 25 distinct proteins
(Table 1.1) invalidating the notion that the basal transcription machinery of
trypanosomatids is simplified (Ivens et al. 2005). Trypanosome BTF sequences
are extremely divergent from their nontrypanosomatid orthologs, which is why they
were not identified in standard genome annotation. This sequence divergence is
most likely a direct consequence of a strongly reduced set of PIC formation sites in
the trypanosome genome, diminishing evolutionary constraints. It should be kept in
mind that the SLRNA promoter is the only characterized RNA pol II promoter in
kinetoplastids thus far, and it currently is not known whether protein-coding gene
transcription requires PIC formation.

1.2.3 RNA pol Il Transcription of Protein-Coding Genes

One of the most contentious questions in trypanosome research has been how
transcription initiation of RNA pol II is achieved for protein-coding genes. In
contrast to other systems, it has not been possible to characterize a promoter for



12 A. Giinzl

nucleosome
H2AZ
H2BV

”»
”, L

Y
:‘ . H3K4I’T‘IE!3 . ‘\
£y ’

&

L/ “ " \‘
‘®‘ HaK10ac '®‘
’ . G .
; . K N

o v, H3ac S “

& Y

-
’ Y . Y
0 . ’ .
# ? ) ’? -
g u v . .

O JdddH

Fig. 1.2 Schematic drawing of a divergent strand switch region (dSSR). In ChIP-seq experiments,
two broad peaks of open chromatin marks (dashed lines) are present within a dSSR, and there are
multiple TISs for transcription in both directions over a broad region. Factor BDF3 appears to be
linked to open chromatin marks. Binding of TRF4 and SNAP, was detected by ChIP-on-chip
experiments in L. major, but binding sites and functional roles in protein-coding gene transcription
remain to be established for those factors. Similarly, a dSSR sequence element involved in
transcription has not been identified so far. Open boxes mark genes on both strands

coding gene transcription; the two putative promoters that have been described in
T. brucei, one for an actin gene (Ben Amar et al. 1991) and one for a heat shock
protein 70 gene (Lee 1996) did not reveal concrete TISs and the promoter functions
could not be reproduced in another study (McAndrew et al. 1998). However, careful
nuclear run-on analyses on microarrays in L. major have established that transcrip-
tion in trypanosomatids is predominantly initiated in divergent strand switch
regions (dSSRs; Fig. 1.2) in which tandem gene arrays are arranged head to head
(Martinez-Calvillo et al. 2003, 2004). In L. major, dSSR sequences were partially
successful in driving reporter gene expression although transcription appeared to
initiate at several sites and promoter elements were not identified (Martinez-
Calvillo et al. 2003). Interestingly, recent genome-wide mapping of histone variants
and modifications established that there are typically two clear peaks of open
chromatin marks within a dSSR most likely facilitating transcription initiation in
both directions (Respuela et al. 2008; Thomas et al. 2009; Siegel et al. 2009; Wright
et al. 2010). Single peaks also occur within polygenic arrays typically when tRNA
genes disrupt protein-coding gene arrays. It is thought that tRNA genes block RNA
pol II and necessitate re-initiation of RNA pol II transcription (Marchetti et al.
1998). The open chromatin marks comprise the two H2 histone variants H2AZ and
H2BYV and the modifications H3K4-trimethylation, H4K 10 acetylation, and general
histone 3 acetylation. The two open chromatin peaks per dSSR suggest that
transcription is unidirectional and that this directionality is guided by a DNA-
binding factor. However, no clear motif conservation could be found in dSSRs
except for short, central GC-rich elements in L. major (Martinez-Calvillo et al.
2003) and longer G-runs in T. brucei (Siegel et al. 2009). It has been speculated
that the G-rich regions, by adopting a special secondary structure known as G
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quadruplexes, bind factors that direct transcription or alternatively, that the G-runs
provide a transcriptional barrier ensuring unidirectional transcription toward the
gene array (Siegel et al. 2009). Interestingly, in a recent transcriptome study,
primary, unspliced transcripts were enriched and analyzed by RNA-seq allowing
the determination of putative TISs in dSSRs (Kolev et al. 2010). The TISs were
located predominantly in the regions of open chromatin marks corroborating the
notion that transcription initiation requires open chromatin. Moreover, in most
instances there were clear peaks of read alignments within dSSRs suggesting that
transcription initiation is sequence determined and not random although transcrip-
tion initiation was bidirectional and occurred over a broad region resembling
transcription initiation from mammalian CpG promoters (Carninci et al. 2006;
Kolev et al. 2010). One possibility is therefore that dSSRs do harbor degenerate
core promoter sequences that so far have escaped bioinformatic detection.

Not much is known about the transcription factor requirement for protein-coding
gene transcription because PIC formation at dSSRs has not been demonstrated.
However, a ChIP-on-chip analysis in L. major provided evidence that transcription
from dSSRs may depend at least on some BTFs because SNAP50 and TRF4
appeared to be enriched right upstream of acetylated histone H3 peaks within
dSSRs (Thomas et al. 2009). In addition, it was shown in T. brucei that the essential
bromodomain containing factor 3 (BDF3) co-localized with H4K 10ac in the nucleus
and cross-linked to open chromatin peaks (Siegel et al. 2009). Since BDFs, in
general, function in nucleosome remodeling, histone modification, and transcrip-
tion, it is likely that BDF3 has an important role in protein-coding gene transcription.

The polygenic arrays can span more than 1 Mb, and therefore, transcription of
such long units depends on high processivity of RNA pol II. The latter is typically
conferred by transcription elongation factors that enable RNA pol II to overcome
transcription arrests. One such factor is TFIIS and trypanosomes have two diver-
gent paralogs of this factor, termed TFIIS1 and TFIIS2 (Uzureau et al. 2008). While
an analysis of a combined knockdown of genes encoding both factors indicated a
synthetic lethal phenotype, it remains to be shown whether these elongation factors
associate with RNA pol II and increase the enzyme’s processivity. Another impor-
tant factor for effective RNA pol II transcription in trypanosomatids appears to be
the chromatin remodeler FACT (“facilitates chromatin franscription”). Human
FACT consists of the larger subunit SPT16 and the smaller subunit SSRPI
(Orphanides et al. 1999), and it can promote effective RNA pol II transcription
elongation by dislocating histone H2A-H2B dimers (Belotserkovskaya et al. 2003;
Belotserkovskaya and Reinberg 2004). Trypanosome orthologs of the two subunits
have been identified and shown to be encoded by essential genes (Patrick et al.
2008). Interestingly, both subunits could be cross-linked to the retrotransposon
SLAC (spliced /eader-associated conserved sequence) which specifically invades
SLRNAs (Aksoy et al. 1987; Carrington et al. 1987) and uses the SLRNA promoter
for transcription. In contrast, FACT was not associated with SLRNAs indicating that
the retrotransposon sequence modifies the SLRNA promoter such that RNA pol II
binds FACT. This interaction may increase RNA pol II processivity because it is
associated with the transformation from a T-stretch-terminating enzyme to one that
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effectively elongates through the SLAC open reading frames (Patrick et al. 2008).
This role of FACT in RNA pol II processivity appears not to be restricted to SLACs
because in L. major isolation of RNA pol II led to the mass-spectrometric identifi-
cation of the larger FACT subunit, suggesting that a major fraction of RNA pol 11
complexes in trypanosomatids comprises FACT (Martinez-Calvillo et al. 2007).
Besides SLRNA and protein-coding genes, RNA pol II transcribes a single tRNA
gene (Aeby et al. 2010) and arrays of genes encoding small nucleolar RNAs
(Dunbar et al. 2000; Liang et al. 2005). These small RNA genes are not transcribed
from dedicated promoters like SLRNAs, rather they are part of the protein-coding
gene arrays. Accordingly, their primary transcripts appear to be processed equiva-
lently to pre-mRNA by trans splicing and polyadenylation (Kolev et al. 2010).

1.3 'The Multifunctional RNA pol I System of 7. brucei

1.3.1 Transcription Units and Promoter Structures

T. brucei lives freely in the blood of its mammalian host and uses antigenic
variation of its dense VSG cell surface coat as its main strategy to evade the
immune system. The coat, consisting of ~107 identical molecules, shields invariant
membrane proteins and appears to be the only protein recognized by the humoral
immune system (Ziegelbauer and Overath 1993; Schwede et al. 2010). The parasite
harbors more than one thousand VSG genes but to ensure a homogenous coat, all
VSG is expressed from a single gene in a monoallelic fashion. A switch to the
expression of a different VSG gene then results in a glycoprotein coat of different
antigenicity. The single VSG gene is expressed from one of about 15 telomeric
expression sites (ESs), which are polycistronic transcription units of 45-60 kb,
containing several ES-associated genes and a single VSG as the last gene of the
array (Hertz-Fowler et al. 2008).

Early on, it was noticed in bloodstream trypanosomes that VSG transcription was
resistant to the RNA pol II inhibitor o amanitin, whereas transcription of other
protein-coding genes was o amanitin-sensitive, suggesting that the parasite
employed RNA pol I for VSG transcription (Kooter and Borst 1984). Later, this
notion was confirmed when it was demonstrated that RNA pol I depletion in vivo by
RNA interference or in vitro by immunoprecipitation specifically and clearly
affected RRNA and VSG transcription but not RNA pol II transcription of protein-
coding genes or of SLRNAs (Giinzl et al. 2003).

In T. brucei, RNA pol I-mediated transcription of protein-coding genes is not
restricted to VSG ESs. During the parasite’s life cycle it is also used to express
procyclin in procyclic, insect-stage trypanosomes and VSG in metacyclic
trypanosomes, the mammalian-infective forms in the tsetse fly. Procyclin, the
major cell surface antigen in procyclics, is essential for efficient fly infection
(Ruepp et al. 1997) and thought to protect against digestive enzymes in the fly
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midgut (McConville and Ferguson 1993). There are two types of procyclin
characterized by internal dipeptide (EP procyclin) or pentapeptide (GPEET
procyclin) repeats. Procyclin genes reside in two chromosome-internal loci as
parts of polycistronic transcription units (Roditi and Clayton 1999). In metacyclic
trypanosomes, VSG is monoallelically expressed from special metacyclic (m)VSG
ESs that are monocistronic (Donelson 2003).

The promoters of these RNA pol I transcription units have been characterized in
detail; they are structurally different and share no obvious sequence homology.
Nevertheless, they can be divided into two structural classes (Fig. 1.1b): the RRNA
and the two nearly identical GPEET and EP! procyclin promoters form one class
by extending to ~250 bp upstream of the TIS and consisting of four distinct domains
(Sherman et al. 1991; Brown et al. 1992; Janz and Clayton 1994) similar to the well-
characterized yeast RRNA promoter. In contrast, the VSG and mVSG ES promoters
are very short and possess only two upstream elements residing within 67 bp of the
TIS. Interestingly, these elements are different in size and located at different
positions, and only in the mVSG ES promoter does the sequence around the TIS
seem critical for transcription, suggesting that VSG and mVSG ES promoters
function differently (Vanhamme et al. 1995; Pham et al. 1996; Ginger et al.
2002). There is also a clear difference in domain IV of RRNA and procyclin
promoters (Fig. 1.1b): transcription competition experiments unexpectedly
revealed that adding an excess of RRNA promoter DNA to extract effectively
inhibited RNA pol II-mediated SLRNA transcription (Laufer and Gtuinzl 2001).
The competition result was specific for the RRNA promoter due to its domain IV
which was found to resemble the USE of the SLRNA promoter in opposite orienta-
tion. And indeed, the SLRNA and RRNA USEs were to some extent functionally
interchangeable and the RRNA USE bound, according to SNAP50 immuno-
detection, the SNAP complex in vitro (Schimanski et al. 2004a). Although this
interaction remains to be verified in vivo, it suggests that the RRNA promoter
directs RNA pol II transcription in the opposite direction to RRNA transcription
and that the SNAP_-based silencing effect on SLRNA transcription under certain
stress conditions (see above) concomitantly affects RRNA transcription. This is an
attractive possibility because it would enable the parasite to regulate global gene
expression simultaneously at the level of translation (ribosome biogenesis) and
mRNA maturation (SL RNA synthesis). The USE sequence is specific to the RRNA
promoter and not found in the procyclin promoters.

1.3.2 RNA pol I and the Class I Transcription Factor A

Transcription of the active VSG ES takes place in a DNase-resistant, extranucleolar
compartment termed expression site body or ESB (Navarro and Gull 2001). There-
fore, during the T. brucei life cycle, RNA pol I is not only recruited to four
structurally different promoters but, in the bloodstream form, it is also sequestered
into two different nuclear compartments, the nucleolus and the ESB. It has been
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speculated that this unprecedented versatility of the T. brucei RNA pol I system
requires specific pol subunits, factors, or protein domains (Nguyen et al. 2006) but
all deviations found in the 7. brucei RNA pol I machinery so far, including the
specific set of subunits RPB5z, 6z, and 10z (see above), are conserved among all
trypanosomatids (Table 1.2). In an initial partial purification of RNA pol I, it was
found that the second largest subunit, RPA2, was unusually large. The subsequent
cloning and sequencing of this subunit revealed a unique ~28 kDa-large N-terminal
extension domain which is conserved only among trypanosomatids and not present
in RPA2s of other eukaryotes or in trypanosomatid RPB2 and RPC2 paralogs
(Schimanski et al. 2003). The functional role of this domain is not known and
besides a serine-rich region, the sequence did not exhibit known motifs. A better
characterization of RNA pol I was subsequently achieved by tandem affinity
purification which revealed enzyme complexes that overall contained eight
subunits but were not active, presumably because they did not contain the essential
subunit RPB6z (Walgraffe et al. 2005; Nguyen et al. 2006). Accordingly, tagging
the RPB6z subunit resulted in the purification of RNA pol I, which was active in
both nonspecific and promoter-dependent transcription assays (Nguyen et al. 2007).
This complex contained the eight previously identified subunits, RPB6z, and a tenth
subunit, termed RPA31, that is trypanosomatid specific in sequence and essential
for RNA pol I transcription in vivo and in vitro (Nguyen et al. 2007). Of the twelve
subunits which are either paralogs of RNA pol II subunits or shared with RNA pol
II, nine were biochemically characterized, whereas a tenth subunit, RPB12, has
only been identified in silico so far (Kelly et al. 2005). The two missing subunits are
the paralogs of the RNA pol II subunit doublet RPB4/RPB7, and it has been
hypothesized that trypanosome RNA pol I utilizes these subunits instead of RNA
pol I-specific paralogs (Kelly et al. 2005). Indeed, this appeared to be the case
because a small percentage of RNA pol I in extract co-precipitated RPB7, and
results from RPB7 expression silencing suggested that RPB7 is essential for RNA
pol I transcription (Penate et al. 2009). However, RPB7 was not detected in active
RNA pol I preparations, it did not cross-link to the VSG ES promoter or within the
18S rRNA coding region, and RPB7 immunodepletion from extract only affected
SLRNA transcription, but not VSG ES or RRNA promoter transcription (Park et al.
2011), suggesting that the published RNA pol I defects upon RPB7 silencing were
secondary in nature. Instead, RPA31 may be the RNA pol I-specific paralog of
RPB7 because, like its putative yeast counterpart RPA43, it is essential for tran-
scription and its recruitment into the enzyme complex depends on the presence of
RPB6z (Nguyen et al. 2007). Besides the twelve core subunits, yeast RNA pol 1
contains two additional specific subunits, termed RPA49 and RPA34. While
orthologs of these subunits have not been found in trypanosomes, purification of
active RNA pol I revealed protein bands of 27 and 29 kDa which are yet to be
identified (Nguyen et al. 2007).

The identification of RNA pol I transcription factors has been difficult in any
system because these “class I”” factors have dramatically diverged in eukaryotes due
to the fact that they interact only with a single type of promoter. Hence, it was no
surprise that orthologs of yeast and mammalian class I transcription factors could not
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be identified in trypanosomatid genomes. It took conventional multistep chroma-
tography to purify a VSG ES promoter-binding activity as well as a systematic
tagging approach to analyze proteins of the purified fraction to finally identify a
protein that was involved in RNA pol I transcription. Subsequent tagging and
tandem affinity purification of this protein isolated a complex of at least eight
subunits that was termed class I transcription factor A or CITFA (Table 1.2)
(Brandenburg et al. 2007). Seven of the proteins are only conserved among
trypanosomatids whereas the eighth subunit surprisingly turned out to be the dynein
light chain DYNLL1 (Brandenburg et al. 2007). In vivo and in vitro analyses showed
that CITFA is a basal factor for all RNA pol I transcription, and competition of a VSG
ES promoter gel shift indicated that CITFA binds to VSG ES, RRNA, and procyclin
promoters. Interestingly, these data also suggested that the procyclin promoter binds
purified CITFA with much lower affinity than VSG ES and RRNA promoters
(Brandenburg et al. 2007). Since reporter gene assays previously showed that the
procyclin promoter is ~5-fold less active in the bloodstream stage than in the
procyclic stage (Biebinger et al. 1996) and since the relative activity of the procyclin
promoter compared to that of the RRNA promoter was ~4-fold reduced in extract of
bloodstream trypanosomes as compared to extract of procyclics (Park et al. 2012), it
is likely that procyclics possess a specific transactivator that assists CITFA binding
to the procyclin promoter.

1.3.3 Monoallelic VSG Expression

While RRNA promoter transcription appears to be constitutive and procyclin
promoter transcription regulated during the life cycle, monoallelic VSG expression
in bloodstream trypanosomes is achieved by regulating individual VSG ESs on the
transcriptional level in the same cells. Telomeric silencing is a key mechanism in
restricting VSG transcription to a single ES because knockdowns of the genes
encoding the telomere-binding protein RAP1 (Yang et al. 2009), the histone
methyltransferase DOT1B (disruptor of telomeric silencing 1B) (Figueiredo et al.
2008), and the Sir2 homolog TbSIR21-rpl (Alsford et al. 2007) resulted in clear
derepression of silent ESs and, in case of RAP1 loss, in additional extranucleolar
RNA pol I foci. In these studies, however, derepression of ESs did not affect the
expression level of the active ES, which remained magnitudes higher than that of
derepressed ESs. These results, therefore, suggested that telomeric silencing pri-
marily prevents transcription, initiating at silent ESs at a low level (Vanhamme
et al. 2000), to reach the VSG gene and that additional mechanisms affecting
transcription initiation rates operate in the ES promoter region. One likely mecha-
nism is the formation of repressive chromatin at silent promoters because silent
ESs, in contrast to the active ES, are highly occupied by nucleosomes (Figueiredo
and Cross 2010; Stanne and Rudenko 2010) and because gene silencing of the
chromatin remodelers TbISWI (Hughes et al. 2007) and FACT (Denninger et al.
2010) as well as of the histone modifiers HAT1 (Kawahara et al. 2008) and DAC3
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(Wang et al. 2010) led to partial derepression of silent ESs. However, the rather
modest derepression levels in these studies and the fact that the active VSG is
transcribed at a rate that is ~50-fold higher than that of a B-tubulin gene (Ehlers
et al. 1987) suggest that a dedicated activation mechanism operates on the promoter
of the active ES. Accordingly, we could recently show for the subunit CITFA-7 that
this protein is concentrated in the nucleolus and the ESB and predominantly
occupies the promoter of the active ES. These results suggest a model in which
sequestration of CITFA confines productive RNA pol I transcription to these two
subnuclear compartments. In this context, the presence of the dynein motor subunit
in CITFA is intriguing because in other systems dynein light chains have been
implicated in sequestration and modulation of transcription factors (Kaiser et al.
2003; Yeh et al. 2005).

1.4 RNA pol III-Mediated Transcription of Small RNA Genes

The classic RNA pol IlI-transcribed genes are tRNA genes, the 5S rRNA gene, and
the U6 snRNA gene. These three gene types have structurally different promoters
and assemble different protein complexes. The tRNA gene promoter consists of two
sequence elements downstream of the TIS termed A and B box, the 5S rRNA gene
promoter of a larger intragenic control region, and the U6 snRNA gene of three
USEs termed distal sequence element, proximal sequence element, and TATA box.
While the tripartite TFIIIB is essential for all three types of promoters, its recruit-
ment into the RNA pol III PIC requires the multisubunit factor TFIIIC in tRNA
genes, TFIIIC and the single polypeptide TFIIIA in the 5S rRNA gene, and SNAP,
in the U6 snRNA gene (reviewed by Schramm and Hernandez 2002).

With the exception of SLRNAs and snoRNA genes embedded in the polygenic
protein-coding gene arrays, trypanosome RNA pol III appears to transcribe all
small RNA genes including the spliceosomal Ul, U2, U4, and U5 snRNA genes
which in humans and yeast are transcribed by RNA pol II. Trypanosome tRNA
genes, like their eukaryotic counterparts, possess A and B boxes that are required
for transcription (Nakaar et al. 1994). Interestingly, the U snRNA genes are always
arranged head to head with a functional tRNA gene or with a tRNA pseudogene in
which the A and B boxes are intact (Fig. 1.1c) (Mottram et al. 1991). Moreover, the
distance between A box and the TIS of the downstream snRNA gene was found to
vary only by 4 bp, being 104-107 bp in length across different snRNA genes and
trypanosomatid organisms (Giinzl 2003). These findings suggested a functional
association between tRNA and U snRNA genes and, indeed, functional analyses
demonstrated that the A and B boxes of the upstream tRNA gene were indispens-
able promoter elements for the transcription of the downstream snRNA gene
(Fantoni et al. 1994; Nakaar et al. 1994, 1997; Djikeng et al. 2001). In case of the
Ul snRNA gene, the tRNA A and B box elements are sufficient to drive snRNA
gene transcription (Djikeng et al. 2001), whereas in U2 and U6 snRNA genes, an
internal control region just downstream of the TIS represents a third essential
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promoter element (Fantoni et al. 1994; Nakaar et al. 1997). These snRNA gene
promoter structures are unique and it is unclear how the tRNA elements drive
transcription in the opposite direction. An attractive model states that TFIIIB-
induced DNA bending aligns the TIS of the snRNA gene with the PIC assembled
at the upstream A and B boxes, enabling bidirectional transcription from the tRNA
gene promoter (Nakaar et al. 1995).

Trypanosome RNA pol III subunits have been identified bioinformatically (Kelly
et al. 2005), and a biochemical analysis of tandem affinity-purified enzyme was
conducted in L. major (Martinez-Calvillo et al. 2007). The complex purification
revealed eight of the twelve core subunits as well as four subunits, which are likely
to be orthologs of the yeast RNA pol III-specific subunits although their sequences are
not well conserved (Table 1.2). Since bioinformatics identified the missing four core
subunits, only the yeast RPC31 subunit appears to be without ortholog in
trypanosomatids. RNA pol III transcription factors have not been investigated in
trypanosomes so far. However, TFIIIB appears to be conserved in trypanosomes.
Eukaryotic TFIIIB consists of the TFIIB-related factor / (BRF1), TBP, and B double
prime I (BDP1), previously also known as B” (Schramm and Hernandez 2002).
When the TRF4/SNAP./TFITA complex was isolated in 7. brucei, the BRF1 protein
was found to co-purify with TRF4 indicating that TFIIIB is conserved in
trypanosomes (Schimanski et al. 2005a). Accordingly, a protein which shares a
conserved SANT domain with eukaryotic BDP1 could be retrieved from
trypanosomatid genomes (Giinzl et al. 2007). In addition and as discussed earlier,
trypanosome SNAP, has been characterized. Although the trypanosome U snRNA
gene promoters have no resemblance to the eukaryotic U6 snRNA gene promoter,
ChIP experiments have indicated that SNAP, occupies U snRNA genes (Gilinger et al.
2004; Thomas et al. 2009). However, the interaction of SNAP, with these RNA pol I1I-
transcribed genes and with the SLRNA promoter must be different because promoter
pull-down assays and transcription competition experiments detected SNAP50 only at
SLRNA and RRNA promoters as discussed earlier (Schimanski et al. 2004b). The
trypanosome 5S rRNA gene promoter has not been characterized and TFIIIA and
TFIIIC have not been identified in trypanosomes yet. However, these factors are
present in all eukaryotes and it is most likely that the prevalent sequence divergence
of trypanosome transcription factors has prevented their identification thus far.

1.5 Conclusion

Research in the past 5 years established that trypanosomes harbor many proteins
that function in transcription. Nearly all of these proteins have orthologs in humans
and yeast but they are extremely divergent in sequence. This was unexpected
because other gene expression factors such as spliceosomal proteins are better
conserved (Giinzl 2010). Possibly, the divergence level is a direct result of fewer
PIC formation sites in the genome. The identification of so many transcriptional
proteins demonstrates that the basal transcription machinery of trypanosomes is not
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simplified as in archaea (Werner 2007), but as complex as in higher eukaryotes.
Thus, it can be anticipated that yet unidentified factors such as TFIIF, TFIIIA, or
TFIIIC are still hiding somewhere in the trypanosome genome. The trypanosome
transcription machineries are not only divergent, but the findings thus far suggest
clear mechanistic differences between trypanosomes and humans. These include
TFIIH-independent phosphorylation of RNA pol I CTD, the presence of dedicated
factors interacting with the structurally different RNA pol I promoters, the seques-
tration of RNA pol I into two different subnuclear compartments in bloodstream
T. brucei, and the genetic associations of tRNA and small RNA genes. Hopefully,
these differences will eventually be exploitable in an antiparasitic strategy. This is
not a remote possibility because with the exception of the functionally redundant
TFIIS paralogs, all transcriptional proteins investigated thus far were absolutely
essential for trypanosome viability.
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Chapter 2
SL. RNA Biogenesis in Kinetoplastids: A Long
and Winding Road

Nancy R. Sturm, Jesse R. Zamudio, and David A. Campbell

Abstract The spliced leader (SL) RNA is a defining element in the gene expres-
sion of kinetoplastids. The first 39 nt of this small RNA are ¢rans-spliced onto every
nuclear message, providing a unique hypermethylated cap and sequence elements
required for stability and translation. Transcribed from a large tandem array, the
journey that each primary SL transcript takes en route to splicing is marked by
molecular modifications. Methylation, pseudouridylation, and 3’-end nuclease
processing contribute to the mature product. The consequences of this elaborate
pathway are not understood fully, but may reveal distinctions that will make these
oft-parasitic organisms yield their foothold in the vertebrate host.

2.1 Introduction

The spliced leader (SL) RNA defines the 5’ end of every nuclear mRNA in
kinetoplastids, accounting for a huge chunk of transcriptional activity in the
cell (Haanstra et al. 2008). In a multistep process, these small transcripts
are extensively modified, including hypermethylation of the 5'-cap structure
m’Gpppm®®AmpAmpCmpm>Um referred to as cap 4, pseudouridylation at nucle-
otide 28, and removal of a 3'-extended tail (Bangs et al. 1992; Liang et al. 2002;
Sturm et al. 1999).
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The SL RNA is required for kinetoplastid gene expression because of the
strategy these organisms adopted for the generation of their mRNA. Transcription
of protein-coding genes is polycistronic, with processing to essentially typical
eukaryotic monocistronic mRNAs occurring through coupled trans-splicing and
polyadenylation. Trans-splicing allows the use of RNA polymerase I in addition to
RNA polymerase II for the synthesis of mRNA, as the mRNA cap structure is
provided to both by the capped SL RNA transcript. Under normal circumstances,
gene regulation at the level of transcription initiation is minimal, if at all, in these
organisms (Clayton 2002). The predominant absence of transcriptional control sets
the kinetoplastids apart from their host organisms and shunts the control of gene
expression further downstream in the chain of events. As such, mRNA processing
and stability, translation, and posttranslational signals functionally regulate the
levels of any particular protein (Lahav et al. 2011).

In this review of SL RNA biogenesis, we will follow the path of the SL RNA
from the gene to the mRNA. Although several steps in the process have been
characterized in recent years, much remains to be understood about the underlying
mechanisms.

2.2 Genomic Organization

The SL RNA genes in kinetoplastids are found in extensive head-to-tail tandem
arrays (Fig. 2.1) that are sometimes interspersed with 5S rRNA genes (Santana et al.
2001). Gene copy number is in the range of 100-200 (Aksoy et al. 1992), making
SL an excellent marker for kinetoplastid taxonomy (Murthy et al. 1992;
Westenberger et al. 2004; Maslov et al. 2007). The arrays are located in one to
two distinct nucleoplasmic locations proximal to the nucleolus (Dossin and
Schenkman 2005; Hitchcock et al. 2007; Uzureau et al. 2008). Among different
genera and/or species, the transcribed and nontranscribed regions of the array show
substantial sequence variation, except for nucleotides 1-6 and 21-39 of the SL.
Within a taxon, the active use of copy correction in the maintenance of gene and
array integrity is indicated by the prevalence of specific alterations throughout
given arrays, particularly in the intergenic regions, but also in the SL RNA gene
itself (Thomas et al. 2005). The presence of a self-cleaving ribozyme in a transcript
encompassing the SL RNA and 5S rRNA sequences of Diplonema papillatum hints
at further RNA function and activity derived from these multicopy repeats (Webb
et al. 2009).
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Fig. 2.1 Organization of the kinetoplastid SL RNA gene array. SL RNA genes are found as
tandem head-to-tail arrays in all kinetoplastid genomes. Conserved SL sequences are shown as
dark gray boxes and variable intron sequences are shown as light gray boxes. Transcription start
sites and termination sites are indicated by a line arrowhead and a hexagon, respectively. The
single line represents a variable length nontranscribed spacer that may contain a 5S ribosomal
RNA gene (solid arrowhead within rectangle) transcribed by RNA polymerase III in either
orientation relative to the SL RNA gene. SL RNA gene repeats representing the extremes of
length and all combinations of SL RNA and 5S rRNA are shown for the trypanosomatids
Herpetomonas samuelpessoai, Trypanosoma brucei, T. conorhini, the plant trypanosome
Phytomonas (phloem-restricted group), and the bodonids Bodo saltans and Dimastigella
trypaniformis

2.3 Transcription and Cotranscriptional Processing

2.3.1 Promoter

Two upstream elements drive SL RNA transcription by RNA polymerase II (Yu
et al. 1998; Campbell et al. 2003; Giinzl 2003; Palenchar and Bellofatto 2006;
Martinez-Calvillo et al. 2010). A third element referred to as an initiator was
defined in Leptomonas seymouri (Das et al. 2008), however it does not function
independently of other upstream elements in bona fide initiator fashion; the equiv-
alent sequences in L. tarentolae affect transcript stability, but not transcription
(Saito et al. 1994). The basal transcription factors, core small nuclear (sn) RNA
gene transcription factors, and the mediator complex (Lee et al. 2010) associated
with SL RNA gene transcription have been identified (Das et al. 2008; Giinzl
2010b; see Chap. 1 by Giinzl). The promoter and coding regions are free of
nucleosomes (Hitchcock et al. 2007), as anticipated for highly transcribed genes.
Under stress conditions, transcription of the SL RNA genes can be shut down, most
likely through the degradation of transcription factors, via a process termed spliced
leader silencing or SLS (Goldshmidt et al. 2010).

232 m'G( Cap 0) Formation

SL RNA is modified early in its synthesis by a trio of activities starting with RNA
triphosphatase TbCetl (Ho and Shuman 2001), followed by RNA
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Fig. 2.2 RNA modifications and secondary structure of the SL. RNA. (a) Chemical composition
of the hypermethylated cap 4, which includes the following modifications: m’G in the inverted cap
0 structure; 2'-O-ribose methylation of the first four transcribed nucleotides; 6’6A—dimethylation of
the first base; and *U methylation of the fourth base. The inset shows rotation of the uracil ring in
W¥,¢ formation from N1 to C5 relative to the C1 of ribose. (b) Secondary structure model of the
T. brucei SL RNA. Stem loops I, II, and III are indicated, as are the splice-donor site and the single-
stranded Sm-binding site. Cap 4 nucleotides are boxed

guanylyltransferase/(guanine N-7) methyltransferase, provided by the bifunctional
protein TbCgm1 specialized for SL RNA processing (Ruan et al. 2007; Takagi et al.
2007). Chromatin immunoprecipitation studies support cotranscriptional recruit-
ment resulting in the formation of the cap O structure on nascent SL. The precise
cellular localization and functional significance of what follows is the subject of
interest and debate, as studies of cap 4, the most extensive cap structure described in
any system (Fig. 2.2a), and other unique aspects of SL RNA maturation, are critical
for efficient function. Cotranscriptional cap 4 formation is championed by some
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(Mair et al. 2000; Hury et al. 2009), while others argue for dissociation of the
downstream methylations from RNA polymerase II activity (Zeiner et al. 2003a,
2004a; Zamudio et al. 2007).

2.3.3 Termination

A run of T nucleotides is the common downstream limit of the SL RNA gene, along
with many other small RNA genes. This T tract leads to attenuated termination of
transcription in L. tarentolae (Sturm et al. 1999) resulting in a primary transcript
with a 3'-polyuridylate tail. The poly(U)-binding protein La has minimal or no
effect on the maturation of the SL RNA (Foldynova-Trantirkova et al. 2005; Arhin
et al. 2005). The unpaired nucleotides at the 3’ end of the nascent SL RNA are
trimmed off later in SL RNA biogenesis.

In different kinetoplastids, the mature SL RNA transcript varies in size between
96 and 142 nt (Hitchcock et al. 2004) and folds into a secondary structure consisting
of three stem loops (Fig. 2.2b) that is common to SL RNAs from nematodes and
many other frans-splicing eukaryotes (Bruzik et al. 1988); exceptions to this
structural rule include the chordates Ciona and Oikopleura (Vandenberghe et al.
2001; Ganot et al. 2004) and the Perkinsus/dinoflagellate lineage (Zhang et al.
2007, 2011). The majority of the exon is single stranded (Harris et al. 1995), with
the loop of the first stem loop adjacent to the splice donor site. The second and third
stem loops, which can vary considerably in length and structure, flank a consensus
single-stranded Sm-binding site that is required for SL RNA maturation and
function.

Following cap O addition, the SL RNA embarks on a quest to obtain the
additional modifications required for its maturation. How the molecule is directed
through this pathway is largely undefined. The nonessential nature of the individual
cap 4 modifications was surprising (Arhin et al. 2006a, b; Zamudio et al. 2006,
2007); however, the cumulative effects of these methylations are subtle but poten-
tially vital in the natural setting (Zamudio et al. 2009a). An early step in maturation
involves an SL RNA processing complex specialized for Sm-protein independent
modifications in biogenesis.

2.4 Cap 1/Pseudouridylation

The activities of two SL RNA modification enzymes are linked in a molecular
complex (Zamudio et al. 2009b) that resides in or near the nucleolus.



34 N.R. Sturm et al.
2.4.1 Pseudouridylation

Pseudouridine (W) is a common RNA nucleotide modification resulting from the
rotation of a uridine base relative to its ribose ring (Fig. 2.2a inset). These
modifications are ubiquitous on tRNAs, snRNAs, and rRNAs, and optimize struc-
tural base-pairing interactions. The pseudouridylation at nucleotide 28 (W,g) of SL
RNA occurs prior to trans-splicing on the SL RNA substrate molecule, resulting in
the presence of this modification on every mRNA. When and where this modifica-
tion plays its biological role is unclear, but RNA-RNA interactions at both the
substrate and mRNA levels leave many options.

SL RNA pseudouridylation is directed by the small nucleolar (sno) RNA SLAI
(Watkins et al. 1994; Liang et al. 2002; Hury et al. 2009). SLA1 snoRNA is
transcribed with a group of three other small RNAs by RNA polymerase II (Roberts
et al. 1996, 1998; Xu et al. 2001), and possesses an unusual, but undetermined 5'-
cap structure (Watkins et al. 1994). Ablation of the pseudouridine synthase
TbCBFS5 eliminates ¥,g formation on SL. RNA and results in incomplete cap 4
formation (Barth et al. 2005); attempts at snoRNA silencing of the SLA1 RNA were
not successful (Liang et al. 2003b). Mutagenesis of the exon at position 28 yielded
no catastrophic phenotype (Sturm et al. 1998; Liang et al. 2002), however minor
effects cannot be ruled out. Colocalization of SLA1 RNA with the transcription
factor tSNAP42 is consistent with an early step in SL processing (Hury et al. 2009).

2.4.2 Cap 1 2'-O-Ribose Methylation

The enzyme catalyzing the cap 1 2’-O-ribose methylation in T. brucei, ToMTrl
(Zamudio et al. 2007), is a member of the Rossman Fold family of methyl-
transferases (Feder et al. 2003) that possesses a cap-binding domain (Mittra et al.
2008) and is the first of a series of enzymes responsible for formation of the
hypermethylated cap 4. TbMTrl methyltransferase activity is optimized for the
SL RNA primary sequence (Mittra et al. 2008), which is shared by the Ul snRNA
substrate at six of the first seven nucleotides. A related cap 1 methyltransferase was
confirmed subsequently in humans (Bélanger et al. 2010; Werner et al. 2011).
Although T. brucei cells can survive in culture without TbMTrl (Zamudio et al.
2007), the maturation profile of SL RNA shifts in its absence with the accumulation
of cap 0 and 3'-extended intermediates, indicating that movement through the
biogenesis pathway is hindered. The mRNA population in TbMTrl /" cells is
methylated at the remaining cap 4 positions, demonstrating that downstream cap-
ping activities are efficient once the substrate processing delay is overcome.
Accumulation of underprocessed SL RNA is not observed with knockout of the
downstream Sm-protein-dependent cap methyltransferases, supporting distinct
steps and localizations for maturation. Neither TBMTrl ~/~ mRNA stability nor
translatability is affected in TbMTrl '~ background (Zamudio et al. 2009a).
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Fig. 2.3 Early modification of the SL RNA is performed by a bifunctional complex. Composition
of the ribose-cap 1 methyltransferase/pseudouridylation-SLA1 snoRNA complex. The conserved
pseudouridylation complex consists of four proteins (Cbf5, containing the enzymatic activity;
Nop10; Garl; and Nhp2) and a boxH/ACA small nucleolar RNA (snoRNA) scaffold (Hamma and
Ferre-D’ Amare 2006). The SLA1 snoRNA provides specificity for the W,g modification by base
pairing with the SL RNA (Liang et al. 2002). Circled nucleotides in the SLA1 RNA indicate the
conserved box H; boxed nucleotides represent the AGA motif found in kinetoplastids rather than
the canonical ACA (Myslyuk et al. 2008). The cap 1 methyltransferase, TbMTr1, is thought to
associate with the pseudouridylation complex via the MTAP protein. Cap-binding activity of the
TbMTr1 is indicated by the double lines. Thus far, the SL RNA has not copurified with the
complex. Figure reproduced with permission from Zamudio et al. (2009b)

Furthermore, the remaining cap 4 2'-O-ribose methyltransferases cannot be deleted
from TbMTr1 ™/~ cells (Zamudio et al. 2009a), suggesting a lack of redundancy in
function.

Purification of complexes containing TbMTr1 revealed an association with the
pseudouridylation machinery (Fig. 2.3) that contains the SLA1 snoRNA as a
specific component (Zamudio et al. 2009b). Localization of a TbMTr1-GFP fusion
shows nuclear accumulation (Zamudio et al. 2007), but TbMTrl1 tagged with the
HA epitope results in a discrete spot within the nucleus that is likely to represent
the nucleolus (Zamudio, Sturm, and Campbell, unpublished data), consistent with
the typical pseudouridylation site within the cell, and possibly representing an SL
RNA processing center. Characterization of the TbMTr1/pseudouridylation com-
plex identified a component designated TOMTAP for methylransferase associated
protein that is required for the physical link between the two enzymatic activities.
This complex is specific to SL RNA processing as the SLA1 snoRNA, but not other
snoRNAs, is associated with the purified complex, and elimination of TbOMTAP
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reduces both SL RNA W, and cap 1 formation, but does not affect Ul snRNA cap 1
levels (Zamudio et al. 2009b). Initially, the TbMTr1/pseudouridylation association
was thought to be yet another kinetoplastid-specific development to accommodate
SL RNA processing; however, a homologous WD40-domain protein has been
linked to Cajal body localization of small Cajal body RNAs or scaRNAs in humans
(Tycowski et al. 2009).

Acquisition of early modifications involves the transporter exportin 1, or Xpol
(Zeiner et al. 2003a; Biton et al. 2006). TbXpol inactivation by the toxin
leptomycin B results in nuclear accumulation of S RNA that is trapped in a cap
0-modified and 3’-end extended state, and cell death. Given the localization of
TbMTrl and the SL RNA cap 0 phenotype in leptomycin B-treated cells, TbXpol
interaction with the SL. RNA appears to occur before the cap 1 methylation, and
suggests a function of TbXpol in the transport of the nascent transcript into the
nucleolus for the first set of posttranscriptional modifications, similar to its role in
U3 snoRNA trafficking (Boulon et al. 2004) rather than the proposed nuclear export
function that predicted a cytosolic localization of the cap 1 enzyme (Zeiner et al.
2004b). In mammals, Xpol binds to neither the 5’ cap nor the nuclear cap-binding
protein CBP20 directly (Ohno et al. 2000), implying that other players (such as
PHAX in humans) remain to be identified. Whether a putative cap-binding protein
is temporarily displaced by TbMTrl or replaced by another chaperone for
subsequent maturation steps is unclear.

2.5 Sm Association

The assembly of the heptameric Sm protein complex on the SL. RNA represents a
distinct stage in the maturation of substrate SL without which the molecule is
stalled at a cap 1, 3’-end extended form that does not participate in trans-splicing.
The composition of the SL RNP has been inferred by tandem-affinity tagging (Luz
Ambrosio et al. 2009; Palfi et al. 2009; Tkacz et al. 2010). The seven canonical Sm
proteins are associated with the SL RNA (Table 2.1). In contrast, variant SmD3
proteins Ssm4 and 16.5 K/Ssm2-2 are associated with the U4 and U2 snRNA,
respectively, the variant SmB protein 15 K/Ssm2-1 with the U2 snRNA (Wang
et al. 2006; Tkacz et al. 2007; Giinzl 2010a; Jaé et al. 2010). The question of where
this Sm-complex assembly occurs is controversial, with support on both the nuclear
and cytosolic sides of the argument.

The cytosolic trafficking model invokes the nuclear egress of substrate SL RNA
at the cap 1/3’-extended form to acquire the Sm-protein complex that then signals
reimport of the SL RNP into the nucleus for completion of SL maturation. Mutation
of the Sm-binding site (Sturm and Campbell 1999; Sturm et al. 1999) or knockdown
of an Sm subunit (Mandelboim et al. 2003; Zeiner et al. 2004a) yielded similar
immature/nonfunctional cytosolic SL. RNA species, supporting the transit of SL
RNA through the cytosol to acquire the Sm-protein complex in a manner analogous
to the pathway in humans (Neuenkirchen et al. 2008). Copurification of importin
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Table 2.1 Proteins involved in SL maturation

Sm-independent Sm assembly Sm-dependent

Cap 0 SMN Tb11.01.6640  Cap 2

TbCetl Tb927.3.2190  Gemin2 Tb927.10.5640 TbMTr2/TbComl/ Tb11.02.2500
TbMT48

TbCgml Tb927.7.2080 SmB Tb927.2.4540  TbMTr3/TbMT57 Tb09.211.3130

Cap 1 SmD3  Tb927.4.890 Cap 4

TbMTrl Tb927.10.7940 SmDI Tb927.7.3120  [TbMTr3?]*

[TbMT®°A] SmD2  Tb927.2.5850 [TbMT>U]

Wyg SmF Tb09.211.1695 3’ end formation

TbCBF5 Tb10.100.0060 SmE Tb927.6.2700  [poly(U) removal]

TbGarl Tb927.4.470 SmG Tb11.01.5915  TbSNIP Tb927.8.3710

TbNhp2 Tb927.4.750 PRP19  Tb927.2.5240
TbNop10 Tb10.70.2465
TbMTAP Tb11.01.8210

Other
TbXpol Tb11.01.5940

Square brackets [ ] represent proteins/activities that have yet to be identified
TbMTr3 may have dual activity including cap 4 ribose methylation

o with PTP-tagged SmB (Palfi et al. 2009) and SmD3 (Tkacz et al. 2010; Martinez,
Zamudio, Sturm and Campbell, unpublished) may be a footprint of a trafficking
pathway.

The nuclear Sm-assembly model was hypothesized as part of a cotranscriptional
processing scenario (Mair et al. 2000) and is supported by colocalizations within a
proposed SL RNP factory (Tkacz et al. 2007; Hury et al. 2009). The Sm-assembly
factor SMN localizes to the nucleus also (Palfi et al. 2009; Jaé et al. 2011),
consistent with nuclear Sm-complex formation. SMN specificity for assembly of
the SL RNP, but not the U2 snRNP, has been demonstrated (Palfi et al. 2009) and is
likely due to interaction of SMN with the canonical SmB/SmD3, but not the
corresponding Sm variants found in the U2 snRNP. Additionally, the trypanosome
SmB possesses a nuclear localization signal that is functional in human cells
(Girard et al. 2004). Under this scenario, assembly of the Sm complex within the
nucleus, likely after cap 1 2'-O-ribose methylation, would be required to transport
the immature substrate to the next stage of processing. In this model, the cytosolic
accumulation of SL RNA would be part of a turnover pathway for defective
molecules termed spliced leader discard or SLD (Lustig et al. 2007; Goldshmidt
et al. 2010). Conditional knockdown of the assembly factor SMN and the general
splicing factor PRP19 also results in incomplete cap 4 formation on the SL RNA,
but not cytosolic accumulation (Tkacz et al. 2010).
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2.6 Cap2/Cap3/Cap4/3’ Processing

2.6.1 Sm-Dependent Cap 2'-O-Ribose Methylation

Two related enzymes supply the cap 2'-O-ribose methylations at positions 2 and 3,
called TbMTr2 (aka TbCom1 and TbMT48) and TbMTr3 (aka TbMTS57), respec-
tively (Arhin et al. 2006a, b; Hall and Ho 2006; Zamudio et al. 2006). One
possibility is that TbMTr3 may catalyze the position 4 methylation as well (Arhin
et al. 2006a; Zamudio et al. 2006) as cap 3 is not seen in the absence of cap 4
in vivo; however, this remains to be demonstrated experimentally. In contrast to
TbMTr1, phylogenetic analysis suggests a common origin with the Vaccinia virus
cap 1 2'-O-ribose methyltransferase with subsequent specialization for modification
of downstream nucleotides (Feder et al. 2003).

Generally diffuse, nucleoplasmic localizations for both enzymes are indicated,
segregating their activities from that of the nucleolar TbMTr1/pseudouridylation
steps. The arguments for cotranscriptional cap 4 formation include the finding that
the position 2, 3, and 4 2/-O-ribose methylations did not appear on tethered, nascent
transcripts until the SL RNA length reached position 117 and beyond in T. brucei
(Mair et al. 2000). That position corresponds to the 3’-end of the Sm-binding site, so
if these truncated transcripts were released from the transcription apparatus, the
ability for the Sm-protein complex to form may have been the discriminating factor
for the subsequent methylation events. The spatial separation of the cap 1 TbMTr1
in the nucleolus and TbMTr2 and TbMTt3 in the nucleoplasm as well as different
processing defects upon cap methyltransferase depletion supports the original
observation that cap 4 formation occurs posttranscriptionally (Ullu and Tschudi
1995).

Procyclic T. brucei survive the loss of either or both ToMTr2 and TbMTr3 in
culture, and mRNA cap analysis determined that undermethylated substrate SL
RNA are comparable substrates for trans-splicing suggesting downstream function.
Consistently, translation rates decrease in proportion to the loss of cap methylation,
an effect further exacerbated when the cells are under stress (Zamudio et al. 2009a).
The basis for this reduction is unclear, but as stability of the SL. RNA is unaffected,
the answer could lie in reduced levels of cap recognition by the multitude of
trypanosome cap-binding proteins (Li and Tschudi 2005; Dhalia et al. 2005;
Yoffe et al. 2006) producing downstream effects on nuclear to cytoplasmic trans-
port and/or translation initiation. The consequences of reduced translation rates are
tolerated in the isolation of culture conditions; however, a cell population at such a
disadvantage would be eliminated in short order by their brethren with fully capped
SL.

SL RNA in L. tarentolae, T. brucei, and L. collosoma mutated in the central
portion of the exon present intriguing combinations of cap 4 phenotypes (Liicke
et al. 1996; Sturm et al. 1998; Xu et al. 2000) in light of the T. brucei capping-
enzyme deletion mutants. Transcripts with sequence alterations in the exon region
of nucleotides 10-29 are not recognized by TbMTr2 or TbMTr3. These transcripts
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are trans-spliced (Sturm et al. 1998), but are not loaded into polysomes (Zeiner
et al. 2003b). Since the cap 1 mRNA is translatable in T. brucei, the reason for the
absence of polysome formation on the mutated L. farentolae SL may not be a
function of cap recognition, but of base complementarity with the translation
machinery. Still, undermethylation suggests a delay in processing, possibly due to
defective recognition by the cap 2, 3, and 4 2/-O-ribose methyltransferases. Another
interesting possibility is the presence of a physical block on the cap 1 structure in
the L. tarentolae cells that cannot be removed to allow further cap processing or
translation in the exon-mutated lines. The presence of this block could be a useful,
and likely essential, element in the cytosolic trafficking scenario, in which substrate
SL could efficiently compete for mature mRNA, to the detriment of the translation
rate. Removal of the 5’ block upon re-entry into the nucleus would expose the 5’ end
to further cap 4 maturation and allow subsequent access by translation initiation
factors. Hence, exon mutagenesis disrupted recognition by the same machinery that
interacts with the central exon region, and the 5" block is not effectively removed. In
the nuclear Sm assembly scenario, shielding of the substrate SL RNA cap structure
would equally be a necessary precaution to prevent premature export of the
unspliced molecule.

2.6.2 3 Processing

Maturation of the SL RNA 3’ end involves the removal of the last 4-6 transcribed
nucleotides and is performed by a minimum of two nucleases. The identity of the
first of these enzymes is unknown. The final product is created by a general
nuclease, named SNIP for suRNA incomplete processing (Zeiner et al. 2004b),
that trims off the final nucleotide or two from a variety of snRNAs including the SL
RNA, where the mature end is defined by the base of stem loop III. Knockdown of
TbSNIP is lethal; however, the direct cause of this effect is unclear as multiple
substrates are affected. As 3’ processing does not initiate until after Sm-complex
formation, either some physical barrier exists to prevent association of the imma-
ture substrate SL and the 3’ nucleases, or the physical binding by the Sm proteins is
required for the stable formation of stem loop III and definition of the mature 3’ end.
If a spatial separation takes place within the nuclear environment or via partitioning
by the nuclear envelope remains to be determined.

2.6.3 Base Methylation

In addition to the 4 cap 2’-O-ribose methylations, the SL receives three additional
methylations, two on the first base (m6’6A), and one on the fourth that is unique to
kinetoplastids (m*U). The identity of the methyltransferases performing these
modifications is unknown, but their activity appears to follow a 5’-to-3’ polarity
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(Mair et al. 2000) and is reduced in the absence of the 2'-O-ribose methylations
(Zamudio et al. 2009a). Two candidate m®°A dimethyltransferases are present in
kinetoplastid genomes that are thought to act upon the ribosomal RNAs of the
cytosol and mitochondrion. If the nuclear enzyme also catalyzes base methylation
on the SL RNA remains to be determined. The likely nucleolar localization of this
enzyme for both SL RNA processing in tandem with cap 1 2/-O-ribose methylation
and ribosomal modification is consistent with a dual substrate function. The dis-
tinctive features that the substrates present to the enzyme, with this conserved
ribosomal modification found near the 3’ end of the small subunit versus the
extreme 5'-end position of the SL RNA site, cast some doubt on a combined action.
No specific candidates have come to light for the m*U methylation, but other
methyltransferases with undetermined specificities remain to be explored
experimentally.

2.6.4 Cap 4 Binding by CBP20

In mammalian cells the CBP20 component of the nuclear cap-binding complex
CBC is involved in transport of snRNAs to the cytosol. In trypanosomes, the
CBP20 homolog preferentially binds cap 4 over cap 0, suggesting its interaction
with the SL RNA is late in the biogenesis pathway (Li and Tschudi 2005). RNAi
inhibition of TbCBP20 results in the accumulation of the SL. RNA, suggesting it
functions in bringing the mature SL RNP to the site of frans-splicing (Li and
Tschudi 2005). By analogy with the mammalian homolog, TbCBC may accompany
trans-spliced mRNA to the cytosol (Li and Tschudi 2005). The interaction of
TbCBP20 with substrate SL, mRNA, or both SL forms remains to be demonstrated
in vivo.

2.7 Trans-Splicing

From the coding region perspective, the requirements for trans-splicing are defined
loosely as the presence of a GU splice-donor site in the SL RNA and two elements
in the pre-mRNA: an AG splice-acceptor site and an upstream polypyrimidine tract
(Matthews et al. 1994). Transcriptome analysis documents differential usage of
alternative splice acceptor sites for a large number of genes (Siegel et al. 2010;
Nilsson et al. 2010; Kolev et al. 2010), while experimental and computational
approaches should elucidate the mechanistic rules for the selection of specific
sites (Benz et al. 2005; Gopal et al. 2005; Siegel et al. 2005). These splicing events
have the potential to impact transcript translation through control of stability,
localization, and translatability based on the sequence present or absent from the
5" untranslated region of the mRNA. The much-anticipated development of an
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in vitro trans-splicing system (Shaked et al. 2010) will enable functional testing of
the trans-splicing mechanism.

Mechanistically, trans-splicing is similar to cis-splicing (Liang et al. 2003a; see
Chap. 3 by Jaé et al.) except that the SL. RNA itself appears to replace the Ul
snRNA as a component of the spliceosome. Any truly catalytic residues of SL RNA
have not been determined, but some of the intron residues in the vicinity of stem
loop II have been implicated. Exon-tagged SL that carry mutations in the 40—50 nt
region yield molecules that are processed accurately, but not trans-spliced in
L. tarentolae (Sturm and Campbell 1999). Various proteins copurify with tagged
Sm proteins representing spliceosomal snRNPs and general splicing factors (Luz
Ambrosio et al. 2009; Palfi et al. 2009; Tkacz et al. 2010). Unlike for the nematode
SL RNP (Denker et al. 2002; MacMorris et al. 2007), no proteins unique to the
kinetoplastid SL RNP have been identified so far.

2.8 Translation

The eukaryotic translation process begins with an interaction between the mRNA
cap and cap binding protein eIF4E, which displaces the CBC in higher eukaryotes.
Kinetoplastids follow this convention, but possess a wider array of eIFAE family
members with a variety of cap binding affinities for cap O through cap 4 (Clayton
and Shapira 2007; see Chapt. 9 by Shapira). Likewise, other proteins associated
with ribosomal loading have a multiplicity of homologs, potentially resulting in a
level of nuanced translational control not found in other eukaryotes. The other
participants in the eIF4F complex, eIF4G (Dhalia et al. 2005; Yoffe et al. 2009) and
elF4A (Dhalia et al. 2006), have six and two homologs, respectively. This shift in
gene expression control may be a functional consequence of the absence of
individual gene promoters in these organisms. Differential assembly of these
factors must use mRNA information beyond the SL, such as that contained in the
5'- and 3'-untranslated regions.

2.9 Conclusion

Production of the SL RNA is a major undertaking for kinetoplastids and has
evolved into an efficient, specialized process. From the hypermethylated 5’ end
through W,g formation, protein assembly, and the trimming of the 3’ end, each
molecule is shuttled through a chain of events that each play an important role in SL
substrate or mRNA function. The sheer quantity of RNA flowing through this
pathway makes the existence of devoted SL processing centers likely. As a strategy
in gene expression for eukaryotes, the trans-splicing of polycistronically tran-
scribed transcripts has either been retained or has emerged multiple times through-
out the tree of life with a remarkably low level of variation on the SL RNA theme
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(Nilsen 2001; Hastings 2005). Thus, kinetoplastids have not simply maintained an
archaic mode of genetic control, but have maximized the use of a viable pathway
and the downstream processes that characterize this group of widespread and highly
successful organisms.
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Chapter 3
Pre-mRNA Splicing in Trypanosoma brucei:
Factors, Mechanisms, and Regulation

Christian PreuBer, Nicolas Jaé, Arthur Giinzl, and Albrecht Bindereif

Abstract Processing of polycistronic pre-mRNAs in trypanosomes requires trans
splicing and polyadenylation of the primary transcripts to generate mature 5’ and
3’ ends of the mRNAs, respectively. Splicing is catalyzed by the spliceosome,
which contains the spliceosomal small nuclear ribonucleoprotein particles
(snRNPs) U1, U2, U4/U6, and US5, as well as the SL RNP, which is essential for
trans splicing. As in other eukaryotes, the trypanosomal snRNPs share a common
set of seven Sm polypeptides, which assemble in a ring-like structure on the
Sm binding site of the snRNAs, a process that is mediated by the survival of
motor neurons (SMN) protein. Whereas studies in the last decade disclosed numer-
ous spliceosomal components, little is known about splicing regulation in
trypanosomes, even though recent studies revealed evidence for alternative trans
splicing. Here we summarize the current state of research on mRNA splicing in
Trypanosoma brucei which differs in several aspects from the well-studied
mechanisms in other eukaryotes.
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3.1 Gene Expression in Trypanosomes and the Discovery
of Trans Splicing

Trypanosomatids are unicellular, vector-borne parasites of invertebrates,
vertebrates, and even plants, which differ in various cellular and biochemical
aspects from other eukaryotes. Exemplary for this is the mechanism of gene
expression and their unusual way of pre-mRNA processing.

In the general view of eukaryotic gene expression, a precursor mRNA (pre-
mRNA) is transcribed whose protein-coding exonic sequences are disrupted by
introns. In order to generate mature mRNAs, those introns have to be precisely
removed and the exons joined together. In most eukaryotes, this important mRNA
maturation step takes place within a single pre-mRNA transcript, therefore referred
to as cis splicing (reviewed by Burge et al. 1999). The splicing reaction is catalyzed
by a macromolecular complex, the spliceosome, composed of five small nuclear
ribonucleoproteins (U1, U2, U4, US, and U6 snRNPs) and many additional non-
snRNP proteins. Spliceosome assembly and splicing catalysis occur in an ordered
multistep process, which includes numerous conformational rearrangements
(reviewed by Brow 2002; Will and Lihrmann 2006; Wahl et al. 2009).

The correct discrimination between exonic and intronic sequences is a prerequi-
site for precise splicing and subsequent protein expression. In this context, four
conserved pre-mRNA sequence elements were found to play essential roles by
interacting with components of the splicing machinery during assembly and catal-
ysis stages. These are the 5’- and 3’-splice site consensus sequences, which define
the exon—intron boundaries and function as splicing donor and acceptor sites,
respectively, as well as the branch point and a polypyrimidine tract of variable
length (reviewed by Black 2003). Studies over the last decades on spliceosome
structure, function, and dynamics revealed that besides a high degree of conserva-
tion in many basic aspects, there are numerous species-specific variations and
characteristics. In this context, trypanosomes are particularly remarkable: Here,
gene expression is initiated by the transcription of large polycistronic gene arrays,
which are interrupted by tRNA and snRNA genes, suggesting that the polycistronic
transcription of protein-coding genes by RNA polymerase II is terminated by RNA
polymerase IIl-transcribed genes (reviewed by Martinez-Calvillo et al. 2010). Back
in 1982, studies concerning the expression of variant surface glycoproteins (VSGs)
in T. brucei, which play an essential role in evading the mammalian immune
response, revealed that different VSG transcripts carry a short, identical leader
sequence at their 5’ ends, which was missing in the gene sequences (Van der Ploeg
et al. 1982; Boothroyd and Cross 1982). At the same time, in vitro splicing assays in
HeLa nuclear extract showed that exon segments of separate RNA molecules can be
joined together in a trans splicing reaction (Solnick 1985; Konarska et al. 1985).
This stood in clear contrast to classical cis splicing and suggested that trans splicing
can be used to distribute a single exon to different mRNAs. In the trypanosomal
system, further analysis revealed that the addition of the same 5’ leader sequence
was not restricted to VSG genes (De Lange et al. 1983, 1984; Parsons et al. 1984).
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Fig. 3.1 Trans splicing mechanism. Schematic representation of the trans splicing mechanism.
Exons are shown as boxes, introns as solid lines. The 5’ and 3’ splice sites, defined by their conserved
dinucleotides (GU and AG, respectively), as well as the branch point (BP) adenosine (A), located
upstream of the polypyrimidine tract (Y,) are indicated. Like cis splicing, trans splicing proceeds as a
two-step transesterification reaction; however, in frans splicing exons from two independently
transcribed precursor RNAs are joined together. During the first step of frans splicing, the hydroxyl
group of the adenosine residue performs a nucleophilic attack at the 5" splice site, resulting in the
release of the 39-nt spliced leader sequence and the formation of a Y-branched intermediate,
characterized by its 2'=5’' phosphodiester bond. In the second step, the 3’ hydroxyl group of the
released spliced leader sequence performs a nucleophilic attack at the 3’ splice site, thus joining the
exons together; the Y-branched intron is degraded

Strikingly, a separate small nuclear RNA named SL RNA or mini-exon-derived
RNA was identified as the donor of this 39-nucleotide long spliced leader (SL)
sequence (Campbell et al. 1984; Kooter et al. 1984; Milhausen et al. 1984). At this
time, different possibilities were proposed to explain the biochemical mechanism of
trans splicing. The final discovery of a Y-branched splicing intermediate, instead of
the cis splicing-specific lariat structure, indicated that trans splicing proceeds, in
analogy to cis splicing, through a two-step transesterification reaction, although
using two independently transcribed precursor RNAs (Fig. 3.1; Murphy et al. 1986;
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Fig. 3.2 mRNA processing in trypanosomatids. Schematic representation of the major mRNA
processing steps in trypanosomatids. After transcription of polycistronic transcription units (col-
ored boxes), which are separated by strand switch regions (SSR), the pre-mRNAs undergo trans
splicing and polyadenylation [(A),]. Each of the protein-coding genes (shown in different colors)
is processed through trans splicing, whereby the SL RNA with its cap 4 structure provides the 5’
exon (miniexon, in red); in addition, very few genes require cis splicing of an internal intron (see
green boxes). Both cis and trans splicing proceed through two transesterification steps and require
the U2, U4/U6, and U5 small nuclear ribonucleoproteins (snRNPs) as well as many additional
protein factors. In addition, cis splicing requires the Ul snRNP, trans splicing the SL RNP as
specific factors

Sutton and Boothroyd 1986). The finding that site-specific cleavage of spliceosomal
snRNAs blocks frans splicing supported this concept (Tschudi and Ullu 1990).
Further investigations revealed that the process of trans splicing is not restricted to
kinetoplastids (reviewed by Mayer and Floeter-Winter 2005). It was subsequently
discovered in a multitude of different organisms, including additional members of
the Euglenozoa phylum as well as in some metazoans, e.g., in the Nematoda and
Platyhelminthes, in Hydra, and even in two members of the Urochordata subphy-
lum (for a graphical overview of mRNA processing in trypanosomes, see Fig. 3.2).

3.2 Genome Structure of Trypanosoma brucei and mRNA
Splicing

The genome of T. brucei is bipartite and comprises the nuclear genes as well as an
unconventional mitochondrial genome that is organized in the kinetoplast. With
respect to the nuclear genome, ~9,068 protein-coding genes (including ~1,700
T. brucei-specific genes) are distributed among 11, so-called megabase chromosomes
(Berriman et al. 2005). An additional characteristic of kinetoplastid genomes is that
both strands of the megabase chromosomes contain nonoverlapping directional gene
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clusters (DGCs) in which all genes share the same transcriptional orientation (Hall
etal. 2003; El-Sayed et al. 2003; Berriman et al. 2005). Based on nuclear run-on assays
in L. major, these DGCs are thought to be transcribed into polycistronic pre-mRNAs,
and single genes are subsequently released from these primary transcripts by the
coupled processes of trans splicing and polyadenylation.

In contrast to the RNA polymerase II-transcribed polycistronic protein-coding
genes, the small nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs) are transcribed
by RNA polymerase III, and the corresponding genes are scattered over four
chromosomes. Notably, these snRNA genes are arranged in close proximity to
tRNA or tRNA-like sequences in several genomic loci (Mottram et al. 1991;
Fantoni et al. 1994; Nakaar et al. 1994, 1997), which often reside between
convergently transcribed protein-coding genes (Ivens et al. 2005; Berriman et al.
2005; El-Sayed et al. 2005). In contrast to the snRNAs, the spliced leader RNA (SL
RNA), as a key molecule in and substrate of trans splicing, is continuously
consumed during the process. Hence, trypanosomatids depend on a very high SL
RNA transcription rate (Laird et al. 1987; Ullu and Tschudi 1991), in which 139 nt-
long SL RNA precursors are produced that are processed through multiple steps
before the mature SL RNA is committed to trans splicing.

3.3 Spliceosomal snRNPs and Their Core Proteins: Canonical
Versus snRNP-Specific Sm Proteins

3.3.1 Spliceosome Assembly and Sm Core Proteins

As noted previously, the process of pre-mRNA splicing is catalyzed by the
spliceosome, a macromolecular complex composed of five small nuclear ribo-
nucleoproteins (U1, U2, U4, U5, and U6 snRNPs) and numerous additional non-
snRNP splicing factors (for the mammalian system, reviewed by Will and
Lihrmann 2001; Makarov et al. 2002). Note that our classical concept on dynamics
of spliceosome assembly relies primarily on studies in mammalian and yeast cells.
As outlined in the following, the assembly of the spliceosome on the pre-mRNA
follows an ordered multistep pathway and involves the following key points (1)
initial recognition of the 5" splice site and the branch point by the Ul and U2
snRNP, respectively; (2) joining of the preassembled U4/U6*U5 tri-snRNP; (3)
dissociation of the U1l and U4 snRNP from the complex along with rearrangements
of the pre-mRNA/snRNA network; (4) two-step splicing catalysis; and (5) final
disassembly of the spliceosome (reviewed by Brow 2002; Will and Lithrmann
2006; Wahl et al. 2009). Despite their different functions during the splicing
process, the spliceosomal snRNPs share several basic structural features. They all
assemble from proteins and uridine-rich small nuclear RNAs (U snRNAs); their
protein components can be further grouped into snRNP-specific and common
proteins (for a detailed summary of trypanosomal snRNP-specific proteins, see
below and Table 3.1). The common proteins are found in all spliceosomal snRNPs
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Table 3.1 Spliceosomal proteins
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Annotation’ M [kDa]® Accession # TAP*S References

Sm/LSm proteins

SmB 12.3 Tb927.2.4540 a,b,c,d, e Palfi et al. (2000)

SmD3 12.4 Tb927.4.890 a,b,c,d Palfi et al. (2000)

SmD1 11.7 Tb927.7.3120 a,b,e Palfi et al. (2000)

SmD2 12.5 Tb927.2.5850 a, b, e Palfi et al. (2000)

SmE 9.6 Tb927.6.2700 a, b, e Palfi et al. (2000)

SmF 8.4 Tb09.211.1695 a,b,e Palfi et al. (2000)

SmG 8.9 Tb11.01.5915 a, b, e Palfi et al. (2000)

Sm15K (SSm2-17) 12.8 Tb927.6.4340 a, b Wang et al. (2006) and
Tkacz et al. (2007)

Sm16.5K (SSm2-2") 14.7 Tb927.10.4950 a, b Wang et al. (2006) and
Tkacz et al. (2007)

SSm4” 23.2 Tb927.7.6380 a, b, e Tkacz et al. (2007) and
Jaé et al. (2010)

LSm2 13.2 Tb927.8.5180 a, b Tkacz et al. (2008) and
Luz Ambrésio et al.
(2009)

LSm3 10.1 Tb927.7.7380 - Liu et al. (2004)

LSm4 14.2 Tb11.01.5535 a, b Liu et al. (2004)

LSm5 12.0 not assigned - Tkacz et al. (2008)

LSm6 9.1 Tb09.160.2150 - Liu et al. (2004)

LSm7 10.2 Tb927.5.4030 a, b Liu et al. (2004)

LSm8 14.0 Tb927.3.1780 a,b Liu et al. (2004)

Ul snRNP

U1-70K 31.7 Tb927.8.4830 a, b Palfi et al. (2005)

ulC 21.7 Tb927.10.2120 a,b Palfi et al. (2005)

UlA 18.0 Tb927.10.8280/ a Luz Ambrosio et al. (2009)

8300

U1-24K" 24.2 Tb927.3.1090 a, b Palfi et al. (2005)

U2 snRNP

U2 A’ (U2-40K) 36.5 Tb927.10.14360 a,b Cross et al. (1993)

U2 B” 13.6 Tb927.3.3480 ,b PreuBer et al. (2009)

Sf3b 14 13.3 Tb927.10.7470 - Avila et al. (2007) and
Manful et al. (2009)

Sf3b(SAP)130 195.0 Tb927.7.6980 a Manful et al. (2009)

St3b(SAP)145 52.5 Tb927.6.2000 - Manful et al. (2009)

St3b(SAP)155 122.0 Tb11.01.3690 - Avila et al. (2007) and
Manful et al. (2009)

Sf3b(SAP)49 29.8 Tb927.3.5280 - Manful et al. (2009)

Sf3a60 61.5 Tb927.6.3160* - Giinzl (2010)

St3b(SAP)14b 12.7 Tb927.10.7390* - Manful et al. (2009)

St3b(SAP)10 10.4 Tb09.211.2205%* - Manful et al. (2009)

U4/U6 snRNP

PRP3 63.2 Tb09.160.2900* a, b Luz Ambrosio et al. (2009)

and Palfi et al. (2009)

(continued)
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Table 3.1 (continued)

Annotation’ M [kDa]® Accession # TAP*S References

PRP4 65.5 Tb927.10.960 a, b Luz Ambrosio et al. (2009)
and Palfi et al. (2009)

SNUI13 13.6 Tb09.160.3670 - Barth et al. (2008)

U5 snRNP

PRP8 277.0 Tb09.211.2420 a,b,d Liicke et al. (1997)

U5-40K 35.0 Tb11.01.2940 a, b Luz Ambrdsio et al. (2009)

U5-Cwe21” 16.2 Tb09.160.2110 a, b Luz Ambroésio et al. (2009)

Us-15K 17.7 Tb927.8.2560" a Luz Ambrdsio et al. (2009)

U5-116K 105.4 Tb11.01.7080" a, b Luz Ambrosio et al. (2009)
and Palfi et al. (2009)

U5-102K (PRP6) 111.0 Tb11.01.7330" Luz Ambrdsio et al. (2009)

U5-200K 249.3 Tb927.5.2290" Luz Ambrdsio et al. (2009)
and Gunzl (2010)

SMN/Gemin2 and associated proteins

SMN 17.0 Tb11.01.6640 a,b,c,d Palfi et al. (2009)

Gemin2 554 Tb927.10.5640" a,b,c,d Palfi et al. (2009)

Coatomer (alpha) 132.0 Tb927.4.450 c,d Maier et al. (2001)

Coatomer (beta) 110.0 Tb927.1.2570 c,d Maier et al. (2001)

Coatomer (beta’) 93.9 Tb927.2.6050 c, d Maier et al. (2001)

Coatomer (gamma) 97.5 Tb11.01.3740 c Maier et al. (2001)

Coatomer (delta) 57.3 Tb927.8.5250 c,d Maier et al. (2001)

Coatomer (epsilon) 34.8 Tb11.01.6530 c,d Maier et al. (2001)

Coatomer (zeta) 20.5 Tb927.10.4270 c Maier et al. (2001)

PRP19 complex

CDC5 80.1 Tb927.5.2060" - Giinzl (2010)

PRP19 543 Tb927.2.5240" a, b Luz Ambrésio et al. (2009)
and Palfi et al. (2009)

CRN 87.7 Tb927.10.9660" a Luz Ambrosio et al. (2009)

SYF1 92.2 Tb927.5.1340" a Luz Ambroésio et al. (2009)

ISY1 31.7 Tb927.8.1930" a Luz Ambrosio et al. (2009)

KIAA1604/Cwc22 66.8 Tb11.01.2520" b Palfi et al. (2009)

PRP46 48.7 Tb927.10.10170 f,g Tkacz et al. (2010)

Miscellaneous splicing factors

U2AF35 29.1 Tb927.10.3200 - Vazquez et al. (2003)

U2AF65 96.6 Tb927.10.3500 - Vazquez et al. (2003)

SF1 31.6 Tb927.10.9400 - Vazquez et al. (2003)

PRP31 39.7 Tb927.10.10700 - Liang et al. (2006)

PRP43 82.9 Tb927.5.1150 - Liang et al. (2006)

PTBI1 37.0 Tb09.211.0560 - Stern et al. (2009)

PTB2 54.7 Tb11.01.5690 - Stern et al. (2009)

TSR1 37.5 Tb927.8.900 - Ismaili et al. (1999)

RRM1 50.0 Tb927.2.4710 - Manger and Boothroyd
(1998)

PRP17 52.8 Tb927.3.1930" b Palfi et al. (2009)

(continued)
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Table 3.1 (continued)
Annotation’

M [kDal®> Accession #’ TAP*?
Un-annotated proteins that co-purified in spliceosomal complexes

References

c.h. (putative 27.1 Tb927.8.6280" a, b Luz Ambr6sio et al. (2009)
cyclophilin) and Palfi et al. (2009)
c.h. 12.1 Tb11.02.0465" a Luz Ambroésio et al. (2009)
c.h. 31.0 Tb927.7.1890" a Luz Ambrdsio et al. (2009)
c.h. 42.0 Tb927.2.3400" a Luz Ambrosio et al. (2009)
c.h. 20.0 Tb927.5.2910" a Luz Ambroésio et al. (2009)
c.h. 26.0 Tb927.8.4790" a Luz Ambrdsio et al. (2009)
c.h. (putative Cwcl5) Tb927.10.11950° b
c.h. (WD40) 22.3 Tb927.7.3560" b Palfi et al. (2009)
c.h. 199.2 Tb927.7.2570" f Tkacz et al. (2010)
c.h. 52.5 Tb927.10.1490" f Tkacz et al. (2010)
c.h. 134.8 Tb927.8.2230" f, h Tkacz et al. (2010)
c.h. 41.6 Tb11.01.72107 f, g Tkacz et al. (2010)
c.h. 71.0 Tb11.03.0530" f, g Tkacz et al. (2010)
c.h. 31.2 Tb11.01.3480" f,g Tkacz et al. (2010)
c.h. 64.5 Tb927.2.2650" f Tkacz et al. (2010)
c.h. 367.6 Tb927.3.2700° f Tkacz et al. (2010)
c.h. 42.6 Tb11.01.8590" g Tkacz et al. (2010)
244 h Tkacz et al. (2010)
Proteins without known splicing functions
La protein 37.7 Tb10.70.5360 a, b, c Marchetti et al. (2000) and
Westermann and
Weber (2000)
HSP70 75.4 Tb11.01.3110 a,b,c Luz Ambrdsio et al. (2009)
and Palfi et al. (2009)
eEF-1a 49.1 Tb927.10.2100 c Palfi et al. (2009)
Importin o subunit 58.0 Tb927.6.2640 b Li and Tschudi (2005)
Poly(A)-binding 62.1 Tb09.211.2150 a,b Luz Ambrosio et al. (2009)
protein 2 and Palfi et al. (2009)
Poly(A)-binding 63.0 Tb09.211.0930 f,h Tkacz et al. (2010)
protein 1
TRYP1 224 Tb09.160.4250/80 a Luz Ambrdsio et al. (2009)
NORFI 93.3 Tb927.5.2140 a Luz Ambroésio et al. (2009)
and Palfi et al. (2009)
DHHI1 46.4 Tb927.10.3990 f,g, h Holetz et al. (2007)
PPlase 21.6 Tb927.8.2090 b Palfi et al. (2009)
Putative spliceosomal helicases
114.0 Tb927.6.4600" - Giinzl (2010)
98.1 Tb927.10.5280" - Giinzl (2010)
121.2 Tb927.10.7280" - Giinzl (2010)
767  Tb927.10.9130" - Giinzl (2010)
116.6 Tb11.02.3460" - Giinzl (2010)
108.8 Tb927.7.7300" - Giinzl (2010)
248.4 Tb11.02.1930" - Giinzl (2010)
71.3 Tb927.10.14550" f,g,h Tkacz et al. (2010)

(continued)
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Table 3.1 (continued)

Annotation’ M [kDa]® Accession # TAP*S References
82.7 Tb09.211.3510" g, h Tkacz et al. (2010)
49.2 Tb927.10.540" h Tkacz et al. (2010)
62.4 Tb927.8.1510" f,g,h Tkacz et al. (2010)

c.h. conserved hypothetical protein

! Annotation according to the human system

2Molecular mass in kilodaltons (kDa)

?Accession numbers of the TriTryp data base (http://www.tritrypdb.org/tritrypdby)

*Proteins were tandem-affinity co-purified with SmD1 (a), SmB (b), SMN (c), Gemin2 (d), or
SSm4 (e)

5Homologous proteins from Trypanosoma brucei, co-purified with Leishmania tarantolae SmD3
(f), LSm3 (g), or U1A (h)

*Trypanosome—speciﬁc proteins

Annotated in the TriTryp data base only as hypothetical or putative proteins; therefore note that
some of the assignments based on sequence similarity may be putative

and comprise seven polypeptides (SmD1, SmD2, SmD3, SmB, SmE, SmF, and
SmG in the Ul, U2, U4, and U5 snRNP; LSm2-8 in the U6 snRNP), which
assemble the so-called Sm core structure around a conserved sequence within the
snRNAs (Kambach et al. 1999). This important single-stranded RNA region,
termed the Sm site, with the consensus derived from the mammalian sequence -
PuA(U);_¢GPu- is often flanked by stem-loops (Branlant et al. 1982). In
trypanosomatid snRNAs, this consensus sequence is less stringent (Fig. 3.3).
Importantly, the Sm proteins do not assemble as single subunits on the Sm sites.
Rather they preassemble into the heteromeric SmD1/D2, SmE/F/G, and SmD3/B
subcomplexes, which associate with the snRNAs in at least two steps (Raker et al.
1996). Characteristic for all Sm proteins is the presence of two conserved amino
acid sequence motifs, Sm1 and Sm2, which are separated by a spacer of variable
length and are important for Sm protein—protein recognition (Hermann et al. 1995;
Séraphin 1995). Based on crystal structures from two different human Sm
subcomplexes (SmD3/B and SmD1/D2), Kambach et al. (1999) proposed a
model for the full Sm core heptamer, in which the Sm proteins form a seven-
membered ring around the Sm site of the snRNAs. Sm binding to this RNA motif is
facilitated by the positively charged central hole of the Sm core. This
heteroheptameric ring model is consistent with earlier electron microscopic studies
(Kastner et al. 1990; Plessel et al. 1997) and was later confirmed by the crystal
structure of the human Ul snRNP (Pomeranz Krummel et al. 2009; Leung et al.
2011). In addition, UV-crosslinking assays indicated that the nucleotides of the Sm
site interact with the inner surface of the Sm ring, with the most efficient crosslinks
observed for the proteins SmG and SmB/B’ (Urlaub et al. 2001, reviewed by
Khusial et al. 2005).

Almost 20 years ago, affinity purification and in silico analyses led to the
identification and characterization of the trypanosomatid Sm protein homologs
(Palfi et al. 1991, 2000). It was shown that these proteins bind to a conserved region
on the snRNAs, which resembles the Sm binding site sequence of cis-spliceosomal
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snRNPs (Giinzl et al. 1992). Moreover, Palfi et al. (2000) revealed a network of
specific heterodimeric and trimeric in vitro protein—protein interactions, supporting
a heptameric model of the trypanosomal Sm ring consistent with its mammalian
counterpart in protein composition and arrangement (Kambach et al. 1999).

Sequence alignment of the trypanosome Sm proteins with those from other
systems revealed that the trypanosomal Sm motifs 1 and 2 are relatively degenerate
and contain only a few highly conserved amino acids (Palfi et al. 2000). Moreover,
in the mammalian system, SmB, SmD1, and SmD3 undergo symmetric arginine
dimethylation (sDMA) at multiple RG dipeptides within their C-termini. This
creates an epitope recognized by the monoclonal Y12 antibody (Brahms et al.
2000, 2001). Interestingly, trypanosome Sm proteins are not recognized by this
antibody (Michaeli et al. 1990; Palfi and Bindereif 1992), consistent with the lack of
C-terminal extensions with RG dipeptides beyond the Sm motif (Palfi et al. 2009).

Notably, several studies revealed unusual features of the spliceosomal Sm cores
in the trypanosome system, in that they are not identical for all snRNPs; this
was first discovered for the U2 snRNP and termed Sm core variation (Wang et al.
20006), later also for the U4 snRNP (Tkacz et al. 2007; Jaé et al. 2010; for details,
see below).
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3.3.2 SL RNP: Unique Component of the Trans Splicing
Machinery

The spliced leader RNA, which is the most abundant spliceosomal RNA in
trypanosomes, is transcribed by RNA polymerase II (Gilinger and Bellofatto
2001). During the last decade, transcription initiation of the SL RNA gene has
been studied extensively. The trypanosome genome comprises a 1.4 kb large tandem
array on chromosome 9, which contains 100-200 copies of the SL RNA gene that
are transcribed in a monocistronic fashion (Gilinger and Bellofatto 2001). This
reflects the high demand of SL RNA, which is stoichiometrically consumed during
each trans splicing process and turned over at a very high rate (with a half life of
~4 min; Laird et al. 1987; Ullu and Tschudi 1991). As a result, SL RNA constitutes
nearly 6% of all transcribed cellular RNA in T. brucei (Campbell et al. 2000).

One of the prominent characteristics of the S RNA is the complex 5’ cap
structure. In contrast to most eukaryotic pre-mRNAs, where an m’G cap is acquired
early during transcription by RNA polymerase II, a hypermethylated cap 4 structure
is found on the SL RNA. Analysis of the 5’ end from T. brucei and Crithidia
fasciculata revealed that the cap 4 structure is composed of a terminal m’G residue
followed by four 2’-O-methylated nucleotides (AACU) with additional base
methylations on the first and fourth positions, resulting in the structure: m’G(5')
ppp(5")m,°AmpAmpCmpm’*Ump (Bangs et al. 1992). These modifications are
introduced co-transcriptionally in a 5 to 3’ direction and were initially considered
to be independent of core ribonucleoprotein formation (Mair et al. 2000b). How-
ever, recent studies revealed that full cap 4 modification requires correct Sm core
assembly (Mandelboim et al. 2003; Jaé et al. 2011). In higher eukaryotes, the
formation of the 2,2,7-trimethylguanosine cap (TMG) found on the snRNAs
(except U6 snRNA) is coupled to Sm core assembly, and both constitute a bipartite
nuclear import signal (Mattaj 1986). In trypanosomes, the m’G is formed on the SL
RNA by the bifunctional enzyme TbCetl that carries structural and biochemical
properties of a guanylyltransferase and a methyltransferase (MTase) (Ruan et al.
2007; Takagi et al. 2007). The functional role of the m’'G cap in the mammalian
system was shown for several posttranscriptional processes, like mRNA stability
and nuclear export (Lewis and Izaurralde 1997). In kinetoplastids, the modifications
of the first four cap nucleotides are performed by methyltransferases that are named
according to the positions modified.

Whether SL RNP biogenesis involves intracellular trafficking, where and in
which order SL RNP core assembly and SL RNA modification reactions take
place, have remained controversial issues until today. However, some of the modifi-
cation reactions including the responsible enzymes have been localized. Since cap 4
modification and SLA1-guided internal pseudouridylation of the SL RNA occur co-
transcriptionally, these modifications are linked to the nucleus (Mair et al. 2000b;
Hury et al. 2009). In contrast, the process of 3’ end formation appears to involve both
initial cytoplasmic and final nuclear 3'-trimming (Zeiner et al. 2004).

However, recent studies suggest that Sm core assembly is a nuclear
process: RNAi-mediated knockdown of one of the Sm subunits (SmD1) led to an
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accumulation of SL RNA inside the nucleus (Biton et al. 2006); in addition, SMN,
which chaperones the Sm core assembly, was localized in the trypanosome nucleus
(Palfi et al. 2009), suggesting that Sm core assembly takes place within this cellular
compartment. Moreover, the SL RNA gene loci as well as the SL RNA transcript
clearly co-localize with the SMN protein in distinct areas inside the nucleus (Jaé
et al. 2011). For a detailed view on SL RNA biogenesis, see Chap. 2.

3.3.3 U2 snRNP

The trypanosomal U2 snRNA was initially identified by immunoprecipitation with
antitrimethyl-guanosine (TMG) antibodies (Mottram et al. 1989), and phylogenetic
sequence analysis revealed several unusual differences from the highly conserved
counterparts in other eukaryotes: The U2 snRNA of T. brucei diverges in three
major regions from other U2 snRNAs. First, there is no stem-loop III, eliminating
the potential formation of a pseudoknot; second, the conserved branch-point recog-
nition sequence GUAGUA, which is invariant in metazoan and yeast U2 snRNAs
(Moore et al. 1993), is missing (Tschudi et al. 1990; Hartshorne and Agabian 1990).
Only the adenosine at the branch point within the pre-mRNA is conserved,
suggesting the possibility of a different mechanism for branch-point recognition
in trypanosomatids (Liicke et al. 2005). Finally, another alteration in the U2 snRNA
occurs in its Sm site, where the pyrimidine stretch is interrupted by an unusual
purine nucleotide. Note that Urlaub et al. (2001) mapped a contact between human
SmB/B’ and an Sm site RNA oligonucleotide to the third uridine position of the
pyrimidine stretch, the position, at which in trypanosome U2 snRNA the exceptional
guanosine resides (Fig. 3.3). Moreover, tandem affinity purification demonstrated
that the identity of the Sm protein constituents varies between the spliceosomal
snRNPs in T. brucei. In detail, the Sm subcomplex SmB/D3 is replaced by two
novel U2-specific Sm proteins, SmI5SK (SSm2-1) and Sm16.5K (SSm2-2).
Subsequent in vitro reconstitution assays with recombinant Sm proteins and synthetic
Sm site RNAs established that the unusual guanosine residue in the U2 Sm site
provides an important element for discriminating between the U2-specific and the
canonical Sm core (see Fig. 3.3; Wang et al. 2006; Tkacz et al. 2007).

What is the functional significance of Sm core variation in the trypanosome U2
snRNP? A recent study demonstrated that the unusual U2 Sm site is indirectly
responsible for the accurate assembly of other U2 snRNP-specific proteins.
Sequence comparisons had identified the trypanosomal U2A’ ortholog called U2-
40K (Cross et al. 1993). The U2-specific heterodimer Sm15K/16.5K interacts with
the U2A/ protein, which in turn contacts the loop IV-binding protein U2B”, another
U2-specific protein. In contrast, the human ortholog of U2A’ does not bind the Sm
subunits, perhaps due to their spatial separation by the additional stem-loop III; the
trypanosome-specific U2A’/Sm protein interaction correlates with the lack of stem-
loop III in the trypanosomatid U2 snRNA (Preufler et al. 2009). In sum, the variant
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Sm core of the U2 snRNP does not only mediate specific binding to the special Sm
binding site in U2, but also enables U2-specific protein—protein interactions.

3.3.4 U4/U6 di-snRNP and Singular U6 snRNP

Like the U2 snRNA, the trypanosomal U4 snRNA was initially identified by
trimethyl cap-immunoprecipitation from 7. brucei total RNA (Mottram et al.
1989). A subsequent sequence alignment revealed a considerable homology with
its metazoan counterparts; based on extensive complementarity to the trypanosome
U6 snRNA sequence, a secondary structure for the U4-U6 RNA duplex was
proposed, which contains two main regions of U4-U6 base pairing, separated by
a U4 hairpin loop. This U4-U6 base pairing interaction was experimentally
validated by co-selection of trypanosomal U4 and U6 snRNAs (Palfi et al. 1991),
as well as by UV light-induced RNA-RNA in vivo crosslinks (Watkins and
Agabian 1991).

Similarly as described for the U2 snRNP, the U4 snRNP of T. brucei carries a
variant Sm core, in which SmD3 is replaced by the U4-specific protein SSm4.
Based on sequence homology, SSm4 had initially been considered to be part of the
trypanosomal U6-specific LSm ring and therefore designated LSm2 (Liu et al.
2004). The correct assignment of SSm4 as U4 snRNP-specific Sm core protein
was primarily based on a U4 snRNA-specific destabilization after SSm4 knock-
down (Tkacz et al. 2007). Later on, mass-spectrometric analysis of an affinity-
purified, partial U4-snRNP complex containing the 3’-terminal Sm domain
provided direct biochemical evidence that only a single subunit, SSm4, replaces
specifically the canonical SmD3 subunit in the heptameric trypanosome U4 Sm
core (see Fig. 3.4; Jaé et al. 2010). In addition, this study ruled out that SSm4 might
be part of the U6-specific LSm ring. Further analysis showed that SSm4 is required
for the in vivo integrity of the U4 snRNA as well as the U4/U6 di-snRNP and that
SSm4 specifies the assembly of U4 Sm cores during in vitro reconstitution (Jaé et al.
2010).

Regarding U4-specific protein components, a recent study suggested a candidate
for the trypanosome ortholog of the U4/U6 di-snRNP-specific protein PRP4, based
on a conserved PRP4 domain and seven C-terminal WD40 repeats (Luz Ambrésio
et al. 2009). Further support for this assignment came from the efficient co-
precipitation of U4 and U6 snRNAs. Surprisingly, U5 snRNA was not coprecipitated,
in contrast to human PRP4, which stably associates with the U4/U6*U5 tri-snRNP.
With PRP31, in contrast, a real tri-snRNP protein was identified for 7. brucei; PRP31
is essential for cis and trans splicing and contributes to U4/U6*US tri-snRNP stability
(Liang et al. 2006). However, no comprehensive protein identification of the
trypanosomal tri-snRNP has been achieved so far.

With respect to the trypanosomal U6 snRNP, the U6 snRNA had originally been
discovered by anti-TMG co-immunoprecipitation (Mottram et al. 1989). In analogy
to other eukaryotes, the trypanosomal U6 snRNA is transcribed by RNA
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Fig. 3.4 Sm core variation The arrangement of Sm proteins in the canonical Sm core is according
to Palfi et al. (2000). This composition has been experimentally verified for the SL RNP, the U1,
and U5 snRNPs from T. brucei. The U2 snRNP, however, contains a variant Sm core, in which the
canonical SmB and SmD3 are replaced by Sm15K and Sm16.5K, respectively (Wang et al. 2006).
A second core variation was identified in the U4 snRNP, in which the canonical SmD3 is replaced
by SSm4 (Tkacz et al. 2007; Jaé et al. 2010). The order of the U6-specific LSm subunits was
defined based on protein—protein interaction data and in analogy to the canonical Sm ring (Liu
et al. 2004; Khusial et al. 2005)

polymerase III and carries a y-monomethylphosphate cap structure. Finally, bio-
chemical studies demonstrated two distinct complexes for the U6 snRNA: singular
U6 snRNPs and U4/U6 di-snRNPs (Cross et al. 1991).

As established in the yeast and mammalian systems, the U6 snRNA—in contrast
to the other spliceosomal snRNAs—contains no Sm site; instead, it associates with
seven LSm (like-Sm) proteins, which share structural similarity with the Sm proteins
and assemble as a heteroheptameric ring (LSm2-8) around the 3’-terminal uridine
stretch of the U6 snRNA (Fig. 3.4). This nuclear complex remains associated with the
U6 snRNA until formation of the U4/U6 di- or the U4/U6*US5 tri-snRNP (Achsel
et al. 1999; Mayes et al. 1999; Gottschalk et al. 1999; Stevens and Abelson 1999). A
second complex, composed of the proteins LSm1-7, is found in the cytoplasm rather
than in the nucleus, where it binds to the 3’ untranslated regions (UTR) of mRNAs
destined to be degraded (Bouveret et al. 2000; Ingelfinger et al. 2002).

For the trypanosomal system, initial database homology searches identified
seven putative T. brucei LSm proteins, LSm2p to LSm8p (Liu et al. 2004). In the
same study, the function and identity of two of those candidate proteins (LSm3p
and LSm8p) was assessed by RNA interference: Both proteins were found to be
essential for mRNA decay, U6 snRNA stability, as well as U4/U6 di-snRNP and
U4/U6*US tri-snRNP formation. Interestingly, a trypanosomal homolog of the
LSm1 protein, which specifically participates in the process of mRNA decay, was
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not identified, suggesting that in trypanosomes only a single LSm complex exists.
The subsequent analysis of the remaining five LSm proteins by RNAi silencing and
snRNA coprecipitation after tandem affinity purification revealed that two of these
proteins were actually part of the variant U2- and U4-specific Sm cores (Tkacz et al.
2007, compare also Wang et al. 2006; Jaé et al. 2010). The remaining LSm subunits
were finally completed to a heptameric system by the identification of the two
missing LSm proteins (Tkacz et al. 2008).

3.3.5 U5 snRNP

The trypanosomal U5 snRNA was discovered as the last of the trans-spliceosomal
snRNAs, because the initial screening for trypanosome snRNAs by anti-TMG
immunoprecipitation failed to identify a U5 snRNA candidate (Mottram et al.
1989). Subsequently, the spliced leader-associated (SLA1) RNA was considered
to be the U5 snRNA homolog, based on in vivo psoralen crosslinking to the SL
RNA and a short stretch of homology (Watkins et al. 1994). Finally, Dungan et al.
(1996) identified the real T. brucei US snRNA by psoralen crosslinks with the SL
RNA and free 5’ exon splicing intermediates and found it to form an RNP complex
with the U4 and U6 snRNAs. Further support for an appropriate identification came
from detailed analysis of the corresponding U5 snRNAs from Leptomonas
collosoma (Xu et al. 1997) and Leptomonas seymouri (Bell and Bindereif 1999).
A remarkable characteristic of the trypanosomal U5 snRNA is the 5’ phosphate
terminus instead of the usual TMG cap (Xu et al. 1997).

Besides the canonical set of seven Sm proteins, the homolog of the yeast
US-specific protein PRP8 (p220 in human) was found to be associated with the
T. brucei U5 snRNA, conclusively confirming the existence of an U5-analogous
RNP in trypanosomes (Liicke et al. 1997). PRPS, the largest known spliceosomal
protein, is evolutionary highly conserved and thought to participate in the catalytic
center of the spliceosome (reviewed by Grainger and Beggs 2005).

In addition, trypanosome orthologs of the U5-specific proteins U5-Cwc21 and
U5-40K were recently identified (Luz Ambrésio et al. 2009). The trypanosomal
US5-Cwc21 shares a highly conserved N-terminal region with the human SRm300/
SRRM2 and the yeast Cwc2lp proteins. In contrast to the yeast counterpart,
US5-Cwc21 from T. brucei is essential for splicing and associates predominantly
with the U5 snRNA, but not with U2, suggesting a unique function for
trypanosomal U5-Cwc21 (Luz Ambrésio et al. 2009).

3.3.6 Ul snRNP

Regarding its structure and functional role during spliceosomal assembly, the
mammalian Ul snRNP is one of the spliceosomal snRNPs that is characterized
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best (Stark et al. 2001; Pomeranz Krummel et al. 2009). In addition to the Sm core,
the Ul snRNP consists of three specific polypeptides: U1-70K, U1A, and UIC.
Both U1-70K and U1A contain an RNA recognition motif, whereby they associate
specifically with conserved loop positions in stem-loops I and II of the Ul snRNA,
respectively (Query et al. 1989; Scherly et al. 1989). The U1 snRNP functions early
in spliceosome assembly, specifically in 5’ splice site recognition, by base pairing
with the 5’ splice site. Furthermore, it was demonstrated that U1C protein is able to
recognize the 5 splice site sequence in the absence of the Ul snRNP (Rossi et al.
1996; Du and Rosbash 2002; Lund and Kjems 2002). However, mammalian U1C
does not bind to free Ul snRNA and integrates in the Ul snRNP via protein—protein
interactions with U1-70K and the Sm core complex (Nelissen et al. 1994).

As the other spliceosomal snRNAs, the trypanosomatid Ul snRNA is much
smaller than its known orthologs, lacking stem-loops II and III (75 nt versus 164 nt
for the mammalian and 568 nt for the yeast Ul; Schnare and Gray 1999; Djikeng
et al. 2001; Palfi et al. 2002). The trypanosome U1l snRNA contains an Sm site, on
which the seven canonical Sm proteins assemble. Notably, the Ul snRNP most
probably acts only in cis, not trans splicing, as demonstrated by in vitro and in vivo
studies in the nematode and trypanosomal systems, respectively (Denker et al.
1996; Tkacz et al. 2010). In trypanosomes, it was shown that the poly(A) polymer-
ase (PAP) pre-mRNA, which undergoes cis splicing, can extensively base pair at its
5’ splice site with the Ul snRNA (Djikeng et al. 2001). That cis splicing function
indeed requires 5’ splice site base pairing was supported by point mutations in the
poly(A) polymerase (PAP) 5 splice site, which were predicted to disrupt base
pairing and did abolish splicing (Mair et al. 2000a).

The constituents of the trypanosomal Ul snRNP differ from its human
counterparts: By tandem affinity purification (TAP), the orthologs of U1-70K and
UIC could be identified, although both proteins are only distantly related to their
known counterparts from other eukaryotes. In particular, the T. brucei Ul-70K
homolog represents a minimal version, and in contrast to the mammalian Ul
snRNP, U1C from T. brucei is able to interact directly with the 5’ terminal region
of Ul snRNA (Palfi et al. 2005). Interestingly, in an initial mass-spectrometric
analysis, UlA could not be found, instead a novel trypanosomatid-specific Ul
snRNP-specific protein, U1-24K, was identified. In contrast to UlA, Ul-24K
lacks any recognizable RNA-binding motif and integrates into the Ul snRNP by
interaction with U1-70K (Palfi et al. 2005).

Luz Ambroésio et al. (2009) were successful in detecting a U1A ortholog in
T. brucei; this was a surprising finding, since the Ul snRNA lacks the stem-loop II
structure, where in other orthologs the UlA binding site resides. The Ul snRNP
expression levels and its unusual protein constituents suggest that the trypanosome
U1 snRNP may function beyond cis splicing. Recently, a follow-up study provided
initial support for this, demonstrating that UlA is associated with the
polyadenylation factor CPSF73 and also participates in polyadenylation (Tkacz
et al. 2010), possibly linking 3’ end processing and splicing. Additional supportive
evidence comes from the mammalian system, where splicing-independent
functions of the Ul snRNP have already been reported. The UlA protein, for
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instance, directly regulates the 3’ end maturation of its own mRNA (Boelens et al.
1993). Furthermore, a recent genome-wide study revealed that the Ul snRNP can
suppress cryptic polyadenylation signals in introns (Kaida et al. 2010).

3.4 Trypanosome SMN, a Minimal Assembly Factor
for Canonical Sm Cores

A key step in the biogenesis of the spliceosomal snRNPs is the association of the
Sm proteins with the snRNAs. Several studies in the mammalian system have
demonstrated that the so-called survival of motor neurons (SMN) complex plays
a key role in this process (Meister et al. 2001; Pellizzoni et al. 2002). The SMN
complex consists of the eponymous SMN protein and at least seven associated
proteins, named Gemins 2-8, and collaborates with additional factors, such as the
methyltransferase PRMTS (for review, see Neuenkirchen et al. 2008). Interestingly,
the human SMN protein was identified by searching for spinal muscular atrophy
(SMA) determining genes. SMA is a common recessive disease, characterized by
the degeneration of motor neurons in the spinal cord and caused by mutation in the
SMNI gene (Lefebvre et al. 1995).

The mammalian SMN complex is predominantly localized in the cytoplasm, except
for the nuclear Cajal bodies and Gems, and participates in these major snRNP
maturation events: First, SMN functions as a chaperone during assembly of the Sm
ring around the Sm site; second, SMN plays a crucial role during hypermethylation of
the monomethyl cap after the assembly of the Sm ring, in which the trimethyl
guanosine synthase 1 (Tgsl) is associated with the SMN complex (Mouaikel et al.
2003; Plessel et al. 1994); third, SMN associates with the exonuclease ISG20 and is
involved in 3’ trimming of pre-snRNAs (Espert et al. 2006).

The best characterized function of mammalian SMN is its role during assembly
of the Sm core around the Sm site of the snRNAs, in which the SMN complex
interacts with SmD1/D2-E/F/G and SmD3/B subcomplexes in an open ring forma-
tion. Interaction with the snRNAs leads to ring closure and dissociation of the SMN
complex (Raker et al. 1996; Chari et al. 2008). Regarding protein—protein
interactions, SMN binds through its internal Tudor domain with high affinity to
symmetric dimethyl arginines (SDMAs) in the RG-rich C-termini of SmB/B’, D1
and D3. sDMA modifications on the Sm proteins take place in the cytoplasm and
are catalyzed by the so-called methylosome; this 20S complex consists of the
methyltransferase PRMTS, the WD40 protein MEP50, and the pICln protein
(Friesen et al. 2001, 2002, for review, see Yong et al. 2004). Moreover, pICln
also exists in a smaller, snRNA-free complex of 6S, in which it interacts with the
Sm domains of a subset of Sm proteins (Friesen et al. 2001), specifically with the
SmD1D2-EFG pentamer (Chari et al. 2008). In addition, the central Tudor domain
of SMN resembles the classical Sm fold and may interact directly with the Sm core
domain (C6té and Richard 2005; Selenko et al. 2001; Sprangers et al. 2003). In the
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current model for the mammalian system, the Sm proteins are transferred from the
6S pICln complex to the SMN complex, which then allows snRNA binding, closure
of the Sm ring, and RNP release (Chari et al. 2008).

To what extent is this classical model of SMN function valid in the trypanosome
system? After the first Sm core variation in trypanosomatids was characterized
(Wang et al. 2006), new questions arose regarding the specificity of biogenesis and
assembly of Sm cores. By searching for specificity determining factors in 7. brucei,
tandem affinity purification of SmB followed by mass spectrometry revealed highly
divergent orthologs of SMN and Gemin2. Since no other Gemins could be
identified, the trypanosomatid SMN complex likely reflects a simpler ancestral
core complex, similar to what had been demonstrated for Drosophila melanogaster.
Here, such a minimal complex, composed only of SMN and Gemin2, discriminates
against nontarget RNAs during Sm assembly (Kroiss et al. 2008).

In vitro Sm core reconstitutions of recombinant trypanosomal proteins revealed
that Sm core assembly functions efficiently in the absence of SMN. However, if
SMN is present, it adds a striking discriminatory activity: The canonical Sm core
was efficiently assembled in vitro with S RNA and U5 snRNA, but assembly was
strongly reduced with U4 and U2 snRNAs, which associate with Sm core variants,
or with a U5 snRNA carrying a mutated Sm site. This was consistent with findings
that the SMN complex specifically bound the canonical SmD3/B subcomplex,
directly contacting SmB, apparently a parasite-specific protein—protein interaction
(Palfi et al. 2009). The above-mentioned interaction between SMN and the Sm
proteins in mammals relies on the dimethylated arginines within the RG-rich C-
termini of Sm proteins. Strikingly, trypanosomes lack both major interaction
determinants of SMN, the SMN Tudor domain and the RG-rich domains in the
Sm proteins (Palfi et al. 1991, 2009).

Another important difference relates to localization: Whereas the human SMN
protein is predominantly cytoplasmic, its trypanosomatid counterpart is localized
within the nucleus, suggesting that trypanosomal snRNP biogenesis, at least the Sm
core assembly phase, proceeds in the nucleus. This is consistent with fluorescence
in situ hybridization experiments that localized the SL RNA and U2 snRNA in the
trypanosome nucleus (Biton et al. 2006; Tkacz et al. 2007; Jaé et al. 2011). Taken
together, the trypanosome SMN complex represents a minimal Sm core assembly
system, which mechanistically performs both chaperone- and specificity functions
during Sm core assembly.

3.5 Non-snRNP Spliceosome Components and Their Putative
Role in Splicing Regulation

The stepwise assembly pathway of the spliceosome on pre-mRNA is best
characterized in the yeast and mammalian system and is initiated by the recognition
of common pre-mRNA sequence elements: During the first step of spliceosome
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assembly, the early complex (E complex) is formed by binding of the U1 snRNP to
the 5’ splice site and recognition of the polypyrimidine tract and the 3’ splice site by
the U2 auxiliary factors U2AF65 and U2AF35, respectively (reviewed by Wahl
et al. 2009). Both splicing factors, U2AF65 and U2AF35 bind as a heterodimeric
complex (Zamore and Green 1989). In addition, this early assembly phase of the
spliceosome involves recognition of the branch point sequence by the branch point
binding protein (BBP, also termed SF1) and cooperative interaction with U2AF65
facilitates the process of branch point recognition (Berglund et al. 1997, 1998).

Initial attempts to identify trypanosomal homologs of these early spliceosome
assembly factors revealed only a U2AF35 candidate for T. cruzi. Surprisingly,
residues predicted to be involved in the reciprocal U2AF35-U2AF65 interaction
are not conserved (Vazquez et al. 2003). In a more recent study, the T. cruzi/
T. brucei U2AF65 and SF1 proteins as well as the T. brucei U2AF35 protein were
identified and characterized (Vazquez et al. 2009): RNAi-mediated silencing of
TbU2AF35, TbU2AF65, and TbSF1 affected the first step of trans splicing. More-
over, as shown by yeast two-hybrid assays, fractionation of cell lysates and affinity
selection, neither the T. cruzi, nor the T. brucei U2AF35 and U2AF65 proteins
interact with each other, which stands in clear contrast to other eukaryotic systems.
However, the interaction between U2AF65 and SF1 seems to be conserved in both
species. Finally, sequence alignments revealed that the trypanosomal U2AF65
proteins strongly diverge from their human and yeast orthologs, whereas the Tb/
TcSF1 proteins are more conserved, including the KH RNA-binding domain and
the N-terminal Ser-Arg-Trp (SRW) motif, which are essential for U2AF65 interac-
tion (Vazquez et al. 2009).

In addition to the necessity of splicing core elements like U2AF35-U2AF65, the
selection of a precise splice site is determined by its relative strength and multiple
factors, as shown for higher eukaryotes. In particular, this process is often regulated
by intronic or exonic splicing silencers or enhancers (ISS, ESS, ISE, ESE), that are
cis-acting elements within the pre-mRNA, and corresponding frans-acting protein
factors that recognize the cis elements, thereby recruiting components of the
splicing machinery to the splice sites or preventing their association (reviewed by
Wang and Burge 2008). Most splicing regulators characterized so far belong either
to the group of serine/arginine-rich (SR) proteins or to the group of heterogeneous
nuclear ribonucleoproteins (hnRNPs). Remarkably, in lower eukaryotes such as
yeast, SR proteins as well as exonic splicing enhancers appear to play only a very
minor regulatory role. Moreover, in yeast the splicing-essential consensus
sequences exhibit a relatively high degree of complementarity to Ul and U2
snRNAs, suggesting that degeneration of those consensus elements in higher
eukaryotes correlates with their flexible recognition regulated by frans factors
(reviewed by Izquierdo and Valcarcel 2006).

Are splicing processes in the trypanosomal system regulated? Research has
focused so far on mRNA stability and translation, which are considered the major
regulatory levels of gene expression in trypanosomes. Initial studies had identified
the 3’ splice site and a polypyrimidine tract of variable length as trans splicing
essential elements (Huang and van der Ploeg 1991; Matthews et al. 1994).
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Lopez-Estrafo et al. (1998) suggested a model, in which trans splicing efficiency is
modulated by exonic sequences. Moreover, a systematic study of those sequence
requirements revealed that the presence of an AG dinucleotide in the 5 UTR
enhances trans splicing in constructs containing a suboptimal dinucleotide imme-
diately upstream of the 3’ splice site (Siegel et al. 2005). Those findings suggested
that in certain cases 5’ UTR sequences can contribute to efficient trans splicing and
might function in an enhancer-like manner.

As mentioned earlier, such splicing enhancer elements are often bound by serine/
arginine-rich proteins, which usually activate weak splice sites, as shown in
the mammalian system (Schaal and Maniatis 1999). In general, all SR proteins
exhibit a modular organization, containing an N-terminal RNA-binding domain
and a C-terminal RS domain for protein—protein interactions (reviewed by
Graveley 2006).

In trypanosomes, a protein termed RRM1 was discovered through a degenerate
PCR approach, aiming at identifying genes that encode RNA recognition motifs
(Manger and Boothroyd 1998). This protein is expressed in both procyclic and
bloodstream forms and localizes in nuclear substructures, which may be function-
ally analogous to the speckles of higher eukaryotes. A second trypanosomal SR
protein, termed TSR1, was identified thereafter by Ismaili et al. (1999). TRS1 also
exhibits a characteristic nuclear pattern in the bloodstream form and was shown to
interact with the heterologous human U2AF complex and the SL RNA, leading to
the assumption that TSR1 may be involved in trans splicing in T. brucei. Besides
SR proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs) can also function
as splicing regulators, usually involved in repression, and sometimes to activation
(reviewed by Chen and Manley 2009). Characteristically, hnRNPs carry one or
more RNA-recognition motifs and additional protein—protein interaction domains.
For example, PTB, the polypyrimidine-tract binding protein also known as PTB1 or
hnRNP I, represents a well-characterized splicing regulator of the hnRNP family.
PTB can act as a repressor of numerous alternatively spliced pre-mRNAs (reviewed
by Valcarcel and Gebauer 1997; Wagner and Garcia-Blanco 2001). Several modes
for PTB-mediated repression, depending on the localization of the PTB binding
sites, have been proposed; for example, PTB binding at the polypyrimidine tract can
sterically interfere with other splicing factors such as U2AF65 and the U2 snRNP
(Singh et al. 1995; Sauliére et al. 2006).

In analogy to cis splicing, the 3’ splice sites of polycistronic pre-mRNAs in
trypanosomes are also preceded by polypyrimidine tracts. However, in try-
panosomatids, the polypyrimidine tracts are bifunctional determinants, affecting
trans splicing as well as polyadenylation (LeBowitz et al. 1993; Matthews et al.
1994). Characteristically, trypanosomal polypyrimidine tracts often do not extend
up to the 3’ splice site, and they appear to be associated with the branch point at
variable distances from the 3’ splice site (Liicke et al. 2005).

An attempt by De Gaudenzi et al. (2005) to classify all known RRM-containing
proteins of T. brucei, T. cruzi, and L. major revealed two RNA-binding proteins,
DRBD3 and DRBD4, that resemble the mammalian PTB, which contains four
RRMs, each of them capable of RNA binding (Oberstrass et al. 2005). A homology
comparison of the individual RRMs in the trypanosomal DRBD3 and DRDB4
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proteins versus the mammalian PTB suggested that the two trypanosomal proteins
may jointly perform the function of the mammalian PTB (De Gaudenzi et al. 2005).
Recently, the role of DRBD3 and DRBD4 in mRNA processing and mRNA
stability was analyzed in more detail by RNAi knockdown and microarray analysis
(Stern et al. 2009): Neither DRDB3 nor DRDB4 acted as general splicing factors
for all pre-mRNAs, since no significant overlap was observed between the
transcripts regulated by either protein. Instead, trans splicing of only a subset of
genes seemed to depend on DRDB3 or DRDB4, respectively, and cis splicing was
only affected by DRDB3 downregulation; in addition, both proteins affected the
stability of different subsets of mRNAs. Taken together, these results suggested that
the putative trypanosomal counterparts of PTB are multifunctional RNA-binding
proteins.

Alternative splicing is fundamental for increasing mRNA complexity: A single
pre-mRNA can be processed to yield multiple mRNAs, which occurs in at least
90% of the human protein-coding genes (Pan et al. 2008). Since trans splicing joins
the noncoding SL mini-exon and the protein-coding sequence and since there are
only very few cis spliced genes, the question arose whether alternative splicing
processes play any role in trypanosomes. An initial study that used a reporter gene
expressed from an rRNA locus demonstrated putative alternative splicing events in
the different life stages of trypanosomes (Helm et al. 2008). However, based on a
systematic genome-wide high-throughput RNA sequencing approach, Siegel et al.
(2010) proposed that life cycle-dependent alternative splicing is not a widespread
phenomenon in 7. brucei. Most of the expressed genes use between one and three
alternative 3’ splice sites. In contrast, another genome-wide RNA-Seq study
provided evidence for alternative frans splicing in trypanosomes (Nilsson et al.
2010). In this study, four different consequences of alternative splicing were
differentiated: first, the lack of a start codon, abolishing translation; second,
variations in targeting signals, leading to differential localization of the
corresponding gene products; third, heterogeneity in regulatory elements such as
an upstream open-reading frame; fourth, the use of an alternative open-reading
frame. In sum, over 2,500 life-cycle-dependent alternative splicing events were
observed in this study, suggesting this provides an important regulatory mechanism
during trypanosome development. For example, a recent study described that
alternatively frans-spliced transcripts determine the dual localization of a
trypanosomal protein in the cytosol versus the mitochondrium (Rettig et al. 2012).
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Chapter 4
mRNA Turnover in Trypanosomes

Christine Clayton

Abstract Most kinetoplastid mRNAs are synthesised by RNA polymerase II, then
trans spliced, polyadenylated, and exported from the nucleus. The polycistronic
nature of kinetoplastid transcription, however, means that—with a few exceptions—
the amount of mRNA is determined by post-transcriptionally. Once in the cytoplasm,
the amount of mRINA is determined by the rate of mRNA degradation and the amount
of protein by the rates of translation initiation, elongation, and protein turnover.
In many cases, regulation of mRNA turnover has been found to play a dominant
role. This review discusses the mechanisms of mRNA degradation in kinetoplastids,
and how that degradation is controlled.

4.1 The Role of mRNA Degradation in Determining mRNA
Levels

4.1.1 Constitutive and Developmental Regulation of mRNA
Abundance

High-throughput RNA Sequencing (RNA-Seq) analyses have shown that the most
abundant polymerase II-transcribed mRNAs in trypanosomes, encoding alpha and
beta tubulin, were present at about 500 copies per bloodstream-form trypanosome
(Siegel et al. 2010). Another study, using quantitative Northern blotting, arrived at a
figure of 72 molecules per cell (Haanstra et al. 2008). Since there are about 20 gene
copies per haploid genome, the RNA-Seq data imply that there are nine molecules
per gene. About three quarters of trypanosome mRNAs that arise from single-copy
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genes are present at between 1 and 4 copies per cell, while the least abundant
mRNAs are present at less than 0.2 copies per cell; the number of mRNAs per gene
therefore varies by at least 50-fold (Siegel et al. 2010).

In addition to constitutive control, the levels of some mRNAs vary during the
parasite life cycles. Microarray analyses have demonstrated that between 2 and 15%
of all mRNAs in kinetoplastid protists are subject to developmental regulation
(Jensen et al. 2009; Kabani et al. 2009; Minning et al. 2009; Queiroz et al. 2009;
Rochette et al. 2009). The differences in estimates arise from the number of life cycle
stages examined and technical differences (different array platforms, hybridisation
protocols, statistical approaches, and cut-offs). An analysis, using high-throughput
RNA sequencing (RNA-Seq) in two stages of Trypanosoma brucei, indicated that
5.6% of mRNAs were at least twofold regulated (Siegel et al. 2010) and revealed the
full extent of variations in mRNA copy numbers.

In African trypanosomes, a few highly expressed mRNAs are made by RNA
polymerase 1. This results in at least 500 times more copies per gene than are
achieved by RNA polymerase II, presumably because of efficient transcription
initiation and polymerase processivity (Haanstra et al. 2008; Siegel et al. 2010).

4.1.2 Responses to Specific Stimuli

In most organisms, nutrient deprivation or treatment with specific stimuli or
inhibitors causes selective accumulation, or depletion, of mRNAs encoding rele-
vant proteins. Kinetoplastids, in contrast, rarely show such responses. Most of the
documented instances appear to involve subsets of developmentally regulated
genes, affected by stimuli that are relevant to differentiation. For example, changes
in the T. brucei transcriptome due to altered environmental glycerol (Vassella et al.
2000, 2004) or glucose (Haanstra et al. 2011) are likely to mirror responses to the
environment in the Tsetse fly. In non-growing trypanosomes, such as the “stumpy”
developmental form, the rates of both protein (Bass and Wang 1992) and RNA
(Pays et al. 1993) synthesis are decreased; this is accompanied by a drastic loss of
polysomes (Brecht and Parsons 1998) and reductions in various mRNAs required
for growth (Queiroz et al. 2009).

Responses to other stimuli have so far been more difficult to find. For example,
using a selective microarray that concentrated on genes involved in vesicular
transport, Koumandou et al. (2008) found no evident specific changes in pol
II-derived mRNAs after RNAI targeting clathrin or RabS mRNAs, or treatment
with tunicamycin or DTT. Nevertheless, some specific effects have been
documented. Heat shock caused strong destabilisation of most 7. brucei mRNAs,
though HSP70 and HSP83 mRNA were spared (Kramer et al. 2008). Analogous
effects have been documented more extensively in Leishmania (Clayton and Shapira
2007). The most specific examples were seen in Leishmania. Starvation of procyclic
Leishmania major for purines resulted in a threefold increase in the mRNA encoding
the NT1 purine transporter; though expression of the protein was enhanced 200-fold
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(Ortiz et al. 2010). This could indicate a strong increase in N7/ mRNA translation
efficiency, although degradation of the majority of the newly synthesised NT1
protein immediately after synthesis was not ruled out. Purine transporters NT1 and
NT2 in Leishmania donovani show similar regulation (Carter et al. 2010).

4.1.3 Measuring RNA Half-Lives

If RNA levels were determined solely by gene copy number and half-life, the
copies per gene should be directly proportional to the half-life (Haanstra et al.
2008). Most measurements of mRNA half-life in kinetoplastids rely on the use of
the mRNA synthesis inhibitor actinomycin D, since other methods (pulse label-
ling with *H-adenine, tetracycline-inducible promoters) work too slowly relative
to mRNA decay rates. For the most unstable mRNAs, measurements are
compromised because the time to handle the cells—and possibly also penetration
of inhibitors—exceeds the half-life. For the longest half-lives, the incubation
times become a problem: Actinomycin D should not be used for more than
about half a division time, because it stops growth and ultimately kills the cells.
Also, oddly, for most of the more stable mRNAs that have been examined, there is
an increase in the amount of mRNA (relative to total RNA or stable RNAs) for up
to 2 h after addition of the inhibitor. The source of this increase is unresolved. As
an alternative, or in addition, indirect inhibition of trans splicing, using
sinefungin (which inhibits cap methylation) sometimes, but not always, prevents
the initial rise in RNA (Colasante et al. 2007).

Inhibition of protein synthesis by cycloheximide or puromycin quite often
stabilises kinetoplastid mRNAs. In one case, this has been shown to be a trans
effect, caused, presumably, by loss of an unstable protein rather than through
changes in ribosome loading (Webb et al. 2005). Such results are uninformative
since the nature of the unstable protein(s) is unknown.

Most kinetoplastid mRNAs that have been studied in detail showed regulation of
mRNA degradation. The most quantitative study was of two T. brucei mRNAs
encoding developmentally regulated phosphoglycerate kinases. This showed that
not only mRNA levels, but also the amounts of mature proteins, could be explained
solely on the basis of mRNA degradation rates (Haanstra et al. 2008), which differed
by more than an order of magnitude (Colasante et al. 2007); control by splicing was
insignificant in comparison. Overall, using actinomycin D with sinefungin, half-lives
ranging from 2 min to an hour have been observed in bloodstream-form
trypanosomes (Colasante et al. 2007; Schwede et al. 2009). Half-lives for procyclic
forms, and for Leishmania, are generally rather longer (for a detailed list, see Clayton
and Shapira 2007). From the data so far, half-life might indeed be able to account for
the variations in mRNA abundance seen. In proportion to the transcriptome, however,
only a minute proportion of kinetoplastid mRNAs has been studied, and these are
dominated by developmentally regulated transcripts. We therefore do not know if
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mRNA degradation really is a major determinant of RNA abundance for constitu-
tively expressed mRNAs.

To investigate this we undertook a global analysis of mRNA degradation rates in
bloodstream-form trypanosomes. Half-lives varied from 5 min to at least 90 min,
but most mRNAs have half-lives of less than 20 min (Manful et al. 2011). Although
there was a strong correlation between mRNA half-life and abundance, degradation
rates and copy number were not the only factor determining mRNA levels, and
some mRNAs deviated strongly from expected patterns. These might be affected by
differences in the efficiencies of splicing or mRNA export from the nucleus. Since
no influence of gene position was observed, transcriptional effects can probably be
ruled out in most cases.

4.2 The Enzymes that Degrade Trypanosome mRNA

4.2.1 Overview

In all eukaryotes so far studied, including trypanosomes and Leishmania (Clayton and
Shapira 2007; Haile and Papadopoulou 2007; Ouellette and Papadopoulou 2009), the
degradation of mRNAs follows a similar pattern (Houseley and Tollervey 2009).
Initially, most mRNAs will be on polysomes, although highly unstable mRNAs might
be degraded without any translation. Polysomal mRNAs are associated with several
proteins, which need to be removed either before, or during, the degradation process.
The poly(A) tail is bound by poly(A)-binding protein (PABP), while the cap binds to
elF4E. This binds to eIF4G, which interacts with eIF4A and PABP (Gebauer and
Hentze 2004; Jackson et al. 2010). Translating mRNAs can therefore sometimes,
although not always be circular (Brandt et al. 2010).

Degradation of most mRNAs is initiated by removal of the poly(A) tail; this can be
initiated while translation is still ongoing (Hu et al. 2010). The next step is removal of
the cap structure (decapping). At this point, translation initiation is no longer possible,
and the RNA is susceptible to degradation by 5'-3’ exoribonucleases, and by the 3'-5’
exoribonucleolytic activity associated with the exosome complex (Houseley and
Tollervey 2009). The degradation may take place in specialised cytoplasmic
aggregates called “P-bodies.” These individual steps are considered in more detail
below.

4.2.2 Deadenylation

In mammalian cells and yeast, nRNAs are deadenylated by the CCR4/CAF1/NOT
complex, the PAN2/PAN3 complex, or a poly(A) ribonuclease (PARN). All three
are encoded in kinetoplastid genomes.
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The major deadenylase of metazoans and yeast is the CCR4/CAF1/NOT com-
plex. NOT1 is a large scaffold protein. It is associated directly with CAF1, which is
the principal exoribonuclease of the complex in all organisms examined so far,
apart from S. cerevisiae. The last relies on the activity of CCR4 protein, which is
attached to CAF1; CCR4 is not so important in other organisms. Other subunits that
are present in stoichiometric amounts are NOT2 and NOT3/5 (two similar proteins
in S. cerevisiae). The ubiquitous helicase DHHI1 is also associated, as are various
other sub-stoichiometric components—yeast Caf130 or human CNOT10 (see, for
example, Temme et al. 2010).

Kinetoplastids lack CCR4 but have most of the remaining components of
the NOT complex (Schwede et al. 2009). RNAI targeting CAF1 inhibited trypano-
some growth, delayed bulk deadenylation (as measured by examining all trypano-
some poly(A) tails), and also strongly delayed deadenylation of several mRNAs.
This indicated that, as in mammalian cells, CAF]1 is a major deadenylase (Schwede
et al. 2008). Highly unstable mRNAs were only partially stabilised by CAF1 RNAi
(Schwede et al. 2009). More recent results suggest that additional components of
the complex are also implicated in deadenylation and required for optimal parasite
growth (V. Farber, unpublished results). A transcriptome-wide analysis showed that
depletion of the CAF1/NOT complex almost completely inhibited mRNA degrada-
tion (V. Farber, unpublished results).

The trypanosome PAN2/PAN3 complex appears to be implicated mainly in the
degradation of some unstable mRNAs (Schwede et al. 2009), but its depletion had
only minor transcriptome-wide effects (V. Farber, unpublished results).

The T. brucei genome encodes at least two proteins related to PARN
(Tb927.8.2850 and Tb927.10.8360). The genes are conserved in Leishmania spe-
cies and trypanosomes and not developmentally regulated in 7. brucei. These
proteins do not seem to have essential roles in cultivatable forms of the parasite
and depletion did not affect mRNA decay (Utter et al. 2011). Over-expression of
one of them did result in changes in the levels of some transcripts (Utter et al. 2011),
but interpreting such results is difficult, since over-expression can result in non-
specific effects.

Deadenylation and polyadenylation are also implicated in quality control of
nuclear RNAs; this is outside the scope of this review.

4.2.3 Decapping

In yeast and mammals, deadenylated mRNAs are subject to decapping by a protein
called Dcp2, which has a MutT hydrolase domain. Dcp2 is associated with a less well-
conserved protein called Dcpl. The complex is not active on short oligonucleotides.
Various other proteins, including Edc3, Scd6, Patl, and Dhh1, can enhance activity
(Nissan et al. 2010). Trypanosomes have SCD6 and DHHI, but lack obvious
homologues of Edc3 and Patl. More mysteriously, the kinetoplastid genomes lack a
homologue of Dcp2 (Schwede et al. 2009). Since 5’3’ digestion is very important in
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trypanosome mRNA degradation (see below), decapping of full-length mRNAs must
nevertheless occur. One possible mechanism would be a specific endonucleolytic
digestion of the spliced leader, which could generate a small stub (to be digested by the
characterised decapping enzyme) and a naked 5'-end susceptible to exoribonuclease.
There is, however, so far no evidence for such a process (Schwede et al. 2009).

Yeast and mammals have a second decapping enzyme, DcpS, which degrades
very short capped RNA stubs produced by 3'-5" exonucleases. An enzyme with this
properties was recently described (Banerjee et al. 2009) and may be responsible for
a decapping activity that was described for trypanosome extracts (Milone et al.
2002).

4.2.4 5'-3' Digestion

In both yeast and mammalian cells, decapped, deadenylated mRNAs are degraded
predominantly from the 5'-end by an exonuclease called Xrn1. Experiments on both
trypanosomes and Leishmania have shown that 5'—3’ degradation has an important
role in the degradation of unstable mRNAs. Moreover, the 5'-3’ degradation
appears not to require prior deadenylation (Haile et al. 2008; Li et al. 2006). The
kinetoplastid genomes encode four proteins with appropriate exoribonuclease
domains, which were studied in detail in T. brucei. One, XRND, is located in the
nucleus and is the homologue of an enzyme (Ratl or Xrn2) that is involved in
nuclear RNA quality control and transcription termination in yeast and mammals.
Two of the proteins—XRNB and XRNC—have no known function: RNA interfer-
ence does not affect trypanosome growth (Li et al. 2006), and bloodstream
trypanosomes lacking XRNB grew normally (T. Manful, unpublished results). It
is XRNA that is the functional homologue of Xrnl. RNAI targeting XRNA caused
rapid lethality. It strongly inhibited the degradation of unstable, developmentally
regulated PGK mRNAs (Li et al. 2006), causing accumulation of the mRNAs in an
inappropriate life cycle stage. Recent RNA-Seq data have confirmed that XRNA is
critical in the degradation of many of the more unstable mRNAs in trypanosomes,
but not so important for very stable mRNAs (Manful et al. 2011).

4.2.5 The Exosome

The exosome is a 3'-5’ exoribonuclease complex that is responsible for 3’-trimming
and quality control of many RNAs in the nucleus, and for 3'-5' degradation of
mRNAs in the cytoplasm. The complex consists of nine core subunits plus acces-
sory proteins. The core is a hexamer of between two and six different proteins, each
of which has an RNase PH-like domain. On top of this sit three more subunits with
S1 RNA-binding domains. Exosomes are also found in Archaea and in these
organisms, the RNase PH domains digest RNA as it is threaded through the hole
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in the middle of the hexamer. In most eukaryotes studied to date, in contrast, the
RNase PH subunits have inactivating mutations (Clayton and Estevez 2010).
Instead of degrading RNAs itself, the exosome core may act as a sort of unwinding
chaperone, binding RNA via the S1 subunits, unfolding it by threading through the
core, and exposing the unfolded RNA to attached exonucleases (Bonneau et al.
2009). In the yeast cytoplasmic exosome, the main exoribonuclease activity is
effected by the subunit Rrp44, which sits at the bottom of the structure (opposite
the S1 subunits) (Schneider et al. 2009). Rrp44-like proteins are also important in
human cytoplasmic exosome activity, although their association with the exosome
is not as stable as in yeast (Staals et al. 2010; Tomecki et al. 2010). Meanwhile, in
the nucleus, exoribonuclease activity is supplied by a different subunit, called Rrp6
(Bonneau et al. 2009).

The trypanosome exosome core contains nine different subunits, with the
expected PH hexamer arrangement (Estévez et al. 2001, 2003). Trypanosomes
have a homologue of Rrp44 but no interaction with the exosome has been detected.
Unusually, however, the RRP6 subunit is a constitutive part of the exosome and
even seems to be required for exosome stability (Haile et al. 2007). A structural
analysis of the Leishmania tarentolae exosome revealed that RRP6 seemed to be
bound on one side of the RNase PH hexamer (Cristodero et al. 2008). Oddly, even
the purified RRP6-containing complex lacked exoribonuclease activity (Cristodero
et al. 2008): it is not clear whether the isolated complex had been slightly degraded,
or whether it requires specific buffer conditions, or substrates, or additional acces-
sory proteins in order to function.

In T. brucei, RNAI targeting various exosome subunits (and, interestingly, also
RNAI targeting RRP44) caused defects in ribosomal RNA processing (Estévez
et al. 2001, 2003). Effects on mRNA degradation were, in contrast, very minor,
being restricted to a slight delay in the degradation of very unstable mRNAs (Haile
et al. 2003). This minor effect was recently confirmed in a transcriptome-wide
analysis (V. Farber, unpublished results). This result—like all others from RNAi—
suffers from the perennial disadvantage that the trypanosomes still contained some
residual exosome activity, so the true contribution of the exosome to mRNA
degradation may be greater than was revealed by the assay.

4.2.6 Endonucleases

As an alternative to deadenylation and decapping, mRNAs can be rendered suscep-
tible to exoribonucleases by endonucleolytic cleavage. Besides RNAI, relatively
few examples of this are known so far from mammalian cells, but recently, an
example was found in Leishmania. In Leishmania major, the retroposon-like
element SIDER?2 is enriched in the 3’-UTRs of low-abundance mRNAs (Bringaud
et al. 2007). In two different mRNAs, an endonucleolytic cut within the SIDER
sequence was detected (Muller et al. 2010b): this cleavage effectively deadenylates
the mRNA, leaving it open to attack from both ends. An mRNA containing SIDER2
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is thus degraded in the 5'-3’ direction without any evidence for gradual poly(A) tail
shortening (Muller et al. 2010a). It would be interesting to identify the endonucle-
ase responsible and to find out to what extent this mechanism operates in other
kinetoplastids.

4.2.7 P-Bodies and Stress Granules

P-bodies are thought to be localised centres of mRNA decay. Their contents vary
depending on the cell type, but they typically contain mRNA, translation repressors,
RNA-binding proteins that trigger mRNA decay, and some components of the
mRNA degradation machinery—the decapping complex, deadenylases, Xrnl,
Dhhl (human Rck), and Scd6 (human Rap55), but not the exosome (Buchan and
Parker 2009). P-body formation is enhanced by puromycin, and inhibited by
cycloheximide, which suggests that P-bodies are sites for degradation of mRNAs
that are not associated with ribosomes. Microscopically detectable P-bodies are,
however, not essential for mRNA degradation (Eulalio et al. 2007), and recent
results have shown that mRNA degradation can be initiated while the mRNA is on
polysomes (Hu et al. 2010).

A second type of particle, the stress granule, can be induced by starvation,
treatment with heavy metals or heat shock. These granules contain 40S ribosomal
subunits and translation factors, in addition to some P-body components such as
Xrnl, Dhhl, and Scd6, while lacking the decapping machinery and deadenylases.
They are thought to be storage sites for mRNAs that may be associated with pre-
initiation complexes and are temporarily sequestered from translation due to
unfavourable conditions (Buchan and Parker 2009).

Prolonged (24 h) incubation of T. cruzi in buffer causes the development of
granules containing DHH1 (Holetz et al. 2007) and poly(A) (Cassola et al. 2007).
Similar granules were seen after a 3-h starvation of T. brucei procyclic forms
(Cassola et al. 2007) (Table 4.1). Starvation granule formation was, as for metazoan
and yeast P-bodies, inhibited by cycloheximide and promoted by puromycin treat-
ment. In contrast, formation of the granules was not prevented by actinomycin D,
which makes them more like stress granules. Using GFP fusion proteins or poly-
clonal antibodies, the authors found poly(A)-binding proteins, an e[F4E, XRNA,
DHHI1, but not two selected ribosomal proteins or eIF3D, in the granules. The
absence of the small ribosomal protein would argue against the presence of
translationally stalled mRNPs. Also present were various small proteins with a
single RRM domain (Table 4.1). Similar granules were seen in parasites isolated
from the vector. Immunoprecipitation with antibody to T. cruzi DHH1, followed by
mass spectrometry, unfortunately yielded mainly extremely abundant proteins that
are found as contaminants in many such studies (Holetz et al. 2010); in contrast, the
CAF1/NOT complex components, which are known to be associated with DHH1
(Schwede et al. 2008), were not detected.
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Table 4.1 P-bodies and stress granules in trypanosomes

Component T. cruzi T. brucei T. brucei
starvation starvation 41°C

poly(A) SG SG low RNA

DHH1 SG* nd PB+HSG

SCD6 nd nd PB+HSG

PABPI1 SG* SG* HSG

PABP2 SG* - HSG

XRNA SG* nd XB

elF2A nd nd HSG

elF3B nd nd HSG

elF3Db SG+/— nd nd

elF4E1 SG* nd HSG

elF4E2 nd nd HSG

elF4E3 nd nd HSG

elF4E4 nd nd HSG

RPL3 - nd nd

RPS19 - nd nd

UBP1 SG* SG* nd

UBP2 SG* nd nd

RBP3 SG*+/— nd nd

RBP4 SG*+/ nd nd

RBP5 SG*+/ nd nd

RBP6 SG* nd nd

LA - nd nd

CBP20 - nd nd

The locations of components shown in the left-hand column were determined by in situ

hybridisation (poly(A), expression of GFP-tagged proteins, or using specific antisera. “—”: not in

stress granules; SG* starvation granule with colocalisation with poly(A); SG*+/— partial
colocalisation; nd not done; HSG heat-shock granule; PB P-body; XB XRNA body. Starvation
results are from Cassola et al. (2007) and heat-shock results from Kramer et al. (2008). The
location of DHHI in T. cruzi SG was also shown by Holetz et al. (2007), as was partial
colocalisation with PABP1

A second study found not only DHH1 and XRNA, but also SCD6, in granules in
procyclic T. brucei. Heat shock collapsed the polysomes, with decreases in most
RNAs, but sparing HSP70 and HSP83 mRNAs. The number of DHH1- and SCD6-
containing granules increased, and an unusual XRNA-containing structure, which
lacked other P-body markers, was formed at the posterior of the cell. Various
granules containing poly(A)-binding protein 1 (PABP1) also formed; some
contained SCD6 and DHH1, while others did not (Table 4.1).

Procyclic T. brucei expressing a dominant-negative version of DHH1 selectively
accumulated a small number of bloodstream-form-specific mRNAs, confirming the
role of DHH1 in their degradation (Kramer et al. 2010b). Whether these effects are
a consequence of P-body impairment, or defects in deadenylation or decapping, is
not known—DHH1 has multiple functions. Similarly, DHH1 immunoprecipitation
from T. cruzi selected for mRNAs that are normally unstable in epimastigotes
(Holetz et al. 2010). Again, multiple explanations are possible.
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4.3 Control of mRNA Degradation in Trypanosomes

4.3.1 Regulatory Sequences

The location of sequences that regulate mRNA abundances has been studied
extensively using reporter genes. In nearly all cases, the sequence was found in
the 3’-UTR, and, where examined, the 3’-UTR was found to regulate the mRNA
half-life. The location makes sense: small ribosomal subunits, with associated
tRNA and translation factors, will strip any RNA-bound proteins from the
5'-UTR, unless they are impeded by strong protein—protein interactions or RNA
secondary structures. The 3’-UTR is, in contrast, free for binding of other proteins,
which might have regulatory function.

Since the previous list of 3’ elements was published (Clayton and Shapira 2007),
a variety of additional sequences has been described (see, for example, Abanades
et al. 2009; Rodrigues et al. 2010). Nearly all of the regulatory sequences identified
so far are much too long to be recognised by a single RNA-binding protein. If there
are short (less than 40 nt) recognition elements within them, these must be highly
context dependent since deletion mutations failed to delineate them. Most likely,
recognition depends not only on primary sequence, but also on secondary structure.

A few short regulatory elements have nevertheless been described. U-rich
elements in the 3’-UTR have been shown to be involved in the developmentally
regulated degradation of various mRNAs: in T. brucei, for three mRNAs that are
unstable in bloodstream forms, encoding EP procyclin, the B (cytosolic) isoform of
phosphoglycerate kinase, and pyruvate phosphate dikinase (Quijada et al. 2002); and
in mucin mRNAs in T. cruzi (D’Orso and Frasch 2001). These are of interest because
they resemble the destabilising AU-rich elements found in the 3’-UTRs of many
mammalian mRNAs. Two short elements that contain consensus motifs for recogni-
tion by Pumilio domain proteins control developmental regulation of a paraflagellar
rod protein in Leishmania (Mishra et al. 2003) and cell cycle regulation in 7. brucei
(Archer et al. 2009), and an octamer sequence is required for cell cycle regulation of
various mRNAs in Crithidia fasciculata (Avliyakulov et al. 2003).

The next step is the identification of effector proteins. The minimal criteria are
the protein must bind to the recognition sequence in vivo and must fail to bind to
non-functional mutated versions of the recognition sequence. The protein must also
be required for regulation of the mRNA: in T. brucei, this can be shown by RNAj; in
organisms lacking RNAI, it could be shown by knock-out or expression of
dominant-negative versions. The ability to affect mRNA abundance when artifi-
cially tethered to a non-target mRNA would support the protein activity further. So
far, unfortunately, no protein-target pair fulfils all of these criteria. Nevertheless,
there are some indications of protein function. Most research so far has focussed on
proteins with canonical RNA-binding domains: RRMs, Pumilio domains, and
CCCH zinc fingers.
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4.3.2 Proteins with RRM Domains

The RNA Recognition Motif (RRM) is a sequence of about 90 amino acids. The
results of structural analyses suggest that proteins with only a single RRM domain
are unlikely to show specific high-affinity RNA binding unless other domains (or
associated proteins) contribute (Park et al. 2000); in contrast, two RRMs can recog-
nise RNAs of about 11 residues (Wang and Tanaka Hall 2001) with nanomolar
affinity (Park et al. 2000). RRM domains can also mediate protein—protein
interactions (Kielkopf et al. 2004). Kinetoplastids have at least 70 proteins with
RRM domains, only a few of which have known functions in RNA metabolism
[e.g. poly(A)-binding protein, rRNA and mRNA processing factors; De Gaudenzi
et al. 2006]. Many of the remainder have been targeted by RNAi and 17 were shown
to be required for optimal growth (Wurst et al. 2009).

4.3.2.1 Proteins with a Single RRM Domain

UBP1 and UBP2 are related proteins which bind preferentially to U-rich sequences
in vitro. They are found in starvation granules (Cassola et al. 2007) and shuttle
between the nucleus and cytoplasm (Cassola and Frasch 2009); the RRM domain
was required for both localisations, suggesting dependency on RNA binding. Over-
expression of UBP1 in 7. cruzi resulted in instability of a mucin mRNA to which
UBP1 can bind. In T. brucei, RNAi and over-expression of UBP1 or UBP2
inhibited cell growth; over-expression increased the levels of mRNAs encoding
the CFB1 cyclin-F-box protein family, while RNAi reduced the level of a related
mRNA encoding CFB2 (Hartmann and Clayton 2008). The levels of mRNAs
encoding a transmembrane protein family were also regulated in concert with
UBPI1 expression; in each case, the 3'-UTRs were required for the effects. However,
there is no evidence that the effects were a direct consequence of UBP1/2 binding
(Hartmann and Clayton 2008).

RNA pull-down assays using UBP1, UBP2, and RBP3 have given conflicting
results. In T. brucei, there was no evidence for selective binding of UBP1 and UBP2
to particular mRNAs (Hartmann and Clayton 2008). UBP1 and UBP2 constitute
0.1% of the total cell protein, so are present in 30-fold molar excess over mRNA
(Hartmann and Clayton 2008). The specificity of T. cruzi UBP1 and UBP2 was
tested by a pull-down followed by cloning and sequencing of 40 clones. The authors
were able to identify a putative consensus recognition motif in the RNA (Noe et al.
2008). Homodimerisation of UBP1 was documented in T. cruzi, which would allow
sequence-specific binding (D’Orso and Frasch 2002), but neither homodimerisation
nor heterodimerisation was found in 7. brucei.

RBP3 is another small single-RRM protein related to the UBPs. Immunoprecip-
itation of T cruzi RBP3 pulled down several mRNAs encoding ribosomal proteins
and a possible recognition sequence was deduced (Noe et al. 2008). In T. brucei,
microarray hybridisation of RBP3-bound RNA revealed ten transcripts, not the
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same as in 7. cruzi but including CFBI; however, depletion of RBP3—which
somewhat inhibited bloodstream trypanosome growth—had no effect on the
transcriptome (Wurst et al. 2009).

The UBP1, UBP2, and RBP3 pull-downs all relied on rather insensitive, non-
quantitative methodology; the immunoprecipitations gave no indication of what
proportion of each target RNA was actually bound. It will be important to repeat
these experiments using RNA-Seq and to compare the bound and unbound fractions
in order to obtain quantitative information. Our results provide no evidence that
UBP1, UBP2, or RBP3 is associated with polysomal RNA (Hartmann and Clayton
2008; C. Klein, unpublished). Their roles therefore remain enigmatic.

RBP10 is a bloodstream-form-specific cytoplasmic protein. RNAi targeting
RBP10 in bloodstream forms causes up-regulation of procyclic-specific mRNAs
and is lethal. Expression in procyclic forms similarly inhibits growth and turns on
bloodstream-form-specific mRNAs, including that of native RBP10. The mecha-
nism of action of RBP10 is not yet known. There is no evidence that RBP10 can
bind to mRNAs, it shows no stable interactions with other proteins, and it is not
associated with polysomes (M. Wurst, manuscript in preparation).

4.3.2.2 Proteins with Two RRM Domains

DRBD3 is a protein with two RRM domains that might be a homologue of
polypyrimidine tract-binding protein, an Opisthokont splicing regulator. It is essen-
tial for T. brucei growth. Two different groups have shown that DRBD3 binds to,
and stabilises, a subset of developmentally regulated mRNAs, including several
encoding membrane proteins (Estévez 2008; Stern et al. 2009). Using reporter
assays, it was demonstrated that for an mRNA encoding an amino acid transporter,
DRBD3 acted via the 3’-UTR; the precise recognition sequence remains to be
defined. A role of DRBD?3 in splicing was also demonstrated (Stern et al. 2009).

4.3.2.3 Pumilio-Domain Proteins

In animal cells and yeast, some Pumilio (Puf) domain proteins negatively regulate
mRNA translation and degradation, or affect mRNA localisation (Saint-Georges
et al. 2008). In yeast, these are required for optimal growth under special conditions
(Foat et al. 2005), but are not required for survival in rich medium. Other Puf-
domain proteins are involved in rRNA processing or ribosome assembly (Thomson
et al. 2007). Kinetoplastid genomes encode both types of Puf protein. Of the 10
kinetoplastid Puf proteins, PUF7 and PUFS are in the nucleolus and implicated in
rRNA processing (Droll et al. 2010).

T. brucei PUF1 (Luu et al. 2006) is equivalent to 7. cruzi PUF6 (Dallagiovanna
et al. 2005, 2008). PUF1/6 is located in the cytoplasm, in discrete spot that do not
colocalise with DHH1 (Caro et al. 2006; Dallagiovanna et al. 2008) and not
detected in polysomes (Dallagiovanna et al. 2008; Luu et al. 2006). In a T. brucei
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pufl knockout mutant, no defects in either growth or the transcriptome were
detected. A pull-down of T. cruzi PUF6 preferentially enriched 6 mRNAs, and
these were decreased when PUF6 was over-expressed (Dallagiovanna et al. 2008).
However, the proportion of each mRNA that was bound to PUF6 was not measured,
and a recognition site was not identified. Thus, PUF1/6 might be involved in
destabilisation of a subset of target mRNAs, at least in 7. cruzi, but there is no
evidence that this function is essential.

T. brucei PUF9 is required for stabilisation of three RNAs in the S-phase of the
cell cycle, and its own mRNA shows parallel regulation (Archer et al. 2009). The
target RNAs were identified by a PUF9 pull-down, and all share a consensus
Pumilio domain-binding motif, UUGUACC. In one case, this motif was also
shown to be required for cell cycle regulation (Archer et al. 2009). So far, however,
direct evidence for binding of PUF9 to the motif is missing, so it is not clear if the
connection is direct or indirect.

As noted earlier, the negative regulatory element in the Leishmania mexicana
PFR2 gene (encoding a component of the paraflagellar rod) contains a Puf consen-
sus motif (AUGUAUAGUU) (Mishra et al. 2003). Whether this is recognised by a
Pumilio protein is not known.

4.3.2.4 Proteins with CCCH Zinc Finger Domains

Proteins with Cx4_15Cx4_¢Cx3H (CCCH) zinc finger domains are involved in
various aspects of RNA metabolism. Usually, two domains are required for
sequence-specific RNA binding. The individual sequenced kinetoplastid genomes
encode 48-54 potential CCCH-domain proteins, 39 of which are present in all
species, and few have known functions (Kramer et al. 2010a).

ZFP1, ZFP2, and ZFP3 have single CCCH domains and play a role in T. brucei
differentiation. ZFP1 is up-regulated during differentiation and in the procyclic
stage, and down-regulation of ZFP1 results in impaired kinetoplast repositioning
during differentiation (Hendriks and Matthews 2005). Reduced ZFP2 mRNA
caused a delay in expression of the procyclic surface protein EP1 procyclin,
while over-expression resulted in a morphological abnormality. Over-expression
of ZFP3 resulted in enhanced differentiation (as assessed by the gain of EP1) and in
morphological abnormalities in the procyclic form (Hendriks et al. 2001; Paterou
et al. 2006). ZFP3 binds to EP procyclin mRNAs, and binding requires the presence
of two previously characterised regulatory elements (Walrad et al. 2009); the
evidence suggests that it regulates translation.

ZC3H18 is another single-RRM protein; it is not essential in bloodstream
T. brucei, but depletion delays differentiation to the procyclic form. ZC3H18 is
phosphorylated and can bind to 14-3-3 proteins (Benz et al. 2011). ZC3H20 has
also recently been shown to stabilise a few developmentally regulated mRNAs
(Ling et al. 2011).

In Crithidia fasciculata, an octamer sequence in the 5'-UTR is involved in cell
cycle control. It can be bound by two different protein complexes. One, CSBPI, is a
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dimer of CSPA (T. brucei ZC3H39) and CSPB (T. brucei ZC3H40), each of which
contains a single CCCH domain. Although CSBPI cycles in concert with its target,
and a knockout of CSPA caused loss of CSBP protein as well, the target mRNAs
continue to cycle (Mittra et al. 2003). The second complex is a trimer consisting of
poly(A)-binding protein and two other proteins whose phosphorylation was cell
cycle dependent; it is not known if either of these is required for cell cycle
regulation (Mittra and Ray 2004).

4.3.3 Nonsense-Mediated Decay

In metazoans, plants, and yeast, mRNAs with premature termination codons are
degraded by a process known as “nonsense-mediated decay” (Stalder and
Miihlemann 2008). The process depends on a protein called Upfl, which interacts
with another protein, Upf2. Various possible mechanisms of premature codon
recognition have been documented, including measurement of 3’-UTR length.
Kinetoplastids have genes encoding both UPF1 and UPF2, and they interact
(Delhi et al. 2011). In T. brucei, introduction of premature termination codons in
either an endogenous gene or a reporter gene caused modest decreases in mRNA
abundance, but so far, it was not possible to demonstrate that this depended on
UPF1. The mechanism of nonsense-mediated decay, and the means by which the
premature termination codon is recognised in trypanosomes, is unresolved, but it
clearly did not depend on the length of the 3’-UTR (Delhi et al. 2011).

4.4 Outlook

Kinetoplastids have over 100 RNA-binding proteins whose functions are not known.
Probably, most mRNAs are bound by several different proteins, some of which
compete for binding to the same site. In order to understand control, it is necessary
to understand the composition of the entire ribonucleoprotein particle. Alves et al.
(2010) documented the composition of messenger ribonucleoprotein particles,
washed with EDTA in order to remove the ribosomes. Although the washing
removed some translation factors, many novel potential interacting proteins were
identified, including some with RNA-binding motifs. We have also obtained
polysomal proteomes (C. Klein, unpublished results) with additional RNA-binding
proteins. Although these proteomes probably contain many contaminants, they will
be an invaluable source of information about mRNA regulatory factors. Purification
of specific mRNAs poses a much greater challenge, but potential methods exist, and
their application will allow us to understand the complex interactions that determine
the fates of individual mRNAs.
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Chapter 5
tRNA Biogenesis and Processing

Jessica L. Spears, Mary Anne T. Rubio, Paul J. Sample,
and Juan D. Alfonzo

Abstract tRNAs are essential in all domains of life; this becomes especially impor-
tant in trypanosomatids, where for all purposes the same set of tRNAs are utilized for
cytoplasmic and mitochondrial protein synthesis. What makes the system special is
that although tRNA biogenesis starts in the nucleus, the resulting products will satisfy
translational requirements in two very different compartments. The balance between
intracellular tRNA transport and post-transcriptional modifications may modulate
tRNA function in gene expression. This chapter will summarize what is currently
known about various processes that a tRNA must undergo in a trypanosomatid cell to
become fully functional. Whenever possible, we will highlight both commonalities
and differences with other systems, while emphasizing open questions that may lead to
new and surprising discoveries in this group of evolutionarily divergent organisms.

Keywords Editing « Mitochondria « Modification ¢ Processing * tRNA transport ¢

Trypanosomes

5.1 Introduction

Due to intricate membrane systems eukaryotic cells exhibit a great deal of intracel-
lular compartmentalization, which provides an organizational hierarchy for various
cellular and metabolic pathways. As a consequence, eukaryotic cells have evolved
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efficient transport systems that ensure that a given molecule reaches its final
destination, which often differs from its original site of synthesis. This intracellular
organization is highlighted especially in the maturation pathways of tRNAs in
trypanosomatid parasites. In most eukaryotes, tRNAs are encoded in either of two
DNA-containing compartments: the nucleus or the genome-containing organelles
(chloroplast and mitochondria). However, in trypanosomatids, mitochondrial
genomes do not appear to contain any tRNA genes. Therefore, the complete set
of tRNAs used in both cytoplasmic and mitochondrial protein synthesis is encoded
solely in the nuclear genome. In these organisms tRNAs are thus transcribed in the
nucleus, exported to the cytoplasm, and later a subset of cytoplasmic tRNAs is
actively imported into the mitochondria. However, before tRNAs can be rendered
functional in any cellular compartment, they face many enzymatic reactions includ-
ing end trimming, intron splicing, tRNA editing, and other modifications. Some of
these processes, for example those involved in trimming of extraneous sequences at
the tRNA ends, occur in the nucleus, usually preceding cytoplasmic export. Others,
like editing and modification, may occur at any point in the tRNA maturation
pathway and in any of the tRNA-containing compartments. The following sections
will cover what is known about these maturation processes in trypanosomatids,
focusing primarily on the genera Trypanosoma and Leishmania where most of the
research has been performed. As tRNA transcription will be extensively covered
elsewhere in this book, we will focus on steps immediately following transcription
by polymerase III in the nucleus and steps that precede tRNA degradation in any
compartment. Therefore, tRNA synthesis and stability will be covered only when
needed to explain certain aspects of tRNA maturation. Special emphasis will be
placed throughout this chapter on how transport dynamics may affect tRNA
maturation, which in turn may have direct bearing on tRNA function.

5.2 tRNA Biogenesis and Processing

5.2.1 Nuclear Trimming of 5’ and 3'-Sequences to Generate a
Full-Length tRNA

In trypanosomatids, like in most organisms, tRNAs are transcribed as precursor
molecules, containing extra sequences at their 5'- and 3’-ends (5'-leader and
3'-trailer, respectively) that have to be removed as part of a tRNA’s normal
maturation process. The exact order of end-trimming events depends on the
tRNA species, but most commonly in eukaryotic organisms, processing begins in
the nucleus with 5'-leader removal followed by 3'-trailer cleavage (Fig. 5.1).
Maturation of the 3’-end of eukaryotic pre-tRNA involves two sequential events:
removal of the 3'-extension followed by CCA addition. Cleavage of the 3'-trailer of
pre-tRNAs is accomplished by the highly conserved tRNase Z, often found as two
homologous proteins in eukaryotes. The smaller of the two enzymes, tRNase ZS,
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Fig. 5.1 tRNA maturation processes in trypanosomatids. Following transcription tRNAs undergo
numerous processing events, those depicted here are the few pathways that have been studied in
trypanosomatids. Shown on the left is the fate of a newly transcribed tRNA, specifically
highlighting tRNA™", the only intron containing tRNA in trypanosomatids. The 5'-leader
sequence is removed followed by intron splicing and 3'-trailer cleavage. CCA is added to the
3’-end of the tRNA, which is then exported into the cytoplasm where a portion of the tRNAs is kept
for cytoplasmic translation and another portion is imported into the mitochondrion for mitochon-
drial translation. Equally important are tRNA editing and modification events that occur through-
out the maturation process. Editing as exemplified by cytidine to uridine (C to U) and adenosine to
inosine (A to I) can occur in all three compartments. Highlighted in the pathway in the middle is
mitochondrial C to U editing that permits tRNAT™ to decode UGA as tryptophan. Highlighted in
the maturation pathway on the right is the C to U editing of tRNA™ that occurs in the nucleus
before 3'-trailer cleavage and addition of the CCA end. This tRNA is further edited (A to I) after
being exported to the cytoplasm. tRNA modifications such as thiolation (s°U) have been observed
in the cytoplasm (i.e., tRNAS" {RNACM {RNAM) as well as in the mitochondrion (i.e., tRNAT™)
(middle pathway). Activities depicted as colored circles represent reactions known to occur in
trypanosomatids; however, the enzymes responsible for those reactions remain unknown

appears in all domains of life (bacteria, eukarya, and archaea), while the larger,
tRNase ZL, is only found in eukarya (formerly referred to as Elacl and Elac2,
respectively). It is not yet entirely clear why the two forms are present in some
eukaryotes, but differences in substrate specificity (Takaku et al. 2004) and cellular
localization of the two enzymes may explain it. tRNase ZL usually contains a
predicted mitochondrial (Levinger et al. 2004) or chloroplastic (Vogel et al. 2005)
targeting sequence, while tRNase ZS always localizes to the nucleus. In
trypanosomatids, not much is known about the nature of the 3’-end maturation
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enzyme(s). However, bioinformatic analysis in T. brucei reveals the presence of a
potential homolog of the larger eukaryotic form of the enzyme, tRNase ZL (unpub-
lished results). The other homolog is either absent or not easily detectable by
database searches. Furthermore, attempts to identify a version of tRNA Z that
contains a mitochondrial targeting sequence have been unsuccessful, suggesting
that only tRNase ZL exists in trypanosomatids, but unexpectedly localizes to and
functions only in the nucleus. However, one must admit this is just a computer-
based prediction. If this protein is truly only nuclear, this should not be at all
surprising due to growing evidence that mitochondrial tRNAs are imported from
the cytoplasm as mature molecules (as described in the sections below). Thus tRNA
import obviates the need for 3'-processing inside the mitochondria. It is possible
that some version of tRNA Z may be involved in processing other RNAs in various
organisms, including trypanosomatids, judging by the enzyme's substrate specific-
ity. It has been noted that the minimal substrate for in vitro cleavage by tRNase Z is
an RNA molecule consisting of the T-stem loop, acceptor stem, and a minimum of
an 11-nucleotide 3’-overhang (Mayer et al. 2000; Nashimoto et al. 1999; Schiffer
et al. 2001), raising the possibility of alternative substrates.

Besides tRNA Z other cellular components, including the multisubstrate RNA-
binding La protein, have been shown to play a less direct but important role in the
removal of the 3'-trailer in eukaryotes (Yoo and Wolin 1997). In T. brucei, RNA
polymerase III transcripts such as tRNAs end in a string of uridines that serves as
the binding substrate for the La protein, which has been shown to prevent nuclease
degradation of bound RNA in other systems (Wolin and Cedervall 2002). The
T. brucei La protein homolog has been identified and recent attempts to characterize
its function have produced interesting results. In yeast, downregulation of La is
nonlethal; this is likely due to redundant mechanisms of 3'-trimming by
exonucleases (Yoo and Wolin 1997). Conversely, RNAI of the T. brucei La protein
arrested growth shortly after induction, indicating that it is essential for cell viabil-
ity (Arhin et al. 2005; Foldynova-Trantirkova et al. 2005).

It has also been observed that the downregulation of La caused a 50% decrease
in elongator tRNAM" and a fourfold increase in intron-containing tRNA™". Despite
the various proposed interactions of La with different RNA species (for example
other tRNAs), these were the only two to be noticeably affected. It should also be
noted that immunoprecipitation experiments with La-specific antibodies and
T. brucei extracts only pulled down the intron-containing tRNA™", pointing to its
definite involvement in pre-tRNA™" processing. How it affects elongator tRNAM®!
and whether it interacts with other pre-tRNAs is still unknown (Arhin et al. 2005).
It has been proposed that La plays a role in either recruiting the tRNA splicing
machinery to the tRNA substrate and/or the recruitment of a tRNA Z to cleave the
3’-end trailer sequence. Still, the precise role the La protein plays in tRNA matura-
tion remains a mystery, and subsequent experiments are required to elucidate its
function in T. brucei. In a different study of T. brucei initiator-tRNAM®', nuclear-
localized polypeptides with similarity to an S. cerevisiae protein, involved in
formation of SAM-dependent 1-methyladenosine at position 58 of the TYC loop
of tRNAs (Anderson et al. 1998), were shown to affect tRNA processing when
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down-regulated. RNAi of the predicted adenosine methyltransferase, ThMT40,
produced an accumulation of pre-tRNAs with 5’-leaders but a trimmed 3'-end.
This provides another example in trypanosomatids in which a 3'-to-5’ order of
processing is observed. Curiously, downregulation of 7TbMT40 and its partner
protein TWMT53, which is predicted to bind tRNA™® produced an abundance of
elongator tRNAM®', The reason for this is unknown. The authors also show via
immunoprecipitation that TbMT40 and ThMT53 are part of a 300 kDa multimeric
complex with unknown components and function (Arhin et al. 2004).

Similarly, the mechanism for removal of the 5'-leader from tRNAs in
trypanosomatids is not exactly clear. It was expected that, like in most eukaryotic
tRNAs, 5'-removal is mediated by the highly conserved ribonuclease P (Xiao et al.
2002). RNase P was one of the first examples of a ribonucleoprotein using RNA as
its catalytic moiety (Guerrier-Takada et al. 1983), cleaving its RNA substrate to
produce 5’-monophosphate and 3’-hydroxyl end products. This metalloenzyme
requires divalent ions such as Mg”* for catalysis (Frank and Pace 1998) and correct
folding of its RNA component (Baird et al. 2007; Hsieh and Fierke 2009; Kazantsev
et al. 2009). It is believed that eukaryotic RNase P recognizes the pre-tRNA via the
acceptor stem, the TWWC loop (Baird et al. 2007; Carrara et al. 1995; Levinger et al.
1995; Yuan and Altman 1995), and is aided by its interaction with pre-tRNA bound
to the La protein (Esakova and Krasilnikov 2010; Yoo and Wolin 1997).

The exact nature of the enzyme(s) responsible for the removal of the 5'-leader
sequence of trypanosomatid pre-tRNAs is not yet clear. However, a T. brucei
mitochondrial RNase P-like activity has been partially characterized and shown
to effectively cleave the 5'-leader of pre-tRNAs. Curiously, there is evidence
suggesting that the RNA component of this mitochondrial RNase P is not needed
for cleavage activity (Salavati et al. 2001). This observation is consistent with a
recent report that the RNase P activity of human mitochondria is a protein-only
enzyme (Holzmann et al. 2008). Interestingly, humans still encode an RNA-
containing RNase P used for the processing of nucleus-encoded tRNAs. Since the
presence of RNase P RNA has been difficult to discern by bioinformatic means, it is
possible that in these organisms the requirement for the RNA component has been
lost during evolution and that, in fact, even the nuclear RNase P is a protein-only
enzyme. Paradoxically, it is not clear why an RNase P-like activity would be
required in trypanosomatid mitochondria, since as mentioned above, tRNAs are
imported as mature molecules. Likely, trypanosomatid mitochondrial RNase P has
an alternative function, perhaps in the maturation of mitochondrial polycistronic
transcripts, including mitochondrial rRNA.

Before the end-matured tRNA can participate in aminoacylation, a highly
conserved three-nucleotide sequence, CCA, must be added posttranscriptionally by
the 3'-specific CCA nucleotidyltransferase, the CCA-adding enzyme. In general,
there are two classes of CCA-adding enzymes: the archaeal class I and the eukaryotic
and bacterial class II (Xiong and Steitz 2006). Both facilitate the addition of CCA
using CTP and ATP in a template-independent polymerization reaction. Currently,
no published information is available for tRNA nucleotidyltransferases in T. brucei,
but expectedly, a BLAST search of the T. brucei sequence database revealed the
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presence of a putative class II CCA-adding enzyme and no matches for class I.
However, this enzyme has not been genetically or biochemically characterized.

5.2.2 Intron Removal and Nuclear Export

In T. brucei, the only intron-containing tRNA is tyrosine tRNA (tRNA™"), which
has an 11 nucleotide intervening sequence. Intron-containing tRNAs can be found
in all of the phylogenic kingdoms and usually consist of a short sequence of
nucleotides that occur immediately 3’ of the anticodon loop in eukaryotes. The
function of introns within tRNAs is largely unknown; however, in yeast tRNATY,
the intron is required for conversion of the central uridine of the anticodon to
pseudouridine (Johnson and Abelson 1983). The mechanism of tRNA intron splic-
ing proceeds in two steps. The first involves the removal of the intron by a specific
endonuclease that recognizes conserved elements of the anticodon stem. The two
halves generated by the endonuclease are then joined by a ligase to complete the
process (Greer et al. 1987; Fig. 5.1).

What is eye-catching about the T. brucei tRNA™" intron is its length; at 11
nucleotides it is one of the shortest tRNA introns known in nature. Assuming that
tRNA splicing is as conserved in T. brucei as it is in other organisms, the 7. brucei
system may inherently provide insight into a very simplified minimal substrate for
the T. brucei endonuclease. Although neither the endonuclease nor the ligase have
been identified in trypanosomatids, earlier work showed that unlike the yeast
endonuclease, site-specific mutations in the anticodon loop of T. brucei tRNA™"
disrupted splicing, implying the strict necessity for a specific structure for cleavage.
This is reminiscent of tRNA splicing in plants (Stange et al. 1988). Notably,
tRNA™" mutants deficient in tRNA splicing were observed to accumulate with
3'-extensions, while 5'-extensions were not detected with probes specific for the
5'-leader sequence, suggesting that the 5'-mature and unspliced intermediate serves
as the substrate for 3’-end processing. This order of events is different from that
observed in other organisms where 5'- and 3’-maturation occur before splicing
(De Robertis and Olson 1979; Melton et al. 1980).

Once the pre-tRNA ends have been cleaved off and in the case of tRNA™", once
the intron has been removed, the mature tRNA must be exported from the nucleus to
the cytoplasm. Again, little is known about this process in T. brucei, but in other
eukaryotic systems a Ran-GTP dependent protein, exportin T, carries tRNA across
the nuclear membrane and releases it after Ran-GTP hydrolysis to form Ran-GDP
(Hopper et al. 2010). It has been proposed that exportin T contributes to tRNA
proofreading before export by assessing the condition of the 5’- and 3’-ends as well
as the structure provided by the acceptor stem and T-stem loop (Arts et al. 1998;
Cook et al. 2009; Lipowsky et al. 1999). The maturation status of tRNAs destined for
mitochondrial import is currently a point of contention, so it will be interesting to see
how exportin T discriminates substrates for different localization or if other factors
are also involved in tRNA export, as has been seen in fungi (Hopper et al. 2010).
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In summary, although the various activities that mature a tRNA via end
trimming and CCA addition are predictably present in trypanosomatids, little is
known about the biochemical nature and the mechanisms of any of the enzymes or
processing events.

5.2.3 tRNA Editing and Modifications

Maturation of tRNAs involves more than the typical splicing of introns and the
removal of the 5'-leader and 3'-trailer. Posttranscriptional editing and modification
of many nucleotides throughout the tRNA sequence represents in all domains of life
another necessary step before a tRNA becomes fully functional. Over 100 different
modified nucleotides have been characterized with a median of 8 modifications per
tRNA (Phizicky and Alfonzo 2009). While individually many of the modifications
are dispensable, with functions ranging from tRNA stability, to tRNA structure and
folding to translational fidelity, editing and modification events can be integral parts
of normal cell function, some even being essential for viability (Phizicky and
Alfonzo 2009). In a few cases, trypanosomatid tRNAs provide the only example
for a particular modification or editing event. There are, of course, the modifications
that are nearly universally conserved and after which tRNA regions are named,
including dihydrouridine (D) in the D arm and pseudouridine (‘') in the T¥YC arm,
but perhaps of greater interest are those modifications that may be unique to
trypanosomatid physiology. Alternatively, equally interesting are those modifi-
cations that despite being in common with other systems, in trypanosomatids, still
provide nuances in their mechanisms of synthesis. These may promise to become
potential chemotherapeutic targets. In general, little is known on tRNA editing and
modification in trypanosomatids. The following sections will explore various
themes that are slowly developing in the study of modifications in these organisms,
but unfortunately the discussion will be limited to the few examples of modifications
that have been studied. These include cytidine-to-uridine (C to U) and adenosine-to-
inosine editing (A to I), inside and outside of organelles (Alfonzo et al. 1999; Crain
et al. 2002; Rubio et al. 2006, 2007), and tRNA thiolation (Bruske et al. 2009; Crain
et al. 2002; Wohlgamuth-Benedum et al. 2009).

5.2.3.1 tRNA Editing

As originally stated, “RNA editing” is broadly defined as a programmed posttran-
scriptional alteration of sequence information in mRNA beyond what is encoded
in the DNA genome (Benne et al. 1986; Gray 2003). This definition was originally
used to describe only canonical nucleotide changes, but in the following subsections
we will use an even more generalized definition of editing that includes the
replacement of canonical nucleotides for noncanonical ones (e.g., adenosine for
inosine) that have a direct effect on either tRNA structure or function.
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C to U Editing

The first studies of tRNA editing in trypanosomatids came from the fact that in
these organisms, all the tRNAs used in mitochondrial translation are nucleus
encoded and subsequently imported into the mitochondrion. A problem is encoun-
tered when considering the translation of tryptophan codons because, like with
many eukaryotic organisms, in the trypanosomatid mitochondrial genome the
canonical UGG tryptophan codon is often replaced by UGA, a stop codon in
cytoplasmic translation (Alfonzo et al. 1999). This led to the question of how
organisms with a single tRNA™ with anticodon CCA could decode UGG as
tryptophan and UGA as stop in the cytoplasm, while decoding UGA as tryptophan
once imported into the mitochondrion. As first shown in Leishmania tarentolae
(Alfonzo et al. 1999) more than a decade ago and later corroborated in
Trypanosoma brucei (Charriere et al. 2006), these organisms have solved this
decoding conundrum in a simple yet rather elegant way. The tRNA undergoes
cytidine (C) to uridine (U) editing at the first position of the anticodon, thus
changing the CCA anticodon to UCA which can now decode UGA by canonical
base pairing and even UGG by wobbling (Alfonzo et al. 1999). Clearly, mitochon-
drial compartmentalization of such an activity avoids the potential generation of a
high-copy suppressor tRNA (with anticodon UCA) in the cytoplasm (Fig. 5.1).

While the reason for this type of editing is clear, its mechanism remains uncertain.
The simplest activity accounting for the observed C to U editing would involve a
tRNA-specific cytidine deaminase. A precedent for a polynucleotide-specific cytidine
deaminase already exists in the editing of mRNA in mammals (Navaratnam et al.
1993). The possibility of such an enzyme in trypanosomatid mitochondria has been
most recently reinforced with the discovery of an analogous activity in archaea,
where the first cytidine deaminase acting on fRNAs (CDATS) has been described
(Randau et al. 2009). This enzyme, a member of the larger cytidine deaminase
family, catalyzes C to U via a conserved hydrolytic deamination reaction in a zinc-
dependent manner. Unfortunately, no protein similar to CDATS8 in Trypanosoma or
Leishmania could be identified by bioinformatic analysis. Therefore, the enzyme
responsible for this mitochondrial editing activity remains elusive. However, an
in vivo approach still allowed defining certain features of the tRNA substrate that
are important for tRNA™P editing. We took advantage of the fact that tRNA variants
expressed from a plasmid in L. tarentolae, when transcribed could still be imported
into the mitochondria. We used this approach to establish that a single base pair
reversal, at the last position of the tRNAT™ anticodon stem, abolished C to U editing
in vivo (Crain et al. 2002). Beyond this position, it is not known what other
determinants of editing exist in the natural tRNA™™ substrate in Leishmania, but in
T. brucei (as discussed below) modifications may serve as an antideterminant
(Wohlgamuth-Benedum et al. 2009). Clearly, C to U editing has direct bearing on
translation and because an estimated 88% of the conserved mitochondrial tryptophan
codons are UGA, it has been concluded that this editing is essential for mitochondrial
translation and cell survival.
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The only other example of C to U editing in trypanosomatids occurs outside the
mitochondrion and is, in fact, the first example of C to U editing outside organelles in
eukarya (Gaston et al. 2007; Rubio et al. 2006). Occurring just 5’ of the tRNA
anticodon (position 32) in all three isoacceptors of tRNA™ this editing event
takes place while the tRNA is still in the nucleus and before the removal of the
5'-leader from the tRNA (Fig. 5.1) (Gaston et al. 2007). Unlike the mitochondrial
editing of tRNAT™P, C3, to Uy, editing has no direct bearing on decoding; however,
in vitro, Cs, to Us, stimulates, although is not required for, the essential adenosine-to-
inosine formation at the wobble position of tRNAAGUThr. As A to I has a direct effect
on translation and is essential for cell viability, it may stand to reason that Cs, to Uz,
indirectly affects translational efficiency of some, if not all, threonine codons.

A to I Editing

By far, the most common form of editing occurring in eukaryotic tRNAs is the
adenosine to inosine substitution at the first position of the anticodon. Mechanisti-
cally, this type of editing proceeds via a conserved hydrolytic deamination reaction,
much the same as that described for the C to U activity of archaecal CDATS (Randau
et al. 2009). Unlike the case of C to U editing of tRNA™™, the enzyme responsible
for A to I editing has been identified in 7. brucei in our laboratory (TbADAT2/3)
(Rubio et al. 2007). This enzyme functions as a heterodimer, comprised of two
subunits, ADAT2 and ADATS3, which harbor the Zn-coordinating motifs, H(C)xE
and PCxxC, characteristic of all members of the cytidine deaminase superfamily. In
these enzymes, the conserved histidine and two cysteines coordinate a zinc ion,
while the fourth ligand is an activated water molecule. A conserved glutamate in
ADAT?2 then acts as a proton shuttle between the activated water and the exocyclic
nitrogen at C6 of the purine ring. This set of ligands and cofactors thus act in
concert to hydrolyze the amino group at C6 of the adenosine ring releasing
ammonia as the leaving group. Although inosine deamination has been studied
for several years in various systems, the enzyme from 7. brucei still produced a few
interesting surprises. For instance, the core sequences of these deaminases, includ-
ing the residues involved in catalysis, resemble those found in cytidine deaminases
despite the fact that the enzyme catalyzes an adenosine deamination reaction
(Gerber and Keller 1999). This observation in itself may be of no consequence,
but given our finding that tRNAs may undergo both A to I and C to U editing (as
discussed briefly in the preceding section), we decided to explore the possibility
that this enzyme could perform both reactions. To our surprise, downregulation of
TbADAT?2 (the presumed catalytic subunit) in T. brucei led to a reduction in both A
to I and C to U editing of tRNA™, suggesting that the enzyme is involved in both
reactions in vivo. However, in vitro we found that TbADAT2/3 could robustly
catalyze A to I, but not C to U, editing in tRNA. This raises the question of what
factor may be missing in the in vitro reaction with recombinant proteins. We could,
however, demonstrate that TbADAT?2/3 efficiently catalyzes C to U deamination of
DNA (Rubio et al. 2007). Although the biological significance of the DNA reaction
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is not clear, the observed activity demonstrated that the enzyme had the inherent
capacity to catalyze both reactions as previously hypothesized. The question still
remains, why it cannot perform the reaction on tRNA? One explanation may be
that there are posttranscriptional modifications in the natural substrate that may be
important specificity determinants and are missing in our in vitro substrate. Alter-
natively, the enzyme itself may be missing some additional cofactor found in vivo.
Here it is worth noting that the A to I reaction at the wobble position occurs after
tRNA export from the nucleus, but interestingly, both subunits (ThADAT?2 and 3)
localize to both the nucleus and the cytoplasm (Gaston and Alfonzo, unpublished
results). This raises the possibility that within a cellular compartment, the substrate
specificity can change by virtue of other proteins associating with ADAT2 within a
given compartment. In this realm, compartmentalization will determine enzyme
specificity in a manner reminiscent of the previously described C to U editing of
tRNA™™ in mitochondria of trypanosomatids. Currently, the answers to many of
these questions are still far from clear.

5.2.4 Modifications

Beyond C to U and A to I editing, trypanosomatid tRNAs also undergo a number
of posttranscriptional modifications. Initially, a number of modifications were
identified by a combination of liquid chromatography and mass spectrometry
analysis of cytoplasmic and mitochondrial tRNA™ (Crain et al. 2002). This
of course was prompted by the discovery of the C to U editing event described
above. From these studies, 12 different modifications were identified in Leishmania
tRNATP including dihydrouridine (D), pseudouridine (), 2-thiouridine (s°U),
NP®-isopentenyladenosine, and a number of sugar and base methylations (i.e.,
2'-O-methylcytidine, 2'-O-methyluridine, 2'-O-methylguanosine, 5-methyluridine,
7-methylcytidine, and N*-methylguanosine). These are by no mean unusual and
occur in tRNAs from other organisms (Juhling et al. 2009; Sprinzl and Vassilenko
2005). What generated interest was the finding that many modifications were added
to the tRNA following mitochondrial import.

Most surprising was the discovery that this tRNA undergoes thiolation at
position 33 of the anticodon (adjacent to the edited nucleotide). Although previous
work had raised the possibility of this tRNA position being modified, this finding,
however, constituted the first demonstration of modification at this position in any
organism. Uj;z plays an important function in shaping the anticodon loop structure
allowing a tRNA to splay the anticodon nucleotides, priming them for translation.
This unusual thiolation of tRNA™™ eventually led to further exploration of the
thiolation pathways of trypanosomatids. In T. brucei, like in most eukaryotes, there
are two places where tRNAs can be thiolated: the cytoplasm and the mitochondria
(Fig. 5.1). Cytoplasmic thiolation seems to require the same components as in yeast,
but the specific contributions of factors like Urm1, Uba, Ncs 1, and Ncs 6 have not
been formally tested (Leidel et al. 2009). These are identifiable by genomic
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searches and are expected to provide similar functions as in the yeast system.
Trypanosomatids and other eukaryotes differ in the nature of the tRNAs used for
mitochondrial thiolation. In the T. brucei cytoplasm, tRNAyyg®™, tRNAyyc™,
and tRNAyuu™® are the only known targets for thiolation, but because of tRNA
import, these tRNAs enter the mitochondria already containing the thiol group
added by the cytoplasmic thiolation system. So far, the only tRNA known to
undergo mitochondrial thiolation in these organisms is tRNAT™ (Alfonzo et al.
1999; Charriere et al. 2006), which as described above also undergoes C to U
editing. Surprisingly, in our studies of thiolation, we found that RNAi
downregulation of any of the mitochondrial thiolation factors (including Nfs, the
key desulfurase essential for thiolation) led to upregulation of tRNA editing to
almost 100% (Wohlgamuth-Benedum et al. 2009). This observation implies that
s?Us; acts as a negative determinant for tRNA editing and helps maintain the levels
of the two isoacceptors as required for UGG and UGA decoding. Notably, tRNA™™
is not thiolated in the cytoplasm during transit. This raised the question of how this
tRNA avoids cytoplasmic thiolation. We showed that editing is not required for
thiolation at Us3 in L. tarentolae, a close relative of T. brucei (Crain et al. 2002).
Therefore, the only viable explanation is that the cytoplasmic and mitochondrial
tRNA thiolation systems differ in their substrate recognition and that, in fact, there
are features common to tRNAS™, (RNAS" and tRNAD® required for thiolation
that are not present in tRNA™™. Recently, it was shown that following import,
tRNAC™, t(RNAS™ | and tRNA™"* become dethiolated by an unidentified activity,
raising the possibility that the mitochondrial thiolation may play a “repair” role for
this tRNA set; again, this has not been formally tested (Bruske et al. 2009).

An additionally surprising discovery with the T. brucei system involves the fate
of the cytoplasmic tRNAs in the absence of thiolation. We showed that tRNAS™,
tRNAS", and tRNA™* become unstable and are quickly degraded if thiolation is
impaired (Wohlgamuth-Benedum et al. 2009). This instability was specific only to
the thiolated tRNA set and differs in this respect from a more general rapid tRNA
degradation pathway described (Alexandrov et al. 2006; Engelke and Hopper
2006). The nature of the enzymes or factors mediating this degradation is currently
unknown. Overall, the thiolation system of T. brucei shows not only how intracel-
lular compartmentalization affects tRNA modification, but it even exemplifies how
location may affect modification enzyme substrate specificity. A curious corollary
of the thiolation story is the remarkable finding that the same desulfurase required
for iron—sulfur (FeS) assembly is also required for tRNA thiolation in both the
cytoplasm and the mitochondria. In the mitochondria, subunits of respiratory
complex IIT require an FeS cluster, therefore downregulation of Nfs could lead to
downregulation of respiratory rates. We suggest a model by which the divergence
of the two pathways (FeS assembly and tRNA editing/thiolation) from a common
key enzyme may be exploited by these cells to carefully match respiratory rates to
mitochondrial translation perhaps by offsetting the 50/50 ratio of edited and
unedited tRNA™™. It is also worth mentioning that a number of cytoplasmic
modification enzymes require FeS clusters for activity, thus this hypothesis may
even include cytoplasmic modification systems in connection with FeS-cluster
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assembly for global metabolic regulation (Lill and Muhlenhoff 2006). These
proposals are of course largely speculative, but their exploration may reveal
important global aspects in the coordination of these facets of cellular metabolism.

5.3 tRNA Import into the Mitochondria

The mitochondrion is the powerhouse of the cell in that it provides the bulk of the
energy required for various cellular transactions in the form of ATP. The mitochon-
drial genome of kinetoplastids encodes only a small subset of genes required for the
assembly of complete respiratory complexes and generation of ATP. Glaringly
missing from the mitochondrial genomes of trypanosomatids are any recognizable
tRNA genes. This is not unique to the trypanosomatids and indeed most, if not all,
mitochondria-containing organisms have lost tRNA genes from their mitochondrial
genomes during evolution. Historically, the case of missing tRNA genes in
mitochondria dates back to the 1960s when Suyama and coworkers while working
with the single-cell protist Tetrahymena pyriformis first introduced the concept
of mitochondrial import of tRNAs from the cytosol (Suyama 1967). This was
needed in order to supplement the protein synthesis machinery with the missing
tRNAs, which in conjunction with those tRNAs still encoded in the organelle, could
account for the decoding of all the codons used in mitochondrial translation
(Suyama 1967).

To date, multiple occurrences of tRNA import have been described in diverse
organisms: the ciliate Tetrahymena (Rusconi and Cech 1996; Suyama 1967),
kinetoplastid flagellates Trypanosoma and Leishmania (Hancock and Hajduk
1990; Mottram et al. 1991; Simpson et al. 1989), yeast (Martin et al. 1979; Rinehart
et al. 2005), various marsupials (Dorner et al. 2001), the apicomplexan Toxoplasma
(Esseiva et al. 2004), plants (Marechal-Drouard et al. 1988), and, most recently,
mammals (Rubio et al. 2008). The number of imported tRNAs varies greatly from
as few as one tRNA in mammals to a full set of tRNAs in kinetoplastids and
apicomplexans (Salinas et al. 2008). The kinetoplastids Leishmania and
Trypanosoma represent the most extreme case of missing tRNA genes, in that all
cytoplasmic tRNAs, with the exception of initiator tRNAM®', have to be imported
from the cytoplasm. In this section our discussion will focus on the studies of tRNA
import into the mitochondria of Leishmania and Trypanosoma, two systems that
cover the lion’s share of what is known about tRNA import in this group of
evolutionary diverse organisms.

The disappearance of a varying number of tRNA genes from mitochondrial
genomes among different organisms has perhaps driven the independent evolution
of systems that permit the import of tRNAs from the cytoplasm (Lithgow and
Schneider 2010; Salinas et al. 2008); still, the factors that control tRNA import,
specifically the nature of the import machinery, remain to be fully understood.
In the absence of clear knowledge of the import machinery, here we will refrain
from the relaxed use of the term “mechanism,” and instead we will divide import
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Fig. 5.2 Pathway for tRNA import into mitochondria independent of the protein import pathway.
The pathways shown highlight important features of tRNA import into the mitochondria that
occurs independently of the protein import pathway. Specific factors and complexes affect import
differently in different organisms. For example, thiolation (s’U) is a negative import determinant
for tRNA import in L. tarentolae, but is not a determinant in 7. brucei. Likewise, RIC6 (Rieske
protein) of the RNA import complex (RIC) is necessary for import in L. tropica, but not in
T. brucei. Elongation factor EFla is also involved in import in 7. brucei. Other factors, like
VDAUC, play a role in other organisms, but not in 7. brucei (as shown)
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systems into two broadly defined types (a) those utilizing the known protein import
pathway, and (b) those in which tRNA import is shown to occur independent of
the protein import machinery (Alfonzo and Soll 2009). For clarity, type I import,
is limited to the single known example from yeast where direct participation of the
canonical and well-characterized protein import machinery itself helps drive the
tRNA across the mitochondrial double membrane. Since this type of import has not
been described in trypanosomatids, for all practical purposes in these organisms
tRNA import occurs independently of the protein import machinery (Fig. 5.2).
Clearly tRNA import components themselves have to be transported and inserted in
the membranes; careful teasing of the secondary effects of protein import from that
of the downstream import of the tRNA remains a delicate nuance in the identifica-
tion of proteins involved in the transport of tRNAs.

Common to all organisms that import tRNAs into the mitochondrion, including
trypanosomatids, is the need for tRNAs to traverse both the outer and inner
mitochondrial membranes to reach their final destination in the mitochondrial
matrix, where translation takes place. There are various hypotheses that explain
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how a given tRNA is recognized in the cytosol and delivered to the mitochondrion,
but currently no single proposal for tRNA delivery explains all the data published
so far. While the tRNA import process can be efficiently reproduced in vitro in the
absence of cytoplasmic factors, the contribution of cytoplasmic factor(s) to the
process also has to be addressed. Given that tRNAs in the cell are integrally
associated with components of the translation machinery, they need to be recycled
during protein synthesis. The missing link in the series of events is how the tRNA
frees itself from the translation machinery and the mode by which the tRNA reaches
the mitochondrion. One hypothesis proposes that a fraction of the nuclear-encoded
tRNAs escapes the cytoplasmic translation machinery by interacting with protein
factors that will consequently direct it to the mitochondrion. In Trypanosoma
brucei, the best example is provided by the cytoplasmic translation elongation
factor 1o (eEF1a), which plays a role as a specificity determinant for a small subset
of imported tRNAs (Bouzaidi-Tiali et al. 2007), but by extrapolation may play a
similar role with all cytoplasmic tRNAs prior to transport (Fig. 5.2). In vivo
experiments suggested that in T. brucei, tRNAMet (RNA", and tRNAY™® contain
a major localization determinant within the TWC-stem at nucleotides 51 and 63,
which form a base pair in the canonical tRNA structure. This finding was a logical
derivation of an earlier observation that in the initiator tRNAMet, one of two tRNAs
that is not imported into the T. brucei mitochondrion, this base pair is identical to
the main antideterminant preventing interaction with elongation factor (eEF1a).
This is different from all the imported tRNAs, which contain the base pair needed
for eEFla binding, implicating this factor in tRNA delivery to the mitochondrial
surface. Indeed, knockdown of cytoplasmic eEF1a, but not of translation initiation
factor 2, was found to inhibit mitochondrial import of newly synthesized tRNAs,
long before cytoplasmic translation or cell growth is affected. Additionally,
tRNAS, the only other cytosol-specific tRNA in T. brucei, which has its own
elongation factor and does not bind eEF1a, could be redirected to the mitochon-
drion by simple introduction in its sequence the same base pair required for eEF1a
binding. Therefore, for tRNAs that are imported, binding to eEFla provides an
additional level of import specificity beyond what is already provided by the import
machinery itself (Lye et al. 1993; Shi et al. 1994; Bouzaidi-Tiali et al. 2007).

In terms of actual mitochondrial import factors intrinsically associated with the
membranes, a system has been described in Leishmania tropica. This system is
independent of the mitochondrial protein import pathway and involves the so-called
RNA import complex (RIC) (Mukherjee et al. 2007). The RIC was derived from a
detergent-solubilized extract of L. tropica inner mitochondrial membranes that was
subjected to chromatography. This affinity column harbored an immobilized RNA
oligonucleotide corresponding to what has been identified previously as a legiti-
mate import signal by the same authors. This affinity substrate corresponded to the
D arm of tRNA™" and when used for affinity chromatography yielded a massive
multiprotein aggregate (Bhattacharyya et al. 2000). Sequences resulting from mass
spectrometry analysis of the resulting complex produced a total of 122 nuclear-
encoded ORFs. These were then used to mine the Leishmania genome sequence
database, and the role of specific proteins in tRNA import was further analyzed by
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Western blotting and gene knockdown using RNAi (Mukherjee et al. 2007). The
RIC is comprised of an 11-protein core complex assembled at the mitochondrial
inner membrane with a stoichiometry adding up to a total mass of ~580 kDa. The
import complex requires ATP and membrane potential to import tRNAs. Within the
complex, there are three mitochondrial- and eight nuclear-encoded subunits.
Analyses by knockdown and in vitro reconstitution experiments indicated that
six of the eight nuclear-encoded subunits, RIC 1, 4A, 6, 8A, 8B, and 9, are essential
for import. The RIC has been affinity-purified and resolved from other mitochon-
drial complexes by native gel electrophoresis (Goswami et al. 2006). Functional
complexes could be reconstituted with recombinant subunits expressed in
Escherichia coli. Several essential RIC subunits are identical to specific subunits
of respiratory complexes. The two nonessential subunits were identified as RIC3,
an M16 metalloproteinases, and RICS5, a trypanosomatid-specific protein. It is
proposed that RIC1 and RIC8A are the two receptors involved in initial tRNA
binding. Then, trimeric RIC6 and RIC9 form the translocation pore, while RIC4A
and RIC8B anchor the complex to the membrane. Membrane-embedded
mitochondrial-encoded subunits 2 (dimeric), 4B (substoichiometric), and 7 interact
with RIC4A (Fig. 5.2). The dispensable subunits RIC3 and RICS are assembled
peripherally (Goswami et al. 2006).

Despite many reports, the relevance of the Leishmania import complex is still
controversial. For instance, one of its essential components is the Rieske protein,
but downregulation of its expression by RNA interference in 7. brucei had no effect
on tRNA import (Paris et al. 2009), despite the predicted effects on membrane
potential and mitochondrial function traditionally ascribed to Rieske function. Thus
in the kinetoplastid system, the true nature of the tRNA import machinery is not yet
clear. In plants, inhibition of the VDAC (voltage-dependent anion channel) by the
addition of reuthenium red impaired tRNA import into mitochondria (Salinas et al.
2006), suggesting that the VDAC plays a critical role for tRNA transport across the
outer membrane. However, the same is not true in T. brucei, where a knockout of
the gene encoding the VDAC protein had no effect on tRNA transport (Pusnik et al.
2009) (Fig. 5.2). In conclusion, to date no single protein has been identified and
characterize that directly contributes to tRNA translocation across the mitochon-
drial membranes in trypanosomatids. Thus far, what all protein-import independent
mechanisms, including those of trypanosomatids, have in common is the require-
ment for ATP (although the exact role of ATP is still not clear) and lack of
requirement for membrane potential (Alfonzo and Soll 2009). However, since the
actual transporters have not been identified, it is difficult to conclude more on the
actual transport mechanism.

5.3.1 Analyses of tRNA Molecules as Import Substrates

Earlier observations suggested that in Trypanosoma brucei, the 5'-leader-
containing precursor tRNA is the substrate for in vivo import. The leader sequence
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was, in fact, supposed to contain sequence information needed for import. Specifi-
cally, the 5'-flanking sequence of the precursor tRNA"" was shown to be important
for its in vivo localization in T. brucei mitochondria (Sherrer et al. 2003). The
proposed model was analogous to the protein import mechanism, where the
preprotein N terminus serves as a “zip code” for organellar targeting. However,
conflicting experiments showed that at least in the case of tRNA™" (CAA)
isoacceptor, import occurs regardless of the sequence context of the imported
gene, implying that the tRNA presequence could not be an import determinant
for every tRNA in T. brucei (Tan et al. 2002).

To address the contribution of sequence determinants within the mature tRNA
molecule, the in vivo import of tRNAs into the mitochondrion of L. tarentolae was
studied using two tRNAs that differentially localize within the cell (Lima and
Simpson 1996). In L. tarentolae, tRNA"*(UAU) is mostly localized within the
mitochondrion while tRNAS"™(CUG) is primarily in the cytosol (Lye et al. 1993;
Shi et al. 1994). To permit discrimination of the exogenously transfected tRNA
from that of the endogenous tRNAs in these in vivo import experiments, plasmids
encoding sequence-tagged variants at the D loop of either tRNA"™ or tRNAS™ were
transfected into L. tarentolae cells. The import of RNAs, assessed by primer
extension analysis, revealed that the plasmid-encoded genes were expressed and
that the tagged tRNAs showed a similar intracellular localization as the endogenous
tRNAs. The in vivo import experiments in L. farentolae further demonstrated that
the exchange or deletion of the 5’-flanking genomic sequences had no effect on the
expression or mitochondrial localization of the tagged tRNA" or on the expression
or cytoplasmic localization of the tagged tRNAS™, suggesting that the signals for
importation are localized within the tRNA itself. Swapping the D stem and loop
from the mainly cytoplasmic tRNAS™ with that from the tRNA"® produced an
increased mitochondrial localization of the plasmid-expressed mutated tRNAC™,
Given that the D loop exchange between the two differentially localized tRNAs did
not eliminate the mitochondrial localization of the plasmid-expressed tagged
tRNA", the role of tertiary tRNA structure or additional sequence elements were
proposed to contribute an essential role in signaling the mitochondrion to import the
tRNA (Lima and Simpson 1996).

Similar experiments were performed in vitro with the same tRNAs used for the
in vivo studies, namely tRNA™ and tRNA®"™. Worth highlighting with these
studies in the L. tarentolae in vitro import system is the observation that the system
is saturable. This strongly implies that the in vitro assay exhibits dynamics akin to
receptor-mediated systems. Moreover, the amount of tRNA protected from nucle-
ase digestion in the presence of isolated mitochondria reaches a plateau at different
concentrations, 25 uM for tRNA" and 3.8 pM for tRNA™ (Rubio et al. 2000).
This difference seen in the in vitro saturation levels of imported tRNA is consistent
with the levels of in vivo localization of these tRNAs, where tRNA" is primarily
mitochondrial and tRNAS™ is primarily cytoplasmic (Kapushoc et al. 2002; Lye
et al. 1993). In vitro, swapping the D-loops of full-length tRNA"® and tRNA°™ led
to the reversal of their import efficiency. This was also consistent with the previous
in vivo import studies, which strongly supports the fact that at least for these two
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tRNAs the in vitro import system was a valid mimic of the in vivo situation. This
observation not only argues for the specificity of this process, but also implicates
the importance of structural interaction between the D-arm and the TWC-arm in the
tRNA in providing discrimination for mitochondrial import. Again, in the absence
of any additional cytoplasmic factors, the mitochondrion can itself mediate
imported levels of tRNA reminiscent of the in vivo situation. This does not, of
course, discount the possibility that cytoplasmic factors play a role in vivo.

In Leishmania tropica, the import of tRNAs into mitochondria has been pro-
posed to involve two signature consensus sequences dividing tRNAs into either
class I tRNAs or class IT tRNAs. Type I tRNAs are proposed to contain a conserved
sequence motif in the D arm needed for efficient import across the inner mitochon-
drial membrane, and positively stimulates import of type II molecules into the
mitochondrial matrix. In contrast, type II tRNAs exhibit a conserved sequence
motif within the variable region and the TWC domain and are poorly imported
into the mitochondrion. Additionally, type II tRNAs inhibit import of type I RNAs
into the mitochondrial matrix. It is further speculated that a limited number of
receptors regulate the rate of import of individual tRNAs and that regulatory
interactions exist between the two types of tRNA molecules (Mahapatra et al.
1998). Furthermore, Mahapatra and Adhya suggest that in vitro, an import protein
receptor at the mitochondrial surface specifically recognizes a sequence motif only
at the D-arm for tRNA™" (Mahapatra et al. 1994, 1998). Specifically, the D-arm
sequence motif AUGGCAGAG is proposed to interact with L. tropica RIC. This
D-loop has been proposed as the receptor recognition motif and a key import
determinant. The import probe was quite unique, in that it consisted of antisense
RNA transcripts between —53 and +25 nucleotides of the Leishmania B-tubulin
gene. Experimental evidence showed that mitochondrial uptake in vitro of this
transcript could be competitively displaced by Leishmania tRNA. Accordingly,
they suggested that the nucleotide sequence AUGGCAGAG or its motif within
the antisense RNA might account for this competitive displacement, since
this sequence motif exhibited homology to the sequence AU(U)GGC/UA within
the D-loop region of two imported tRNA species, tRNA™ and tRNA™"
(Bhattacharyya et al. 2000).

In order to further test the proposal that an import signal resides within the D
loop, a different study explored the possible presence of the proposed sequence
determinant in all tRNA sequences available at the time. These sequences were
extensively surveyed and examined for the existence of this D-loop motif and
whether the motif could determine the import fate of a given tRNA (Suyama
et al. 1998). No obvious consensus sequence at the D-loop was obtained from the
analysis that could correlate tRNA localization within the cell to the presence of
the D-loop motif, calling into question its in vivo importance. Therefore, the
nucleotide sequence at the D-loop alone does not explain the observation of
variable import phenotypes between tRNAs and in these arguments one must
include the contribution of tertiary contacts between different regions of the highly
conserved L-shaped tRNA structure (Suyama et al. 1998).
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In L. tarentolae, further studies on the import of short RNAs, containing either
the class I or II D-loop consensus demonstrated that both were imported in vitro into
L. tarentolae mitochondria (Rubio et al. 2000). Strikingly, the in vitro import of the
short RNA substrates led to the loss of discrimination for mitochondrial localiza-
tion, which is in contrast to the import behavior observed with the full-length tRNA.
This indicated that even though shorter RNA molecules may be imported in vitro,
the ability of the mitochondria to discriminate between the substrates to be
imported becomes compromised. To ascertain the limits of import specificity,
smaller RNAs including five different 16- to 17-nucleotide mini-helix RNAs and
one unstructured 17-nucleotide substrate (nonhelix forming) were also tested; all
could be efficiently imported in vitro. However, unstructured RNAs of greater sizes
(19, 24, and 33 nucleotides) failed to support import. The fact that in vitro import
loses its specificity when the RNA substrate becomes less than ~17 nucleotides in
length suggests that although a feature contributed by the D-loop may be important,
it is within the context of a full-length tRNA that import discrimination is achieved.

One common feature between the in vitro tRNA import systems in L. tarentolae
and L. tropica mitochondria is the observation of in vitro import in the absence of
added cytoplasmic factors. These two systems, however, still yield conflicting data;
as discussed above, a membrane potential is not required for import in L. tarentolae,
but it is absolutely required in L. tropica. However, in both systems there is a need
for ATP hydrolysis. Significantly, the lack of requirement for membrane potential
suggests that tRNAs are actively imported via a route other than the protein import
pathway, which has a strict requirement for a membrane potential. Coincidentally,
the lack of requirement for membrane potential in Leishmania is similar to that of
the import of tRNA®™ in yeast and human mitochondria (Rubio et al. 2008). These
systems radically differ from that of yeast tRNA™®, which has a strict dependence
on membrane potential due to the involvement of the protein import pathway.
Despite these differences, it is clear from experiments where mitochondria were
pretreated with proteinase K prior to import, that the machinery that imports tRNAs
is proteinaceous in nature.

Aside from studies focused on determining positive elements contributing to
tRNA import, possible negative import determinants have also been described.
Given that posttranscriptional modifications are known to affect tRNA structure,
the possibility that nucleotide modifications affect the tRNA in a positive or
negative manner is likely. One report suggested that tRNA thiolation of uridines
to form 2-thiouridine (s*U) is a negative determinant for import in L. tarentolae
(Fig. 5.2; Kaneko et al. 2003; Paris et al. 2009). Using RNA interference (RNA1),
we knocked down a key component of the tRNA thiolation pathway in T. brucei,
Nfs. We showed that although the inhibition of this protein led to a concomitant
decrease of tRNAC™ thiolation, it had no effect on the distribution of this tRNA
species in vivo or in vitro, suggesting that s*U is not a negative determinant for
tRNA import in T. brucei (Paris et al. 2009).
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5.4 Concluding Remarks

If history has taught us something it is that with trypanosomatids the only thing that
can be expected is often the unexpected. This highlights a more complex truth that
reflects the evolutionary position of these medically important single-cell protists,
highly divergent from the more commonly studied eukaryotic organisms. In this
chapter, we tried our best to highlight recent developments in the field of tRNA
biogenesis in trypanosomatids. What should become evident to the reader is that in
fact, little is known about most of the events leading to formation of mature tRNAs
in these cells, despite much progress made in other systems. One should, however,
never discard the importance of digging further into biological processes in
organisms that have been a constant source of awesome surprises.
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Chapter 6
rRNA Biogenesis in Trypanosomes

Shulamit Michaeli

Abstract rRNA processing is a complex and essential process that starts in the
nucleolus, continues in the nucleoplasm, and is completed in the cytoplasm. The
process involves the concerted action of the small nucleolar RNAs that direct
cleavage at distinct sites in the intergenic spaces and modify the rRNA by 2'-O-
methylation and pseudouridylation. The process also requires protein factors such
as endonucleases, ATPases, GTPases, and helicases that mediate the precise cleav-
age of the pre-rRNA in the intergenic regions and ensure the correct assembly of the
two ribosomal subunits. In this chapter, I describe unique properties of this process
in trypanosomes. As opposed to most eukaryotes, the large subunit of the rRNA is
cleaved into two large subunits and additional small rRNA fragments. The unique
repertoire of small nucleolar RNAs (snoRNAs) is described, emphasizing the lack
of conventional snoRNAs involved in rRNA processing and the presence of
trypanosome-specific snoRNAs. Finally, the protein factors involved in this process
are described, focusing on factors whose function was elucidated in trypanosomes,
and on a bioinformatics survey to detect protein factors involved in this process in
other eukaryotes.
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6.1 Trypanosome rRNA Processing is Unique: Cleavage
of a Large Subunit to Small rRNA Fragments

rRNA processing is a complex process that involves several small nucleolar RNAs
(snoRNAs) and hundreds of factors including enzymes such as endo- and
exonucleases, and a variety of factors that control this complex process, such as
AAA-type ATPases, helicases, and GTPases. The processing of rRNA starts in the
nucleolus, continues in the nucleoplasm, and is completed in the cytoplasm
(Tschochner and Hurt 2003). The nucleolus is compartmentalized into three
sections: the fibrillar center (FC), dense fibrillar component (DFC), and granular
component (GC). Pre-RNA is first localized to the interspaces between the FC and
DFC and then moves to the DFC where rRNA processing begins, and continues in
GC. SnoRNP proteins such as fibrillarin are localized in DFC, but factors involved
in late stages of processing are confined to the GC (Puvion-Dutilleul et al. 1991).

In eukaryotes, such as yeast and mammals the pre-rRNA is transcribed as a long
precursor that is composed of external and internal transcribed spacers (ETS and
ITS, respectively). The precursor has the following structure: 5’-ETS/SSU/ITS1/
5.8S/ITS2/LSU/3'-ETS. The SSU encodes for the 18S small subunit and the LSU
for the 28S rRNA large subunit rRNA. rRNA processing starts with cleavages in the
5" ETS at position A0, followed by consecutive cleavages at sites Al and A2
(ITS1), which removes the 5’ external transcribed spacer (5" ETS) and separates
the 18S precursor (20S) from the 27S precursor, which is composed of 25S and 5.8S
precursors. In yeast, in 85% of the cases, the 27SA2 pre-rRNA is cleaved at A3
located in the ITS1 by MRP (Fig. 6.1a). In 15% of the cases, the 27SA2 precursor is
cleaved at position B1. The last step of LSU processing involves cleavage at
positions C1 and C2, located at the ITS2, to generate the 5.8S and 25S rRNA
(Eichler and Craig 1994; Venema and Tollervey 1999). The pre-rRNA SSU is
transported to the cytoplasm where it is further cleaved at site D, yielding the
mature 18S rRNA molecule (Fig. 6.1a).

In trypanosomes, the LSU is uniquely cleaved, and these cleavages yield two
large fragments of 1,900 nt (LSUa) and 1,600 nt (LSUP), as well as four discrete
small ribosomal RNAs (stRNA) of about 70-220 nt (Campbell et al. 1987;
Cordingley and Turner 1980; Schnare et al. 1983; White et al. 1986). A similar
multiple fragmentation of rRNA also occurs in Euglena gracilis, in which the rRNA
is fragmented into 16 discrete RNA components (Schnare and Gray 1990).

In T. brucei, three predominant rRNA processing intermediates were identified:
ETS-18S-ITS1 (3.7 Kb), 5.8S-ITS2-28S (5.9 Kb), and a 5.1 Kb species containing
pre-28S (Fig. 6.1b). The first cleavage of the 9.7 Kb pre-rRNA takes place at B1,
which is located upstream of 5.8S; then, cleavages take place at sites A’, A0, Al,
and A2 in the ETS (Hartshorne and Toyofuku 1999; Hartshorne et al. 2001). The
pre-SSU (3.7 Kb) is further processed to yield the mature 2.2 Kb SSU. Although the
LSU cleavages that form the two large subunits and the small RNA species
(stRNAs) were reported almost 2 decades ago, relatively little is known about the
machinery that mediates these cleavages or about their biological role. However,
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Fig. 6.1 Schematic representation of the rRNA processing steps in yeast and trypanosomes.
(a) The rRNA processing scheme, derived from data presented by Venema and Tollervey
(1999). (b) The T. brucei schemes are derived from data presented by Barth et al. (2008),
Hartshorne (1998); Hartshorne and Toyofuku (1999), and Hartshorne et al. (2001). In both panels,
the pre-rRNA of the full-sized rRNA precursor is presented on top. The location of the cleavage
sites with the ITS and ETS are indicated. Below, the different intermediates and products
generated during processing are shown. The sizes of the precursors are given in Kb, or as the S
value

since these cleavages are trypanosome-specific, they must be mediated by parasite-
specific functions. Only in recent years have we begun to understand these complex
processes.

6.2 The Conserved snoRNAs Involved in rRNA Processing
in Other Eukaryotes and Their Presence in Trypanosomes

Small nucleolar RNAs (snoRNAs) are known to participate in the pre-rRNA
cleavages. The majority of these snoRNAs belong to C/D and H/ACA RNA classes
(see below). Five major snoRNAs were reported to function in the processing of
LSU: U3, and U14, which are present in both higher and lower eukaryotes, U22,
Ul17 (snR30 in yeast), and snR10, which is only present in yeast (Venema and
Tollervey 1999).

U3 snoRNP is believed to be the first to bind to nascent pre-rRNA transcript, near
the 5’ end, and it is thought to be critical in organizing the active processing complex
(Dragon et al. 2002). This snoRNP is more abundant and larger than most of the
snoRNAs, has an atypical structure, and it contains more proteins than all other
snoRNPs. In yeast, U3 was shown to be essential for cleavage at the A0 site within
the 5'-ETS, followed by A1 at the 5’ETS/18S rRNA boundary, and then A2, within
ITS1 (Venema and Tollervey 1999). A0 cleavage occurs near the 3’ end of the
5'-ETS, only 90 nt upstream of the Al cleavage that forms the mature end of SSU.
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The vertebrate primary pre-rRNA cleavage occurs near the 5’ end of the 5’ETS (Kass
and Sollner-Webb 1990). In mammals, U3 is required for cleavage at site A0 (5’ end
of 18S), site A1 (3’ end of 18S), and site A2 (5’ end of the 5.8S RNA) (Kass and
Sollner-Webb 1990). It was proposed that a single-stranded 5’ hinge and 3’ hinge,
which separate domains I and IT of U3 snoRNA, base pair with ETS, thus docking U3
snRNPs on the pre-rRNA substrate (Savino and Gerbi 1990). Indeed, direct contacts
between the 5’ domain of U3, including conserved box A and the variable hinge
region, and ETS sequences were demonstrated, using psoralen crosslinking in yeast
and mammalian cells (Beltrame and Tollervey 1992; Tyc and Steitz 1992). The
interaction of U3 with the ETS sequence was shown to be essential for cleavages at
the AO, Al, and A2 sites (Mereau et al. 1997).

Trypanosomes possess a U3 homologue that contains the conserved boxes
typical of this RNA in other eukaryotes including the A box (Hartshorne and
Agabian 1993). This gene is transcribed by RNA polymerase III from an extragenic
tRNA promoter (Nakaar et al. 1994). The primary trypanosomatid rRNA transcript
is first cleaved at the ITS1/5.8S boundary, and then the 5" ETS sequence is removed
by consecutive cleavages at A’, A0, and A1 at the 5 ETS/SSU junction (Fig. 6.1b).
Using psoralen crosslinking, it was demonstrated that the trypanosome U3 interacts
with ETS sequences (Hartshorne 1998). One of the interaction sites is located
downstream of A’ (sla and s1b) and one is near AO (s3) (depicted in Fig. 6.1b).
Uniquely, in T. brucei, two U3-crosslinkable 5’ ETS sites were shown to be
essential for SSU rRNA production, using mutations introduced to a tagged
rRNA cluster (Hartshorne et al. 2001). Site 1b is novel and located 3’ to the A’
site, and site 3 lies upstream of A0, in a position analogous to the yeast U3-binding
site. Although the site near A’ or site 3 (AO) have no effect on A’ cleavage, each
of these sites is required for A0 and Al cleavage, and SSU production (Hartshorne
and Toyofuku 1999; Hartshorne et al. 2001). Evidence suggests that A’-cleavage-
site-associated factors stabilize U3-binding to the adjacent sitelb element, which
may work together with the downstream U3 site3 (AO) to promote pre-SSU
processing. These data suggest that processing of 5' ETS is a three-step process,
versus the two-step process noted in yeast. Inspection of processing intermediates
indicates that A’ cleavage precedes that at AO, followed by Al cleavage
(Hartshorne and Toyofuku 1999; Hartshorne et al. 2001). This might suggest that
the U3-associated complex assembled at A’ translocates to the AO region, or
alternatively, that individual complexes assembled at each site communicate with
one another to coordinate the ordered pre-SSU rRNA cleavages (Hartshorne and
Toyofuku 1999; Hartshorne et al. 2001).

snR30—also known as Ul7—belongs to the H/ACA family and is essential for
SSU processing. This snoRNA is essential for life in yeast (Bally et al. 1988;
Tollervey 1987). Depletion of snR30 in yeast abolished cleavages at A0, Al, and
A2, leading to reduction in the mature 18S rRNA (Morrissey and Tollervey 1993).
snR30 possesses distinct structural motifs such as m1 and m2 sequences located in
the 3’ hairpin, which are essential for its function in 18S processing (Atzorn et al.
2004). snR30, like many other snoRNAs, associates tightly with its rRNA target; the
helicase Rok1 is needed to detach the RNA from its target (Bohnsack et al. 2008).
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The trypanosome snR30 (Barth et al. 2005), like its homologues, is composed of
three stem-loop structures. The H box located between the 5’ hairpin and the internal
loop deviates from the canonical sequence (ANANNA). This is the first and maybe
the only H/ACA RNA in trypanosomes that is composed of three hairpin loops. In
addition, as opposed to all trypanosome H/ACA RNAs that contain an AGA box at
their 3’ end (Liang et al. 2005), snR30 contains an ACA box. The RNA is much
shorter than its yeast homologue (270 nt compared to 600 nt in yeast). As expected
from a bona fide H/ACA RNA, the snR30 level is reduced in CBF5-silenced cells
and the RNA binds to the H/ACA core protein, NHP2 (Barth et al. 2005). However,
functional data are still lacking demonstrating the role of the trypanosome homo-
logue in rRNA processing at sites AO, Al, and A2 in analogy to the role of this
snoRNA in other eukaryotes.

Two other conserved snoRNAs involved in SSU processing are U14 and U22.
U14 contains two distinct domains, A and B. Domain A but not domain B is
essential for rRNA processing at the Al and A2 sites (Jarmolowski et al. 1990;
Li et al. 1990; Liang et al. 1997; Liang and Fournier 1995). Another characteristic
domain of this RNA is the Y domain, situated between the A and B boxes
and interacting with pre-TRNA by base-pairing (Morrissey and Tollervey 1997).
The U14 snoRNA harbors complementarity to both pre-rRNA and 18S rRNA for
guiding methylation, and thus has a dual role in ribosome synthesis. Bioinformatic
searches failed to reveal a trypanosome homologue of Ul4 carrying these very
distinct and characteristic domains. However, TB11Cs2C1 (see below) might be a
functional homologue of Ul4, based on its interaction with SSU and pre-rRNA
sequences upstream of AO (Gupta et al. 2010). U22 is another snoRNA essential for
SSU processing. Depletion of U22 in Xenopus leads to accumulation of SSU
defective at both its 5" and 3’ ends (Tycowski et al. 1994). A U22 homologue was
also not detected in the trypanosomatid genomes.

Two major snoRNAs were shown to participate in LSU processing, MRP and
US8. MRP directs cleavage at A3 situated in ITS1. Nine proteins are bound to this
RNA, and eight are shared with RNaseP, which is involved in pre-tRNA cleavage
(Venema and Tollervey 1999). Although cleavage to release 5.8S at the B1 site can
circumvent the cleavage by MRP, MRP is essential in yeast (Venema and Tollervey
1999). A trypanosome homologue to MRP was identified (Barth et al. 2008). In
trypanosomes, the cleavage at the B1 site was not affected in cells depleted of either
C/D and H/ACA, suggesting that MRP might be involved in this cleavage (Barth
et al. 2005; Barth et al. 2008). The MRP homologue (521 nt) is divided into two
major domains. MRP carries the canonical conserved region (CR); its CR-IV
domain contains the three conserved nts found in all MRP RNAs, but its CR-V
domain is less conserved. The stem-loops of the second domain are related to
equivalent domains in other MRPs, but the trypanosome RNA carries an additional
domain (P10) and lacks the subdomain eP19. No functional data exist to demon-
strate the interaction of MRP with ITS1 or prove that this RNA cleaves at the ITS1
site (Barth et al. 2008).

The other snoRNA that functions in LSU processing is U8. U8 is involved in
cleavage at ITS2 and has the potential to interact both with ITS2 and 5.8S rRNA.
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These two sites simultaneously bind to the snoRNA (Morrissey and Tollervey
1997). In Xenopus, antisense RNA directed to U8 inactivated the function of the
molecule, resulting in defects in cleavage between LSU and 5.8S (Peculis 1997,
Peculis and Steitz 1994). No homologue of U8 was found in trypanosomes.
However, we have recently identified a snoRNA (TB10Cs4C4) that mediates
cleavage at ITS2 (see below). This RNA, although lacking homology to U8,
might serve a similar function.

In yeast, snR10 is involved in 25S processing, and its disruption delays
cleavages at Al and A2 as well as pseudouridylation at position 2919 in 25S
rRNA (Venema and Tollervey 1999). So far, no homologue of this RNA was
found in trypanosomes.

The data that accumulated thus far suggest that trypanosomes possess a few of
the highly conserved snoRNAs such as U3, MRP, and snR30, but lack snoRNAs
that were shown to function in rRNA processing in other eukaryotes, such as Ul4,
US, and snR10, suggesting that trypanosomes may possess species-specific func-
tional homologues of these RNAs.

6.3 Trypanosome-Specific snoRNAs Involved in rRNA
Processing

The failure to detect the most conserved snoRNAs except U3, snR30, and MRP,
and the unique processing events involved in LSU processing suggest that
trypanosomes may possess trypanosome-specific snoRNAs (Fig. 6.2). To evaluate
the role of snoRNAs in this process, the defects in rRNA processing were examined
under silencing of NOP1 and NOP58, the C/D core proteins (Barth et al. 2008;
Gupta et al. 2010), and the H/ACA core protein, CBF5 (Barth et al. 2005). The
results indicate that under NOP58 depletion, accumulation of 5’ ETS and all the
ITSs were detected, suggesting that C/D snoRNAs operate in the cleavages of SSU,
the two large LSU species, and the small rRNA fragments 1, 2, 4, and 6. Inspection
of the rRNA precursors that accumulate during NOP1 silencing demonstrated
massive accumulation of the unprocessed precursor (9.6 Kb), a precursor compris-
ing 5.8S and LSU (5.9 Kb), a precursor carrying only LSU and missing 5.8S
(5.1 Kb), as well as a 3.9 Kb precursor that separates the LSUa from sRNA-2, -4,
and -6 by cleavage at ITSS5. In addition, precursors were detected covering the
srRNA domains; these include one comprised of SRNA 6 and 4 (0.53 Kb) and only
ITS7 (0.34 Kb), as well as stRNA-1 with its flanking sequences (0.55 Kb), or
srRNA-1 with only the ITS3 (0.34 Kb) (see Fig. 6.1b). Depletion of CBF5 affected
the processing of sTRNA-2, -4, and -6. In addition, it affected cleavages at positions
A0, A1, and A2, most probably due to a decreased level of snR30, which directs the
cleavage at these positions. However, our data strongly suggest that no H/ACA
snoRNA exists to mediate cleavages to liberate s'tRNA-1 (in ITS3 and ITS4) but
should possess snoRNA (s) that mediate clevage(s) at ITSS, which is essential for
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Fig. 6.2 The unique repertoire of 7. brucei snoRNA involved in rRNA processing. The location
of cleavages by the snoRNAs that were identified in trypanosomes, such as U3 (Hartshorne 1998;
Hartshorne and Toyofuku 1999; Hartshorne et al. 2001), snRN30 (Barth et al. 2005), TB11Cs2C1
and TB11Cs2C2 (Gupta et al. 2010), and TB10Cs4C4, TB6Cs1C3, and TB9Cs2C1 (Michaeli et al.
2012). The prediction of the snoRNAs involved in rRNA processing is based on data presented by
Barth et al. (2005, 2008). The positions where C/D or H/ACA are expected to function are marked
with exclamation points; the snoRNAs for which no homologues were identified in trypanosomes
are marked with a question mark

releasing sTRNA-2, -6, and -4 (Barth et al. 2005). In contrast, C/D snoRNA most
probably operates to separate the two LSU subunits, and thus affects cleavages at
ITS3 and ITS4 (Fig. 6.2).

The presence of trypanosome snoRNAs that specifically direct cleavages at the
trypanosome-specific sites was recently supported by the description of two novel
snoRNAs (TB11Cs2C1 and C2). These snoRNAs are among the most abundant
snoRNAs in the cell and are located in the same gene cluster as the SLA1 and snR30
(Gupta et al. 2010; Roberts et al. 1996; Roberts et al. 1998). In vivo crosslinking and
bioinformatic predictions suggest that TB11Cs2C1 (76 nt) interacts both with the SSU
(at the 3’ end, U1900) and at a position upstream of A0 in the ETS. Indeed, two different
crosslinked sites were mapped on the snoRNA, one corresponding to interaction with
SSU (position U22) and one with ETS (position U32 and U35). Although there is no
structural resemblance between TB11Cs2C1 and U14, TB11Cs2C1 may nevertheless
function as Ul4 ortholog because Ul4 interacts with 18S rRNA, and this RNA is
essential for SSU processing (Li et al. 1990). The highly abundant snoRNA present in
this cluster is TB11Cs2C2, whose function was analyzed by snoRNAi. snoRNAI is
induced by expressing dsRNA leading to knockdown of the RNA (see below).
Depletion of TB11Cs2C2 resulted in specific accumulation of ITSS and ITS7, but no
accumulation of ITS6 was observed. No major changes were observed in the level of
the other ITSs, suggesting that TB11Cs2C2 functions in specific processing events
required to release stfRNA-2 and -6. Psoralen-UV crosslinking supported the interac-
tion between the snoRNA and srRNA-2 and -6, suggesting that this snoRNA functions
in cleavages that release the trypanosome-specific srRNAs (Gupta et al. 2010).
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RNA-seq performed recently on small RNP particles of T. brucei identified highly not
only abundant snoRNAs including the SLA1, snR30, TB11CsC2C1, and C2 species,
but also additional snoRNAs imbedded within the known snoRNA clusters (Michaeli
et al. 2012). snoRNA:I of one of these abundant RNAs (TB10Cs4C4) demonstrated that
this RNA functions in cleavage at ITS2, like US. Cumulative data therefore support the
notion that trypanosomes possess unique snoRNAs to replace the highly conserved
snoRNAs that mediate the same cleavages in other eukaryotes. Thus, U14 might be
replaced by TB11Cs2C1 and U8 by TB10Cs2Cl1. Trypanosomes also possess
trypanosome-specific snoRNAs that carry out the trypanosome-specific cleavages.
One such example is TB11Cs2C2, which is involved in the cleavages of srRNA-
2 and -6. However, other snoRNAs must exist to perform cleavages to release SRNA-1,
and to cleave downstream of LSU, and upstream and downstream of stRNA-4. RNA-
seq data identified 12 abundant snoRNAs including SLA1, snR30, TB11Cs2Cl1,
TB11Cs2Cl, and TB11Cs2C2. Interestingly, only two of these 12 abundant snoRNAs
represent H/ACA RNAs. Indeed, most of yeast snoRNAs involved in rRNA processing
also belong to the C/D family. Studies are in progress to decipher the function of these
seven additional abundant snoRNAs, using snoRNAi and psoralen-UV-crosslinking
mapping. We performed mapping of snoRNA interactions using the recently described
“RNA walk” method (Lustig et al. 2010). This method was used to map the interaction
of TB11Cs2C1/C2 with its rRNA targets (Gupta et al. 2010) and is based on in vivo
crosslinking with AMT-psoralen, followed by affinity selection of the snoRNA-rRNA
duplex and mapping of the crosslink sites by primer extension. The same methodology
in conjunction with snoRNAi was recently used to decipher the function of three
additional snoRNAs: TB10Cs4C4, TB6Cs1C3, and TB9Cs2C1 (Michaeli et al.
2012). Given the bioinformatic prediction and the rRNA defects observed under
silencing, TB10Cs4C4 is most probably involved in cleavage at ITS2, thus separating
5.8S from LSU rRNA. TB10Cs4C4 might therefore represent a functional homologue
of U8 that cleaves within ITS2. TB6Cs1C3 was shown to direct cleavage at ITS6,
separating sTRNA-2 and stRNA-6. TB9Cs2C1 was shown to be involved in cleavage at
the boundaries of LSUx and LSU as well as ITS6 [depicted in Fig. 6.2; Michaeli et al.
(2012)]. The exact role of the additional abundant snoRNA described in Michaeli et al.
(2012) is currently under investigation.

6.4 snoRNAs in rRNA Modification: C/D snoRNAs

The two major modifications on rRNA are 2'-O-methylation and pseudouridylation
(Decatur and Fournier 2003). In eukaryotes and Archaea, the modifications are
guided by two types of small RNAs that dictate the exact sites of modification by
the formation of a specific duplex with their large RNA partners. The C/D snoRNAs
that guide 2'-O-methylation are named after short sequence motifs, the C box
(RUGAUGA; R designates any purine) and the D box (CUGA). These boxes are
short sequences near the 5'and 3’ end of the snoRNA, that are essential for
processing, localization, and function of the snoRNA (Watkins et al. 2002). It
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was found that a region of perfect complementarity (10-21 nt) between the target
RNA and the snoRNA lies upstream of the D box. The methylated nucleotide is
always located 5 nt upstream from the D box. This is known as the +5 rule (Kiss-
Laszlo et al. 1996). The snoRNA usually contains two C and D boxes, and hence
has the potential to guide the modifications on two sites. C/D snoRNAs are present
in stable complexes formed together with four core proteins: fibrillarin/NOP1,
NOP56, NOP58, and SNU13. These proteins were identified in 7. brucei and are
highly homologous to their counterparts in other eukaryotes (Barth et al. 2008;
Dunbar et al. 2000b). The association of fibrillarin with C/D guide RNAs depends
on a bridge formed by the other two core proteins, SNU13 and NOP56/58. SNU13
nucleates the assembly of C/D RNP. SNU13 binds the K-turn motif in the C/D
guide RNAs formed by interaction of the C and D boxes. This interaction forms the
binding site for NOP56/58 protein. NOP56/58 in turn recruits the catalytic protein,
fibrillarin, to complete the assembly of the functional complex (Rashid et al. 2003).
The trypanosome C/D snoRNAs have the potential to form the K turns (A-G and
U-U pairing), which is important for SNU13 binding (Liang et al. 2007a).

Early studies suggested the existence of ~100 2'-O-methylation sites in
trypanosomatids (Gray 1979). The first trypanosome C/D snoRNA was discovered
in Leptomonas (Levitan et al. 1998). Later, snoRNAs and reiterated gene clusters
encoding C/D snoRNA species were identified in T. brucei (Dunbar et al. 2000a).
The first whole-genome search conducted in 7. brucei identified 57 C/D genes
(Liang et al. 2005), and 63 C/D genes were identified in Leishmania major (Liang
et al. 2007a), with snoRNAs ranging in size between 67 and 118 nt. The only unique
property of trypanosome C/D snoRNAs is that many of them are double-guiders
and can potentially guide adjacent sites on rRNA. However, mapping the 2'-O-
methylation sites (Nms) on rRNA by primer extension identified at least 131 Nms in
T. brucei (Barth et al. 2008), suggesting that at least 65 C/D snoRNAs must exist in
the T. brucei genome. A study from Euglena gracilis, which is closely related to
trypanosomes, suggested the existence of 200 Nms on its rRNA, indicating the
existence of even more C/D snoRNA species in this organism (Russell et al. 2006).
So far, 79 C/D snoRNAs—with the potential to guide ~150 Nms—were identified
in T. brucei (Michaeli et al. 2012). However, not all the newly described snoRNAs
have known rRNA targets, and additional snoRNAs must therefore be present in the
genome to guide the previously described modifications. About 40 Nms remain, for
which we failed to find the corresponding snoRNAs, suggesting that additional
snoRNAs are likely to exist. Interestingly, ~40% of the Nms are species-specific
modifications that do not have counterparts in yeast, humans, or plants, and 40% of
species-specific predicted modifications are located in unique positions outside the
highly conserved richly modified domains in other eukaryotes (Liang et al. 2005).
The location of 84 modifications potentially guided by the snoRNAs was compared
to these modifications in yeast, humans, and plants. Among these modifications, 44
predicted sites are modified in at least one additional organism, and of these
modifications, 23 were found in all organisms. These results suggest that many of
the modifications on the trypanosome rRNA are species-specific. These
modifications are clustered together in the most conserved structural domains. In
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several cases, such as TB5Cs1C1, TB3Cs2Cl1, and TB8Cs2C1, the same snoRNA
can direct methylation on adjacent sites (Liang et al. 2005). The increased number
of modifications in the conserved functional domains may stabilize the ribosome
and help it to function even under adverse conditions. Indeed, modifications are
clustered in domains where specific translation events take place. Recent data from
yeast suggest that blocking one or two modifications in the same rRNA domain
does not significantly affect the cells, but loss of three to five modifications,
especially in domains such as helix69, impairs growth and results in decreased
amino acid incorporation, increased stop codon readthrough, and reduced rRNA
level due to faster turnover of rRNA (Liang et al. 2007b).

One characteristic feature of trypanosome rRNA modifications and their guide
RNA:G is that, in contrast to the yeast and human genomes, the number of predicted
Nms exceeds the number of pseudouridines. Hypermethylation exists in plants and
thermophiles, which helps sustain ribosome function at high temperatures (Dennis
et al. 2001). Similarly, the hypermethylation in the parasite may enable it to cope
with the temperature shifts during the cycling between the procyclic stage (26°C)
and the bloodstream form of the parasite (37°C). Indeed, we demonstrated higher
expression of C/D snoRNAs in the bloodstream form, possibly leading to elevated
methylation during this life-cycle stage, and thereby supporting the notion that
hypermethylation may be an important determinant of ribosome function at ele-
vated temperature (Barth et al. 2008). Interestingly, although modifications and the
corresponding snoRNAs that guide these were elevated in bloodstream from, no
modifications were detected that are exclusively stage-specific (Barth et al. 2008).
RNA-seq analysis of snoRNAs in the two life-cycle stages is in progress to identify
snoRNAs that are differentially regulated. Note, however, that despite the correla-
tion discussed above between Nm modifications and ribosome function at high
temperature, in several organisms not undergoing these temperature shifts the
number of C/D snoRNAs also exceeds that of H/ACA snoRNAs (Dieci et al. 2009).

6.5 H/ACA snoRNAs

The snoRNA species that guide pseudouridylation consist in most eukaryotes of
two hairpin domains connected by a single-stranded hinge, the H (AnAnnA)
domain, and a tail region, the ACA box. Two short rRNA recognition motifs of
the sORNA base-pair with rRNA sequences flanking the uridine to be converted to
pseudouridine (Ganot et al. 1997; Tollervey and Kiss 1997). The pseudouridine is
always located 14—16 nt upstream of the H box or ACA box of the snoRNA.
Whereas the trypanosome C/D snoRNA fits the consensus, the trypanosome
H/ACA possesses unique features. All the snoRNAs (except snR30) are single-
hairpin RNAs, and in addition, these guide RNAs carry an AGA rather than an ACA
box (Liang et al. 2001; Liang et al. 2007b; Liang et al. 2005; Liang et al. 2002; Uliel
et al. 2004). The H/ACA are smaller in size compared to C/D, ranging from 57 to
78 nt. After the discovery of the single-hairpin H/ACA in trypanosomes, such
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molecules were also found in Archaea (Rozhdestvensky et al. 2003; Tang et al.
2002) and in Euglena (Russell et al. 2004). The single-hairpin may represent the
primordial H/ACA structure, since it is common to Archeae and the lower
eukaryotes. It is likely that the single-hairpin fused only later in evolution. During
this process, the ANA box was converted to an H box. The finding that each hairpin
of H/ACA binds autonomously to the four core proteins supports the fusion
hypothesis. Interestingly, however, Giardia, which is a very ancient eukaryote,
possesses double-hairpin RNAs (Yang et al. 2005).

All trypanosome H/ACA RNA except snR30 carry the AGA box. Mutations
introduced into the AGA sequence showed the absolute requirement for this box for
the stability of the RNA (Myslyuk et al. 2008). To find H/ACA snoRNAs in the
trypanosome genome, an algorithm that was termed PsiScan was developed to
perform a genome-wide search for H/ACA snoRNAs in trypanosome genomes. The
program selected sequences conserved among three species (T. brucei, T. cruzi,
L. major). In the next step, a minimal-energy calculation was used to select
molecules predicted to fold into the lower-energy structure of a single stem-loop
structure, and in the last step, a support vector machine learning algorithm was used
for prediction. Known H/ACA molecules were used as positive examples, and
negative examples were molecules identified by the computational analysis, but
that were shown experimentally not to be H/ACA RNAs. This program increased
the repertoire by identifying 14 additional H/ACA RNAs (Myslyuk et al. 2008).
Recent RNA-seq revealed a total of 63 H/ACA molecules in T. brucei. Many of
these snoRNAs were not detected in the genome-wide analysis (Liang et al. 2005),
because the initial screen for H/ACA was based on the genomic co-localization of
this RNA in clusters with C/D snoRNAs (Liang et al. 2005). The recent analysis
identified clusters that contain only H/ACA molecules, as well as “solitary” H/ACA
molecules (Michaeli et al. 2012). Since no pseudouridine sites have been mapped so
far in trypanosomes, the extent of this modification will be determined by describ-
ing the complete repertoire of these guide RNAs.

Four proteins bind to the H/ACA RNA. The centromere binding protein factor-5
(CBFS5 in yeast known as dyskerin in humans) is a pseudouridine synthase with a
catalytic and a PUA (pseudouridine and archaeosine transglycosylase) domain.
Both ACA and the lower stem of the guide RNA are bound by a PAU domain,
anchoring the antisense elements near the catalytic site (Rashid et al. 2000).
Silencing of T. brucei CBF5 resulted in marked reduction in the level of H/ACA
RNA (Barth et al. 2005). Other proteins that bind to the particles are GARI,
NOP10, and NHP2 (or L7Ae in Archaea). Current evidence from the Archaea
complex indicates that GAR1 is involved in binding and/or release of the target
RNA. NOPI10 is positioned along the upper stem of the guide RNA between
CBF5 and NHP2, and appears to interact with both NHP2 and the guide RNA.
NHP2 binds the kink-turn (k-turn) motif located in the upper stem-apical loop of the
guide H/ACA and induces a major bend (or kink) in the RNA (Li and Ye 2006;
Rashid et al. 2006). Although we could not find conserved k-turn motifs in the
trypanosome snoRNA mutations introduced into the L. collosoma, H/ACA
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indicated that the size and the structure of the apical loop cannot tolerate changes
(Myslyuk et al. 2008).

6.6 Genomic Organization and Processing of snoRNAs

In eukaryotes from yeast to vertebrate, all modification-guiding snoRNAs are
transcribed by RNA polymerase II, whereas snoRNA involved in rRNA processing
can also be transcribed by RNA polymerase II (Matera et al. 2007). Vertebrates,
plants, and yeast all contain independently transcribed snoRNA genes flanked
by promoter, enhancer, and termination sequences (Brown et al. 2003; Matera
et al. 2007). However, snoRNAs have also been identified in introns, and these
are transcribed from the host gene promoter. In vertebrates and yeast, having only
a single snoRNA in any intron, the processing is splicing-dependent and is mediated
by exonucleases after debranching of the lariat (Filipowicz and Pogacic
2002). In yeast, polycistronic snoRNAs are processed by the RNase III homologue,
Rntlp, which cuts duplex RNA carrying an AGNN tetraloop (Chanfreau et al.
1999). In plants, many snoRNAs are transcribed as polycistronic units that
are processed by the RNase III enzyme and by 5’ and 3’ exonucleases (Chekanova
et al. 2002).

All the trypanosome snoRNAs studied so far are organized in clusters and are
transcribed by polymerase II (Xu et al. 2001), except for U3, which is transcribed by
polymerase III (Nakaar et al. 1994). The genome organization of trypanosome
snoRNAs resembles that in plants (Brown et al. 2003), because the genes are
clustered and each cluster carries a mixture of both C/D and H/ACA RNAs
(Liang et al. 2007a; Liang et al. 2005). Initially, 21 clusters were identified in
T. brucei (Liang et al. 2005). The recent RNA-seq data expanded the repertoire and
50 snoRNA clusters were revealed. Although most clusters carry both C/D and
H/ACA, clusters carrying only C/D or only H/ACA snoRNAs were identified as
well, and not all the clusters were found to be repeated (Liang et al. 2005; Michaeli
et al. 2012). In Leishmania, 23 clusters were revealed that code for 62 C/D
snoRNAs that can potentially guide 79 methylations, and 37 H/ACA RNAs were
identified that can direct 30 pseudouridylations on rRNA (Liang et al. 2007a).

In Leptomonas collosoma, the signals for snoRNA processing are located in the
intergenic region, which has the potential to form long stems. In expression studies,
it was demonstrated that flanking sequences of at least 10 nt are essential for
efficient processing (Xu et al. 2001). Studies from mammals and yeast suggest
that base-pairing between the 5’ and 3’ terminal stem of the C/D snoRNA-coding
sequence is required for processing and accumulation of these RNAs (Huang et al.
1992). However, many intron-encoded box C/D snoRNAs expressed in mammalian
cells or polycistronic snoRNAs in yeast lack the canonical 5'-3'-terminal helix
(Darzacq and Kiss 2000). Studies on these snoRNAs indicated that their processing
is supported by external intronic stem structures that are fully or partially degraded
during exonucleolytic cleavage. The trypanosome C/D snoRNAs resemble such
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snoRNAs, lacking the 5'-3’ stem, but instead possessing extragenic flanking heli-
ces. These long stems were observed mainly in L. collosoma (Xu et al. 2001) and in
L. major (Liang et al. 2007a). Interestingly, although the external stems are
thermodynamically favorable, no significant correlation can be found between the
abundance of the snoRNA and the stability of the external duplex. Other factors
such as the conservation of the C and D boxes and the presence of a canonical
K-turn play a major role in snoRNA processing and stability (Liang et al. 2007a).
A machine learning approach was used to predict the parameters that affect
snoRNA abundance. It was found that in C/D snoRNAs several factors such as
conservation of the C box, the number of modifications guided by the snoRNA, the
location of the modification, and whether the modification is conserved over
evolution correlate with the abundance of the RNA. This machine learning
approach correctly predicted the abundance of snoRNAs in 65% of the cases
(Myslyuk et al. 2008).

The snoRNAs are most probably released from the precursors by an endonucle-
ase similar to the yeast RNase III enzyme, RNT1 (Chanfreau et al. 1999).
Two RNase III-like enzymes, Tb11.46.0012 and Tb.10.01.0150, present in the
T. brucei genome as well as the two Dicers, DCL1 and DCL2 (Shi et al. 2006),
were examined for their role in snoRNA processing by RNAI, but the depletion
of these factors had no effect on snoRNA levels (Hury and Michaeli, unpublished
results). Relatively little is known regarding nuclear functions that affect
snoRNA processing. The nuclear exosome RRP6 as well as the MTR4 helicase
were shown to be required for snoRNA biogenesis (Gupta and Michaeli, unpub-
lished data).

Almost all snoRNA clusters are repeated several times in the genome. Like
many protein-coding genes, the repeated nature of snoRNA clusters represents a
mechanism of coping with the absence of polymerase II promoters. The high
expression of these RNAs is therefore mediated by gene multiplicity. The RNA-
seq data revealed 14 “solitary” snoRNAs among the 50 snoRNA loci. Some of the
“solitary” snoRNAs were found near abundant mRNAs, suggesting that another
strategy to highly express some snoRNAs is based on their location near a highly
expressed transcript. The best example is a snoRNA located in the intergenic region
of o and B tubulin genes. Interestingly, snoRNAs were also found in the 3’ UTR of
genes (Kolev et al. 2010).

Most recently, snoRNA clusters were shown to undergo trans-splicing and
polyadenylation (Kolev et al. 2010). We have recently obtained evidence that the
most abundant snoRNAs, such as the snoRNA present in the SLA1 cluster (snR30,
TB11Cs2Cl1, and C2), are polyadenylated in a complex manner by two different
polymerases. The level of such snoRNAs emerges from the interplay between the
two processes that act to generate the snoRNP, namely pre-snoRNA trimming by
exonucleolytic activities and snoRNP assembly. The complex polyadenylation
delays the recruitment of the exosome that trims the snoRNA from the 3’ end,
thus enabling efficient assembly before the exosome can degrade the RNA. This
mechanism can explain how the abundance of snoRNAs transcribed from the same
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locus can vary by 10- to even a 100-fold. These highly abundant snoRNAs were
shown to function in rRNA processing (Michaeli et al. 2012).

Recent data emerging from studies in yeast and mammals suggest that assembly
and trafficking of C/D and H/ACA RNPs are highly regulated processes. The
complexes are assembled on pre-RNPs on nascent guide RNA transcripts, which
are transported in mammalian cells to Cajal bodies, where maturation to active RNP
complexes occurs. Cajal bodies are complex intranuclear structures enriched in
factors involved in RNA modification and in the assembly of RNA-protein
complexes (Nizami et al. 2010). The bodies contain proteins such as coilin and the
small Cajal body (sca) RNAs that guide modifications on snRNAs (Matera et al.
2007). From the Cajal bodies, snoRNPs are forwarded to the sites where they
function. H/ACA molecules associate with NAF1 at the site of transcription, but
this protein is exchanged by GAR1 within the Cajal bodies (Dez et al. 2002). NAF1
exists in trypanosomes but its role in snoRNA biogenesis has not yet been explored.
So far, no evidence exists for the presence of Cajal bodies in trypanosomes. However,
SLA1 was found in a distinct nuclear domain that functionally resembles Cajal bodies
(Hury et al. 2009). Indeed, SLA1 was shown to bind a protein, MTAP (Zamudio et al.
2009), whose human homologue binds scaRNAs and telomerase RNA found in Cajal
bodies (Tycowski et al. 2009). These data suggest that trypanosomes carry a nuclear
body analogous to the Cajal body. As in mammals, this site could be the processing
site of snoRNA including SLA1. The mature snoRNAs either migrate to the nucleo-
lus or in the case of SLA1, the RNP migrates to the site of SL RNA biogenesis known
also as the SL RNP factory (Hury et al. 2009).

6.7 Conservation of snoRNAs Among Trypanosomatid Species

The most extensive comparisons were performed between T. brucei and L. major
snoRNAs (Liang et al. 2007a). The pattern of Nm modification is highly conserved
between L. major and T. brucei. The L. major clusters are highly repeated compared
to those of T. brucei (Liang et al. 2007a). As discussed above and noted for
T. brucei, snoRNAs that exist in the same gene cluster may be differentially
expressed (Liang et al. 2007a). Sequence conservation of H/ACA among Leish-
mania species and other trypanosomatids allowed structural features to be identified
that are conserved in these RNAs. For instance, it was found that stem I of the
H/ACA RNA is usually perfect and ranges from 4 to 8 nt in length, and many
compensatory changes support the integrity of the stem. The pseudouridylation
pocket varies in size from 12 to 17 nts. Stem II also varies in size, but a perfect stem
of 4-7 nt exists immediately adjacent to the pseudouridylation pocket. The
conserved length of the stems is supported by the presence of compensatory
changes (Liang et al. 2007a; Uliel et al. 2004). A consensus structure for the
trypanosomatid H/ACA RNA was suggested (Myslyuk et al. 2008).
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Silencing of snoRNA genes was reported for three trypanosomatid species:
L. collosoma, L. major, and T. brucei. Silencing was achieved in L. collosoma
and L. major by expressing antisense RNA from an episomal vector, and in
T. brucei by expressing dsSRNA from a vector carrying two T7 opposing promoters
(Liang et al. 2003). Silencing in L. collosoma of a C/D guide rRNA (snoRNA-2)
reduced the level of the RNA by 90% and eliminated the Nm modifications guided
by this RNA. Silencing of H/ACA was less efficient compared to C/D snoRNAs.
In L. major, expression of dsSRNA to sno270 (snR30) resulted in partial silencing.
Recent data also demonstrated efficient silencing of TB11Cs2C2 (~90%) which
resulted in defects in rRNA processing, suggesting the role of this RNA in stRNA
processing (Gupta et al. 2010). The mechanism of snoRNAi was investigated in
T. brucei and it was found that the process relies on the RNAi machinery, requiring
TbDCL2, which is the nuclear DICER, but not the cytoplasmic DICER, TbDCLI1,
which mediates the silencing of mRNAs (Gupta et al. 2010). In addition, Argonaute
1 (AGO1) was shown to be required for this process. Indeed, cells in which AGO1
expression was knocked down failed to perform snoRNAi (Gupta et al. 2010). The
mechanism of snoRNA silencing in Leishmania must be different, since L. major
lacks the RNAi machinery. However, RNAs of a size appropriate for siRNA are
produced in cells expressing the antisense RNAs and these can induce degradation
of the RNA by an as yet unknown mechanism. Interestingly, silencing was
observed for the mature snoRNA, but the level of pre-snoRNA was unchanged
(Liang et al. 2003), suggesting that the degradation must take place after snoRNA
processing. snoRNAi was recently used to decipher the role of the abundant
T. brucei snoRNAs in rRNA processing (Gupta et al. 2010; Michaeli et al. 2012).

6.9 Enzymes and Protein Factors Involved in rRNA Processing

The yeast system contributed most to the identification of protein factors involved
in rRNA processing. Using classical yeast genetics, many frans-acting factors were
identified in the last 3 decades. However, this methodology has limitations, and this
approach only provided a glimpse of the complexity of the process (Fromont-
Racine et al. 2003). A real breakthrough in describing the machinery that is
involved in rRNA processing and assembly resulted from the application of the
tandem-affinity purification method (TAP) that allowed isolation of native particles
and their analysis by advanced mass-spectrometry. This approach led to the identi-
fication of many novel proteins and to the definition of the SSU processome
(Dragon et al. 2002; Gavin et al. 2002).

Unexpectedly, the purified SSU processome contains very few ribosomal
proteins and factors required for the synthesis of the 60S ribosomal subunit,
suggesting that the purification enriched a stable preribosomal complex that was
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separated from the LSU by cleavage at the A3 site. Sixty proteins were detected in
this processome including the U3 snRNP. Novel proteins associated with this
complex were termed Utpl-17, and the purification also detected enzymes such
as helicases and ATPases. The helicases and ATPases are required for structural
changes that take place within the pre-rRNA and in the complex protein—RNA
interactions that take place during the different processing events (Dragon et al.
2002; Gavin et al. 2002).

To examine if trypanosomes like yeast carry similar processome factors, a
bioinformatic search was carried out, searching for protein factors that comprise
the processome in yeast. Our analysis identified the following proteins: UTP 3, 6, 7,
10, 11, 13, 14, 15, 18, 19, and 20 (Table 6.1). No homologues could be identified for
UTP 4, 5, 8, and 9, either because these are missing or are poorly conserved. PRP9
that was shown to associate with U3 snRNP and whose depletion affects the
biogenesis of both the small and large subunit (Dragon et al. 2002; Venema et al.
2000) was identified in trypanosomes (Table 6.1). A trypanosome homologue also
exists for PRP5, a factor whose depletion specifically affects cleavage at A2
(Grandi et al. 2002; Nissan et al. 2002; Venema and Tollervey 1996). The 43S
particle containing the SSU precursor (20S) is exported to the cytoplasm where it is
cleaved to the 18S RNA. Two kinases were shown to be important for this process,
RIOL1 and RIO2. Both these proteins are present in trypanosomes (Table 6.1). These
yeast kinases are known to shuttle between the nucleus and the cytoplasm
(Vanrobays et al. 2001). Not all the factors that were shown to be essential for
40S processing were found in trypanosomes, including HCR1, which is believed
not only to influence the cleavage reaction to produce the mature SSU but also plays
a role in translation initiation (Asano et al. 2001).

As described above, maturation of the pre-40S ribosomal subunit involves a
single cleavage at the 3’ end of the 18 rRNA (cleavage D), which requires about ten
different nonribosomal factors, including ENP1, TSR1, LTV1, DIM1, NOBI1, and
RIO2 (Fromont-Racine et al. 2003) (Table 6.1). Several homologous factors exist in
trypanosomes including ENP1, TSR1, DIM1, NOB1, and RIO2. Of interest is the
presence of NOB1 which is the endonuclease that performs the cleavage at site D
(Fig. 6.1a), suggesting that this processing step is highly conserved in evolution
(Fatica et al. 2003).

The processing of the 60S subunit involves cleavages of the 3’ end of ITS1 and
excision of ITS2. Maturation of LSU is even more complex in trypanosomes and is
thought to involve trypanosome-specific factors, as stated above. In yeast, over 60
proteins are associated with different steps of 60S maturation. The role of the
different preribosomal factors in these complexes is currently unknown. A yeast
factor that seems to be associated with early 60S particles is SSF1 (Wehner et al.
2002). Complexes associated with this factor contain the pre-LSU fragments.
Another important factor that is found in SSF1-containing complexes is RPF1
(Wehner et al. 2002). SSF1 and RPF1 are both present in trypanosomes (Table 6.1).
Later in this process, factors such as NOG2 and NUGI1 join the complex (Saveanu
et al. 2001; Saveanu et al. 2003). A trypanosome NOG2 homologue was identified,
but not one for NUG1. As soon as cleavage takes place at ITS2, and the pre-5.8S is
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Table 6.1 Trypanosome homologues to protein factors involved in ribosome biogenesis

Gene Yeast annotation T. brucei gene Annotation in 7. brucei genome

SnoRNPs

NOP1 YSLO14W Tb10.6k15.3160, Fibrillarin

Tb10.61.2040,
Tb10.61.1920

SNU13 YELO26W Tb09.160.3670 Ribosomal protein S6

NOP56 YLR197W Tb927.8.3750 Nucleolar protein

NOP58 NOP5 YOR310C

Tb09.160.3820 Hypothetical protein

NHP2 YDL208W Tb927.4.750 50S ribosomal protein L7Ae

NOP10 YHRO72W Tb10.70.2465 Nucleolar RNA-binding protein

GARI1 YHRO089C Tb927.4.470 snoRNP protein garl

SHQ1 YIL104C Tb11.01.8060 Hypothetical protein

CBF5 YLR175W Tb10.100.0060 Centromere/microtubule
binding protein

NAF1 YNL124W Tb927.2.3160 Hypothetical protein

90S particles involved in SSU processing

UTP20 YBLOO4W Tb10.70.3570 Hypothetical protein

KRR1 YCLO059C Tb927.6.4350 Ribosomal RNA assembly
protein

PWP2 UTP1 YCRO57C Tb10.389. 0160 Periodic tryptophan protein 2

NOP14 UTP2 YDL148C Tb927.2.2950 Hypothetical protein

UTP3 SAS10 YDL153C Tb11.01.0490 Hypothetical protein

FALI1 YDRO21W TB11.12.0011 ATP-dependent DEAD/H RNA
helicase

UTP6 YDR449C Tb09.244.2650 Hypothetical protein

UTP7 KRE31 YERO082C Tb927.8.2600 Hypothetical protein

ROK1 YGL171W Tb11.01.5370 ATP-dependent DEAD/H RNA
helicase

UTP22 YGRO90OW Tb10.389.0280 Hypothetical protein

ENP2 YGR145W Tb927.7.700 Hypothetical protein

GNO1 YGR280C Tb927.7.5640 Hypothetical protein

IMP3 YHR148W Tb11.01.5500 U3 small nucleolar
ribonucleoprotein IMP3

UTP18 YJL069C Tb10.6k15.0360 Hypothetical protein

UTP10 YJL109C Tb09.160.1560 Hypothetical protein

MPP10 YJR002W Tb927.3.3590 U3 small nucleolar
ribonucleoprotein protein
MPP10

UTP11 YKL099C Tb10.61.1030 U3 snoRNA-associated protein

SOF1 YLLO11W Tb09.211.2550 Hypothetical protein

DIP2 UTP12 YLR129W Tb927.7.4220 Hypothetical protein

EMGI NEP1 YLR186W Tb927.8.5040 Hypothetical protein

UTP13 YLR222C Tb11.03.0680 Hypothetical protein

UTP21 YLR409C Tb11.01.2250 Hypothetical protein

UTP14 YMLO093W Tb10.61.2440 Hypothetical protein

UTPI15 YMRO093W Tb927.8.1980 Hypothetical protein

DHR1 ECM16  YMRI128W Tb927.6.4600 pre-mRNA splicing factor ATP-

dependent RNA helicase

(continued)
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Gene Yeast annotation T. brucei gene Annotation in 7. brucei genome

RRP5 YMR229C Tb927.1.1370 rRNA biogenesis protein

IMP4 YNLO75W Tb927.6.2780 U3 small nuclear
ribonucleoprotein (snRNP)

KRE33 YNL132W Tb927.5.2530 Hypothetical protein

KRI1 YNL308C Tb927.5.840 Hypothetical protein

RCL1 YOLO10W Tb09.211.4870 RNA 3'-terminal phosphate
cyclase-like protein

BMSI1 YPL217C Tb11.01.0820 Hypothetical protein

MRD1 YPR112C Tb927.8.4170 RNA-binding protein

RRP9 YPR137W Tb10.70.4960 Hypothetical protein

UTP19 NOC4 YPR144C Tb927.4.3670 Hypothetical protein

Pre-40S particles

DRS2 YAL026C Tb927.6.3550 Phospholipid-translocating
P-type ATPase (flippase)

PTC3 YBLO56W Tb10.70.2270 Protein phosphatase 2C-like

RIO2 YNL207W Tb927.6.2840 Hypothetical protein

RIO1 RRP10 YOR119C Tb927.3.5400 Hypothetical protein

TSR1 YDLO60W Tb927.8.1410 Hypothetical protein

NOBI YORO056C Tb11.01.2630 Hypothetical protein

Pre-40S YOR145C Tb09.211.2960 Hypothetical protein

DIM1 YPL266W Tb927.6.1610 Ribosomal RNA adenine
dimethylase family protein,
conserved

ENP1 MEG1 YBR247C Tb927.6.1900 Bystin

Pre-60S and 90S particles

PWPI1 YLR196W Tb927.8.6770 Hypothetical protein

HAS1 YMR290C Tb10.70.0570 ATP-dependent DEAD/H RNA
helicase

RRP12 YPLO12W Tb11.02.0110 Hypothetical protein

Pre-60S particles

ERP2 YALOO7C Tb11.01.6880 Cytosolic coat protein

MAKI16 YAL025C Tb927.7.3380 Hypothetical protein

SPB1 YCLO054W Tb927.4.4170 rRNA methyltransferase

DBP10 YDLO31W Tb927.4.2630 ATP-dependent DEAD/H RNA

MAK21 NOC1  YDRO60W

RRP8 YDRO83W
RRP1 YDRO087C
PUF6 YDR496C
NOP16 YEROO2W
NSA2 YER126C
NSAL1 YGL111W
KEMI1 XRN1 YGL173C
NOP7 YPH1 YGR103W
SDA1 YGR245C

Tb11.18.0014
Tb927.1.1120
Tb927.8.5490
Tb927.3.2470

Tb927.8.4290
Tb10.6k15.2890
Tb11.01.3850
Tb927.7.4900
Tb09.211.0180
Tb927.5.2660

helicase
Hypothetical protein
Hypothetical protein
Hypothetical protein
Pumilio/PUF RNA binding
protein 8
Hypothetical protein
40S ribosomal protein S8
Hypothetical protein
5'-3" exonuclease XRNA
Hypothetical protein
Hypothetical protein

(continued)
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Gene Yeast annotation T. brucei gene Annotation in 7. brucei genome

REX1 RNH70 YGR276C Tb927.8.3710 Hypothetical protein

SSF1 YHRO66W Tb927.3.2830 Peter pan protein, putative

RPF1 YHRO88W Tb11.03.0050 RNA processing factor 1

MTR4 DOBI YJLO50W Tb10.6k15.3220 ATP-dependent DEAD/H RNA
helicase

MRT4 DOB1 YKLO0OW Tb10.6k15.0270 60S acidic ribosomal protein

EBP2 YKL172W Tb09.244.2790 rRNA processing protein

DBP7 YKR024C Tb927.3.620 ATP-dependent DEAD/H RNA
helicase

RPF2 YKRO81C Tb927.7.270 Ribosome biogenesis protein

NOC3 YLR002C Tb10.70.0510 Hypothetical protein

RLP24 YLRO0OW Tb11.02.4220 60S ribosomal protein L.24

MDNI1 REAL1 YLR106C Tb927.1.880 Hypothetical protein

DBP9 YLR276C Tb11.02.2620 ATP-dependent DEAD/H RNA
helicase

ERB1 YMRO049C Tb11.02.4620 Hypothetical protein

RRBI1 YMRI131C Tb11.02.0570 Hypothetical protein

RLP7 RIX9 YNLO002C Tb10.61.3190 60S ribosomal protein L7

NOP2 YNA1 YNLO61W Tb927.4.3840 Nucleolar protein

NOP15 YNL110C Tb11.01.8310 Hypothetical protein

NOG2 NUG2 YNRO53C Tb927.7.7450 GTP-binding protein

NOP12 YOL041C Tb09.211.4120 Hypothetical protein

RAT1 XRN2 YORO048C Tb10.70.0610 5’3’ exoribonuclease XRND

NOC2 RIX3 YOR206W Tb10.389.1290 Hypothetical protein

YTM1 YOR272W Tb927.4.3850 Hypothetical protein

RRS1 YOR294W Tb927.6.2050 Ribosome biogenesis regulatory
protein (RRS1)

NOP4 NOP77 YPL043W Tb11.01.7680 Hypothetical protein

NOG1 YPLO93W Tb11.02.0620 Nucleolar GTP-binding protein 1

RSA1 YPL193W Tb11.01.0090 Hypothetical protein

NIP7 YPL211W Tb10.389.1790 Hypothetical protein

TIF6 CDC95 YPRO16C Tb10.70.1770 Eukaryotic translation initiation

Pre-60S late particles

60s WD ND
LSG1 KRE35
NMD3 SRC5
EFL1 RIA1

YCRO072C
YGLO099W
YHR170W
YNL163C

Tb927.8.5990
Tb927.5.4310
Tb927.7.970

Tb927.3.2170

factor 6

Hypothetical protein
GTP-binding protein
Hypothetical protein

Translation elongation factor
EF-2

T. brucei homologues of all known or predicted factors involved in yeast ribosome maturation are
listed, based on Table 6.1 (Fromont-Racine et al. 2003). One hundred 7. brucei potential protein
homologues (out of 153) were identified by performing BLASTP against T. brucei TREU927
(taxid:185431) NR database [4.2010]. Potential 7. brucei homologues with the highest query
coverage and lowest e-value were BLASTP against Saccharomyces cerevisiae (taxid:4932) NR
database [4.2010], confirming the reliability of the homologues (Reciprocal BLAST). Factors are
grouped according to their putative function: snoRNP proteins, factors of the 90S processome
involved in SSU production, and factors necessary for the assembly of 40 and 60S ribosomes
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separated from pre-LSU, other proteins such as ARX1 join. ARX1 proteins are
present both in the cytoplasm and in the nucleus and are associated with export
factors such as NMD3 and MTR2 (Nissan et al. 2002). ARX1 could not be easily
detected in the T. brucei genome, but homologues to its interacting protein, NMD?3,
were identified. Maturation of the pre-60S particle is completed in the cytoplasm.
One factor involved in this stage is the EF1 GTPase, which is genetically and
functionally linked to TIF6 (Sanvito et al. 1999). TIF6 leaves the nucleus as a
component of the pre-60S particle and probably acts as an RNP chaperone during
both early pre-RNA processing steps and at a late cytoplasmic maturation step.
EFLI1 is also present in trypanosomes (Table 6.1). GTP hydrolysis by EF1 may
serve as a checkpoint to verify that 60S subunit is properly assembled before it joins
to the 40S to initiate translation, suggesting that this type of checkpoint also
operates in trypanosomes. Other factors, such as NMD3 and LSGI, bind to
recycling mature-free 60S subunits in addition to their binding to nascent subunits
(Nissan et al. 2002). An LSG1 homologue exists in trypanosomes, and it will be
interesting to determine whether it plays a role in transport of the pre-60S and
recruitment of the 60S complexes to the translating ribosomes.

Protein—RNA interactions are essential for the association of several factors with
preribosomal rRNA. Interestingly, several of the preribosomal factors resemble
ribosomal proteins and in fact the factors IMP3, MRT4, RLP7, and RLP24 are
homologous to ribosomal proteins, RPS9, RPPO, RPL7, and RPL24, respectively.
Homologues of the preribosomal factors are present in trypanosomes (Table 6.1).
Another protein, which contains four RRM domains and binds directly to rRNA, is
NOP4 (Sun and Woolford 1997); this protein also exists in trypanosomes and might
also function in 60S subunit maturation.

Of special interest are three factors which were extensively studied in
trypanosomes: NOG1 (Jensen et al. 2003), NOP44/66 (Jensen et al. 2005), and
the proteins p34/p37 (Prohaska and Williams 2009). NOG1, as in other eukaryotes,
was shown to be involved in processing of LSU; its depletion leads to accumulation
of typical rRNA precursors and specific inhibition in cleaving ITS2 (Jensen et al.
2003). Of special interest are the two phosphoproteins NOP44/46; these proteins
are trypanosome-specific and their depletion by RNAIi resulted in a significant
decrease in sTRNA-1 processing. In addition, their absence also resulted in aberrant
processing intermediates emerging from cleavages at LSUa and LSUP. These
proteins therefore appear to conduct a trypanosome-specific rRNA processing
event (Jensen et al. 2003, Jensen et al. 2005). In addition, PUF proteins, especially
PUF7, were shown recently to be involved in processing of the large pre-RNA
precursor as well as the pre-SSU (Droll et al. 2010).

Of interest are the trypanosome-specific proteins P34/37, which are involved in
nuclear export of the 60S ribosomal subunit (Prohaska and Williams 2009). The
bioinformatic analysis presented here awaits verification by purification of the
relevant complexes and identifying rRNA defects that may result from depletion
of these factors by RNAI.
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6.10 Conclusions

rRNA processing in trypanosomes is unique, and involves fragmentation of the
LSU to two large fragments and four small rRNA species. Nevertheless, the
biological role of this unique cleavage process is currently unknown. We have
begun to dissect the unique machinery that mediates the cleavages generating these
species. Currently, 142 snoRNAs were found in trypanosomes and this number is
higher than the repertoire of 100 snoRNAs described in yeast. RNA-seq of snoRNA
complexes revealed highly abundant snoRNAs, of which a few were already shown
to function in trypanosome-specific cleavages (Gupta et al. 2010; Michaeli et al.
2012). Although trypanosomes possess a few of the highly conserved snoRNAs
present in other eukaryotes such as U3, snR30, and MRP RNAs, on the other hand,
they also lack snoRNAs, such as U8 and Ul4, that are known from other
eukaryotes. However, trypanosomes contain trypanosome-specific, functional
homologues to these RNA species. Future studies should unravel the function of
these snoRNA using a variety of tools, including snoRNAi knockdown and “RNA
walk” (Liang et al. 2003; Lustig et al. 2010). Our knowledge of the protein factors
that participate in rRNA processing and maturation is currently very limited. Here, I
presented a survey of such factors in the T. brucei genome and identified many of
these conserved factors. However, future studies should be focused on purification
and mass-spectrometric analysis of the processome complex. Such studies are
expected to identify both conserved factors and trypanosome-specific factors.
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Chapter 7
RNA Editing in African Trypanosomes:
A U-ser’s G-U-ide

H. Ulrich Goringer

Abstract Of the chemical repertoire of RNA processing pathways, one reaction
cycle stands out due to its idiosyncratic features. The process has evolved within the
mitochondria of only one clad of organisms, the kinetoplastid protozoa (Excavata,
Euglenozoa), which include the African trypanosome, the causative agent of
sleeping sickness. The process can be categorized as an RNA editing-type reaction.
It is characterized by the insertion and/or deletion of uridine nucleotides into
otherwise nontranslatable mRNAs. Kinetoplastid RNA editing relies on an exclu-
sive class of trans-acting, small noncoding RNA molecules known as guide RNAs.
Furthermore, a unique molecular machinery, the editosome, catalyzes the process.
Editosomes represent high-molecular-mass multienzyme assemblies that provide a
catalytic surface for the individual steps of the editing reaction cycle. Here [ review
the current mechanistic model of the editing reaction and I summarize the molecu-
lar components and accessory factors of the editosome machinery. Special empha-
sis is put on the recent discovery of the molecular structure of the editing complex,
which allows a first correlation of structural features with functional characteristics.

Keywords African trypanosomes ¢ Editosome ¢ Guide RNA ¢ Kinetoplastids ¢
Mitochondria ¢ Pre-mRNA ¢ RNA editing

7.1 Introduction

The RNA editing reaction in kinetoplastid protozoa such as African trypanosomes
is a unique and probably the most bizarre posttranscriptional modification reaction
in any living system (Benne et al. 1986). The reaction takes place within the single
mitochondrion of the protozoan organism, which in itself is characterized by
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several exceptional features. Unlike other eukarya the mitochondrial genome is
organized in a very large “disc-shaped” molecular assembly known as the kineto-
plast (k). It is located within the mitochondrial matrix and consists of two classes of
double-stranded circular DNA molecules, so-called “maxicircles” and “minicircles.”
African trypanosomes contain about 25-50 presumably identical 22 kbp maxicircles
and roughly 10* minicircles with an average size of 1 kbp. Both kDNA elements are
intertwined by concatenation thereby forming a massive DNA network, which
exhibits a discrete cell cycle DNA synthesis stage (reviewed in McKean 2003) and
accounts for up to 20% of the total cellular DNA content. Similar to other eukaryotes,
DNA maxicircles encode ribosomal (r)RNA genes and subunits of the oxidative
phosphorylation system. However, unlike in other organisms more than 50% of these
genes are “incompletely” encoded: Substantial sequence information is missing—in
some cases more than 50%—in addition to the presence of frameshifts and
nonexisting translational start and stop codons. As a consequence, precursor (pre)
mRNAs of these genes require RNA editing to be converted to functional mRNAs for
protein synthesis.

Biochemically, the reaction is characterized by the insertion and/or deletion of
exclusively U-nucleotides. In African trypanosomes, more than 3,000 U-residues
are inserted and about 300 U’s deleted at hundreds of editing sites in 12 different
pre-mRNAs (for a recent review see Hajduk and Ochsenreiter 2010). The process is
site-specific and relies on small, noncoding RNAs, known as guide RNAs (gRNAs)
(Blum et al. 1990; Blum and Simpson 1990; Schmid et al. 1995; Hermann et al.
1997). Guide RNAs are DNA minicircle transcripts and act as “quasi templates” in
the process. They initiate the editing reaction by the formation of a hybrid gRNA/
pre-mRNA molecule, which adopts a three-way helix junction topology (Leung and
Koslowsky 2001; Yu and Koslowsky 2006; Reifur and Koslowsky 2008). The
structure includes a short “anchoring” duplex that borders the sequence to be edited.
Unpaired gRNA nucleotides next to the anchor region specify U-insertion events
with free UTP as a substrate; non-base-paired uridylates in the pre-mRNA become
deleted (Seiwert and Stuart 1994; Frech and Simpson 1996; Kable et al. 1996;
Seiwert et al. 1996). By utilizing different gRNAs, alternative editing events can
occur, which contribute to generate protein diversity within the mitochondria of the
parasites (Ochsenreiter and Hajduk 2006; Ochsenreiter et al. 2008a, b).

Early experimental evidence already suggested that RNA editing involves mito-
chondrial protein components and that the reaction is likely catalyzed by high-
molecular-mass protein complexes (Pollard et al. 1992; Goringer et al. 1994; Koller
et al. 1994; Corell et al. 1996; Rusché et al. 1997; Peris et al. 1997). In analogy to
ribosomes and spliceosomes the complexes have been termed editosomes and they
function as a reaction platform for the catalysis of the processing reaction in a series of
enzyme-driven steps (Blum et al. 1990; Frech and Simpson 1996; Sabatini and Hajduk
1995). Inrecent years, the protein inventory of the editosome has been studied in detail
and polypeptide candidates for every step of the minimal reaction cycle have been
identified (reviewed in Carnes and Stuart 2008; Hajduk and Ochsenreiter 2010).

In this article, I summarize the current knowledge with respect to the individual
reaction steps of the RNA editing cycle and I provide a summary of the molecular
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components of the editing machinery including accessory factors that contribute to
the process. The discussion is limited to the situation in African trypanosomes
(Trypanosoma brucei). A comparison to other kinetoplastid organisms has been
published by Lukes et al. (2005). Special emphasis is drawn towards the recently
described three-dimensional (3D) structures of T. brucei RNA editing complexes
derived from electron microscopy (EM)-based single particle studies (Golas et al.
2009). I discuss the prominent structural landmarks of the different complexes and
analyze their interconversion and functionality in the context of published bio-
chemical and genetic data.

7.2 The Phenomenon

Editing creates translatable mRNAs by three basal modalities: (1) by correcting
frameshifts, (2) by generating translational start and/or stop codons, and (3) by
creating entire open reading frames (ORF). Edited mRNAs encode subunits of the
oxidative phosphorylation system such as the NADH—-ubiquinone oxidoreductase
(complex I), cytochrome bc; (complex III), cytochrome oxidase (complex IV), and
ATP synthase (complex V). Of the 20 mitochondrial genes in Trypanosoma brucei,
12 pre-mRNAs are substrates of the processing reaction (Hajduk and Ochsenreiter
2010 and references therein), however, the degree of editing can vary considerably.
The most modest form of editing exists in the case of COIl: only four uridylate
residues are inserted. Other examples of “moderate” editing are Cyb (34 U insertions)
and MURF2 (maxicircle unidentified reading frame) with 26 U’s inserted and 4 U’s
deleted. COIIl on the other hand represents an extensively edited pre-mRNA
(a phenomenon also known as “pan-editing”): 547 U residues are inserted and 41
U’s deleted. This affects approximately 60% of the nucleotide content of the final
mRNA. Other pan-edited pre-mRNAs are ND7 (553 U insertions/89 U deletions), A6
(447/28), ND9 (345/20), and CR4 (325/40) (summarized in Table 7.1).

7.3 The Machinery

Native editosomes of African trypanosomes have been enriched from the endogenous
steady-state pool of mitochondrial editing complexes by a variety of biochemical
protocols (for a review, see Panigrahi et al. 2007). Starting materials are usually
insect-stage trypanosomes, which rely on fully developed mitochondria for their
energy consumption and thus are expected to have maximal RNA editing activity.
Nonsynchronized cells are harvested at midlog growth conditions and are used to
isolate mitochondrial vesicles by various cell disruption and subcellular fractionation
methods (Goringer et al. 1994; Rusché et al. 1997; Hauser et al. 1996). Mitochondrial
vesicle preparations are converted into low-salt detergent lysates using nonionic
detergents followed by isokinetic density gradient centrifugation techniques or
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Table 7.1 Extent of RNA editing in Trypanosoma brucei
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Mitochondrial Respiratory complex/ No. of U insertions/ Length of edited
transcript function U-deletions mRNA (nt)
ND1 Complex I Not edited

ND3 Complex I 210/13 452
ND4 Complex I Not edited

ND5 Complex I Not edited

ND7 Complex I 553/89 1,238
NDS8 Complex I 259/46 574
ND9 Complex I 345/20 649
Cyb Complex III 34/none 1,151
COI Complex IV Not edited

CoIl Complex IV 4/none 663
coIl Complex IV 547/41 969
A6 Complex V 447/28 811
S12 Ribosomal protein S12 132/28 325
MURF1 Unknown function Not edited

MURF2 Unknown function 26/4 1,111
MURF5 Unknown function Not edited

CR3 Unknown function 148/13 299
CR4 Unknown function 325/40 567
9S rRNA SSU ribosomal RNA 3’ oligo uridylation

12S rRNA LSU ribosomal RNA 3’ oligo uridylation

Abbreviations: ND NADH-ubiquinone oxidoreductase subunits 1-9; Cyb: apocytochrome b; CO:
cytochrome oxidase subunits I-III; A6: ATP synthase subunit 6; S12: small subunit ribosomal
protein 12; MURF': maxicircle unidentified reading frame; CR: G versus C-strand biased genes no.
3 and 4; SSU: small subunit; LSU: large subunit

column purification schemes. Following these protocols, active editing complexes
harboring as little as 7 (Rusché et al. 1997), 13 (Golas et al. 2009; Aphasizhev et al.
2003a), or up to 20 polypeptides (Panigrahi et al. 2001) have been described.
However, all enrichment protocols generate low yields of complexes, either
suggesting low steady-state concentrations or low kinetic/thermodynamic and/or
chemical (i.e., redox) stabilities of the complexes. Therefore, more recent purification
schemes have applied near native enrichment conditions mainly following the tan-
dem affinity purification (TAP) protocol as developed by Rigaut et al. (1999). The
procedure relies on transgenic trypanosomes that conditionally express TAP-tagged
versions of different editosomal proteins (reviewed in Panigrahi et al. 2007). The
TAP-tag contains protein A and calmodulin binding domains separated by a tobacco
etch virus (TEV) protease cleavage site, which allows for chemically moderate,
i.e., “native-like” chromatographic separation and elution conditions.

TAP-tagged editosome preparations have been visualized by transmission
electron microscopy (TEM) and by cryo-EM (Kastner et al. 2008; Golas et al.
2009). Raw EM images display monodisperse populations of two classes of high-
molecular-mass assemblies in addition to some high-molecular-mass aggregates.
The two classes consist of “large,” asymmetric complexes of up to 26 nm in
diameter and “smaller,” elongated complexes with dimension of 21 x 26 nm.
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Both types of complexes are characterized by well-defined, compact shapes with
distinct structural features including surface areas of different electron density.
In line with previous experimental data (Pollard et al. 1992; Corell et al. 1996),
sedimentation analysis characterized the two particle classes as high-molecular-
mass assemblies with apparent S-values of 20S and 35-40S (Golas et al. 2009).
Importantly, 35—40S complexes have been shown to be associated with endogenous
RNA including pre-mRNA and gRNA (Pollard et al. 1992; Corell et al. 1996; Golas
et al. 2009) and thus likely embody the steady-state population of editing
complexes actively engaged in the processing reaction. 20S complexes are “pro-
tein-only” assemblies (Rusché et al. 1997; Golas et al. 2009) that consist of 13
polypeptides: TbMP100, TbMP99, TbMP90, TbMP67, TbMP63, TbMP61,
TbMP57, TbMP52, TbMP48, TbMP46, TbMP44, TbMP42, and TbMP24
(summarized in Table 7.2). This includes all required core activities of the editing
reaction cycle (see below) and thus, 20S complexes are competent to faithfully edit
synthetic pre-edited insertion and deletion substrate mRNAs in a gRNA-dependent
fashion (Igo et al. 2000; Igo et al. 2002; Carnes and Stuart 2007). By contrast,
isolated 35—40S complexes are inactive to bind and process synthetic pre-mRNA
molecules likely because their RNA binding site/sites is/are occupied with endoge-
nous RNA (Golas et al. 2009).

7.4 The Mechanism

A minimal RNA editing reaction cycle can be formally divided into three basal
reaction steps: pre-mRNA cleavage, U-nucleotide deletion or U-nucleotide inser-
tion, and “re”-ligation of the initially generated pre-mRNA fragments. Although it
is not known whether the overall reaction is distributive or processive, available
in vitro RNA editing data suggest that the reaction is carried out within a multi-
functional reaction center that mediates the three partial reaction steps consecu-
tively (Fig. 7.1).

The endonucleolytic cleavage of the pre-mRNA occurs at the first unpaired
nucleotide upstream within the pre-mRNA/gRNA duplex substrate. Three related
proteins, TbMP90, TbMP63, and TbMP67, which all contain Ul-like Zn-finger
motifs, an RNaselll domain, and a dSRBM sequence possess endonuclease activity.
TbMPI0 is specific for the cleavage at deletion sites, while TbMP63 cleaves at
insertion sites (Carnes et al. 2005; Trotter et al. 2005). The function of TbMP67 is
not yet fully understood. At a deletion site the endonucleolytic cleavage is followed
by the removal of unpaired U’s. U-nucleotide-specific ribonuclease (exoUase)
activity was identified for TbMP99 and TbMP100, two related proteins with
N-terminal 5/3" exonuclease and C-terminal endo/exo/phosphatase motifs (Kang
et al. 2005; Rogers et al. 2007). In addition, these proteins possess nucleotidyl
phosphatase activity (Niemann et al. 2009). TbMP42, a protein with two C,H,-Zn-
finger domains and a putative oligonucleotide/oligosaccharide binding (OB)-fold
executes endo- and exoribonuclease activity in vitro, likely following a two-metal-



154

H.U. Goringer

Table 7.2 Trypanosoma brucei proteins involved in RNA editing

Protein designation

Conserved structural motif(s)

Identified or proposed function

MP18 OB-fold gRNA binding

MP19 OB-fold Interaction

MP24 OB-fold gRNA binding

MP41 Ul-like Interaction

MP42 Zn-finger (2x), OB-fold Endo/exonuclease (in vitro)
MP44 Ul-like, RNaselll, Pum Editosome integrity

MP46 Ul-like, RNasellIl, Pum Editosome integrity

MP47 Ul-like Interaction

MP48/REL2 Ligase, tau, K RNA ligase

MP49 Ul-like Interaction

MP52/REL1 Ligase, tau, K RNA ligase

MP57/RET2 PAP cat/assoc. TUTase

MP61/REN2 Ul-like, RNaselll, dsSRBM U insertion-specific endonuclease
mHel61p DEAD-box RNA helicase RNA helicase, RNPase

MP63 Zn-finger (2x), OB-fold Interaction

MP67/REN3 Ul-like, RNaselll, dsSRBM COXII-specific endonuclease
MP81 Zn-finger (2x), OB-fold Interaction

MP90/REN1 Ul-like, RNaselll, dSsSRBM U deletion-specific endonuclease
MP99/REX2 5'-3' Exo, EEP Nuclease/nucleotidyl phosphatase
MP100/REX1 5'-3" Exo, EEP Nuclease/nucleotidyl phosphatase
Accessory proteins

gBP21 R-rich, Whirly-fold Matchmaking-type RNA annealing
gBP25 R-rich, Whirly-fold Matchmaking-type RNA annealing
RBP16 CSD Interaction

TbRGG1 RGG-repeats mRNA stabilization

KRET1 Zn-finger, PAP cat/assoc. TUTase

Proteins are abbreviated following the nomenclature of Panigrahi et al. 2001. Alternative names
and acronyms have been suggested by Stuart et al. (2005) and Simpson et al. (2010). OB-fold:
oligosaccharide/oligonucleotide binding-fold, U!-like: Ul-like Zn-finger domain, Pum: Pumilio
domain, fau: microtubule-associated tau motif; k: kinesin light chain domain, PAP: poly(A)
polymerase catalytic and associated domains, dsRBM: dsRNA binding motif, 5’3" Exo: 5'3’
exoribonuclease domain; Zn-finger: C2H2-type Zn-finger domain, EEP: endonuclease-exonuclease-
phosphatase domain; CSG cold shock domain; RGG RGG RNA-binding repeats; Whirly-fold:
Whirly transcription factor-fold; TUTase: terminal uridylyl transferase

ion reaction mechanism (Brecht et al. 2005; Niemann et al. 2008). Following
endonucleolytic cleavage at an insertion site, U’s are added to the 3’-end of the
5'-cleavage product of the mRNA in a gRNA-dependent fashion. This step of the
reaction is catalyzed by TbMP57, a protein with a catalytic poly(A) polymerase
(PAP) domain that executes terminal uridylyltransferase (TUTase) activity (Ernst
et al. 2003). At the end of the processing cycle the two editing-specific RNA ligases
TbMP48 and TbMP52 rejoin the two processed mRNA fragments (McManus et al.
2001; Rusché et al. 2001; Gao and Simpson 2003; Deng et al. 2004).

Aside from these core activities that catalyze the main steps of the reaction
cycle, several accessory factors are required (for reviews see Carnes and Stuart
2008 and Goringer et al. 2008). These proteins presumably bind only temporarily
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Fig. 7.1 Mechanistic outline of the basal reaction steps of U-insertion (left) and U-deletion (right)
RNA editing in Trypanosoma brucei. Guide RNA molecules interact with cognate pre-edited
mRNAs via antiparallel base pairing, thereby forming a three-helix junction RNA hybrid. The
interaction relies on Watson/Crick-type base-pairing (solid lines) as well as noncanonical G:U bp
(:). Endonucleolytic cleavage of the pre-mRNA occurs at the first non-base-paired nucleotide (nt)
upstream of the so-called anchor duplex. U-insertion editing continues by adding U nt (from UTP)
to the 3-end of the 5’ pre-mRNA cleavage fragment. The reaction is catalyzed by a terminal
uridylyl transferase (TUTase). During deletion editing, U nt are removed from the 3’-end of the 5’
cleavage fragment, using the activity of a 3’ exonuclease (exoUase). In both cases, the number of
U’s (inserted or deleted) is specified by the “guiding” sequence of the gRNA. Resultant pre-mRNA
cleavage fragments are finally ligated by an RNA ligase. Several editing cycles must occur until all
editing sites specified by one gRNA are processed. Complete editing of a pre-mRNA requires in
most cases multiple gRNAs. The reaction proceeds with a 3’5’ directionality on the pre-mRNA.
Measurements as to the fidelity of the reaction have not been published. However, substantial
misediting (Decker and Sollner-Webb 1990; Maslov et al. 1994) as well as aberrant ligation events
has been identified in vivo and in vitro (Blum et al. 1991; Koslowsky et al. 1992; Blum and
Simpson 1992; Schmid et al. 1996). The involvement of a nucleotidyl phosphatase activity has
been suggested by Niemann et al. (2009)



156 H.U. Goringer

to the editosome to contribute additional functionality. This includes the
matchmaking-type RNA/RNA annealing factors gBP21 and gBP25 (Koller et al.
1997; Allen et al. 1998; Miiller et al. 2001; Miiller and Goringer 2002; Blom et al.
2001; Aphasizhev et al. 2003b; Schumacher et al. 2006), the proteins RBP16
(Hayman and Read 1999; Pelletier et al. 2000; Miller and Read 2003; Pelletier
and Read 2003), TbRGG1 (Vanhamme et al. 1998; Hashimi et al. 2008), REAP1
(Madison-Antenucci et al. 1998; Madison-Antenucci and Hajduk 2001; Hans et al.
2007), and RBP38 (Sbicego et al. 2003). It also includes the 3’-end-specific TUTase
KRET1 (Aphasizhev et al. 2002, 2003c; Aphasizheva and Aphasizhev 2010) and
the mitochondrial DExH/D protein mHel61p (Missel and Goringer 1994; Missel
et al. 1997; Goringer et al. 2008; Li et al. 2011). Although the presence of accessory
editing factors is unquestioned, no knowledge with respect to the dynamic interplay
of these proteins with the editosome exists.

7.5 Structure of the 20S Editosome

Raw EM images of purified 20S editosomes show a monodisperse population of
elongated slightly bent particles with dimensions of up to 21-26 nm. The consensus
structure of the complex is characterized by an elongated, slightly bent appearance
(Fig. 7.2), which results in a concave/convex shape, displaying one concave and one
convex contour on opposite sides. The particle is composed of two quasiglobular
domains roughly equal in size. Both subdomains interact extensively in an interface
region where a protruding arm extends on one side and a triangular protrusion
emerges from the opposite side. The two subdomains differ in their structural
details, indicating that 20S editosomes are no homodimers. The surface representa-
tion of the 208 particle was estimated to enclose a molecular mass of 800 + 80 kDa.
The value is consistent with the sum of all proteins identified in the biochemical
analysis (790 kDa), assuming that every protein is present in single copy (Golas
et al. 2009). A theoretical sedimentation coefficient was calculated to 21-268S, in
line with the experimentally determined apparent value of 20-24S (Pollard et al.
1992; Corell et al. 1996).

7.6 Structure of the 35-40S Editosome

The consensus 3D structure of the 35-40S complex (Fig. 7.2) is similarly
characterized by defined landmarks: an elongated, straight to slightly convex platform
is packed against a semispherical element of variable size. The platform extends on
two sides into small head-like protrusions one oriented to the top, the other one to the
bottom forming a larger foot-like extension. The semispherical back is packed against
the platform as a tight network and the interface between both elements is marked by
incisions in the upper and lower part. The semispherical back element is asymmetric in
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Fig. 7.2 Consensus 3D structures of Trypanosoma brucei RNA editing complexes derived from
cryo-EM-based single-particle studies (Golas et al. 2009). Top row: Front (left) and back (center)
surface views of the 20S RNA editing complex (EMDB-1595). The hatched line separates the two
nonidentical globular subdomains. The structure to the right represents an inside view into the
complex. For a comparison to the Leishmania tarentolae L-complex see Li et al. (2009). Bottom
row: Front (left) and back (center) surface views of the 35-40S RNA editing complex (EMDB-
1594). The semicircular back domain, which presumably represents bound substrate RNA, is
encircled. The structure to the right shows the inside of the complex. Map data and image files can
be retrieved at http://www.pdbj.org.emnavi/ (EM Navigator, Protein Data Bank Japan (PDBj)

its appearance displaying on one side a protruding shoulder-type element and on the
other side an inclination or proclivity. A structure refinement of the 35—40S complex
by cryo-negative staining EM resulted in a resolution of 13—19 nm and the surface of
the complex was calculated to enclose a molecular mass of 1.45 + 0.15MDa (Golas
et al. 2009). The data have been used to calculate a theoretical sedimentation coeffi-
cient of 35-41S (Garcia de la Torre et al. 2001), which is in agreement with the
experimentally derived apparent sedimentation behavior observed in isokinetic glyc-
erol gradients (Pollard et al. 1992; Peris et al. 1997).

7.7 Editosome Interconversion

The structural relationship between 20S and 35-40S editosomes has been
investigated by different 3D docking and alignment approaches (Golas et al.
2009). The data suggest that 20S complexes represent a significant part of the
platform density of the 35—40S complexes. 20S complexes can be integrated in
the head domain, the upper part of the platform and part of the back domain of the
35-40S complex. By contrast, the foot domain, the lower part of the platform
density and the majority of the semispherical back appears to be composed of
components that have no structural correlate in the 20S particles. Since the main
biochemical difference between 20S and 35-40S complexes is their RNA content, it
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is tempting to speculate that the semispherical back of the 35-40S complexes
represents gRNA and/or pre-mRNA molecules only—although the presence of a
small number of additional proteins cannot be excluded. Experimental confirmation
of the suggested scenario was gained from interconversion RNase digestion
experiments. Treatment of 20S and 35-40S complexes with single- and double
strand-specific RNases resulted in a concentration-dependent decrease in the
amount of 35-40S editosomes and at the same time in an increase of 20S complexes.
Conversely, incubation of isolated 20S editosomes with 7. brucei mitochondrial
RNA, which contains pre- and partially edited mRNAs as well as gRNAs, generated
35-40S complexes in a concentration-dependent fashion (Golas et al. 2009). The
substrate RNA/20S interaction is of high affinity with equilibrium dissociation
constants (Kg) in the nanomolar concentration range (Golas et al. 2009).

7.8 The Reaction Center

Next to unraveling the protein inventory of the 20S complex, attempts have been
published to describe the interconnectivity and general organization of individual
proteins within the particle (Schnaufer et al. 2003, 2010). Although the precise
architecture is far from being understood, it is undisputed that functional 20S
particles can be assembled in the absence of pre-edited mRNA and gRNA
(Domingo et al. 2003). Furthermore, biochemical data suggest that insertion and
deletion RNA editing may be catalyzed by separate editing subcomplexes or
subdomains (for a review, see Carnes and Stuart 2008). This is seemingly
supported by the fact that the editing core activities are present in protein pairs
or even higher numbers (Stuart et al. 2005; Hajduk and Ochsenreiter 2010). Yeast
two-hybrid and coimmunoprecipitation experiments identified possible protein/
protein interaction partners among different editosomal proteins, which together
suggest that 20S complexes consist of structurally separated insertion and dele-
tion subdomains (Schnaufer et al. 2003). The insertion domain is assembled
around a trimeric protein core involving the terminal uridylyltransferase
(TUTase) TbMP57, the RNA editing ligase TbMP48, and protein TbMP81. The
deletion subdomain relies on the heterotrimeric interaction of the exoUase
TbMP99, the RNA editing ligase TbMP52, and protein TbMP63. Other
polypeptides associate with both subdomains such as TbMP44 and TbMP24
(Wang et al. 2003; Salavati et al. 2006). TbMP18 likely represents a protein
that is located at the interface between both subdomains (Law et al. 2007). Some
of these results have been confirmed using TAP-tagged editosome preparations
(reviewed in Carnes and Stuart 2008) and have provided insight into the structure/
function correlation of various proteins in the 20S complex.
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It is tempting to speculate that the compositionally different deletion and
insertion subdomains correspond to the bipartite substructures of the 20S consensus
model (see Fig. 7.2). The structure displays two nonidentical nearly globular
subdomains, which are connected through an interface region in line with the
above-described biochemical data. Whether that implies that both subdomains
have independent RNA binding sites is not known to date. However, based on the
structural details of the 35—40S complexes, in which the semispherical back of the
complex was identified as bound substrate RNA, it is more likely that the 20S
complex has only one RNA interaction site. The binding site covers a substantial
part on one side of the 20S surface and in part reaches into the interface region in-
between the two globular subdomains. Thus, a single catalytic core for both editing
reactions might be positioned at the interface between the deletion and insertion
subdomains representing a “dual mode” reaction center that is triggered by the
chemical nature of the bound substrate RNA. Deletional editing substrates activate
the deletion subdomain and insertion-type substrate RNAs become processed by
the insertion subdomain.

7.9 Compositionally Distinct Editosomes

Evidence for functionally and compositionally distinct 20S complexes has been
derived from the analysis of editing complexes isolated from transgenic trypanosome
strains that conditionally express TAP-tagged variants of different editosomal
proteins. Tandem affinity-purified editosomes possess in some cases only a subcol-
lection of the 20S protein inventory and these compositional differences are mirrored
in functional differences (Panigrahi et al. 2006). For instance, TbMP90-TAP
editosomes execute only deletional RNA editing, while TbMP61-TAP complexes
only process insertional editing substrate RNAs. Protein TbMP100 is only present in
TbMP90-TAP editing complexes, while TbMP81, TbMP63, TbMP42, TbMP24,
TbMP18, TbMP46, TbMP44, TbMP57, TbMP99, TbMP52, and TbMP48 seem to
be ubiquitous. On the contrary, the three proteins ToMP99, TbMP61, and TbMP67
have been shown to be mutually exclusive in certain complexes. Based on these data,
Carnes et al. (2008) suggested that at least three compositionally distinct editosomes
exist. Whether these partially assembled machineries contribute to the endogenous,
steady-state ensemble of editosomes in genetically unaltered, i.e., wildtype trypano-
somes is not known. However, the data at least demonstrate that multiple assembly
pathways exist for the processing machinery and that heterogeneous populations of
20S complexes are tolerated in in vivo isolates. Furthermore, it cannot be excluded
that the composition of editosomes may be in a dynamic equilibrium. Individual
components like the above described accessory factors (Goringer et al. 2008) may at
different stages of the assembly pathway shuttle in and out of the complex thereby
further expanding the structural landscape of the particle.
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7.10 Conclusion

Taken together, the described experimental data can be summarized to derive a first
picture that correlates some of the prominent structural features of the 20S and
35-40S complexes with functional attributes of the RNA editing reaction cycle.
Steady-state editosome preparations in African trypanosomes consist of a mixture
of two classes of high-molecular-mass complexes: 35-40S complexes represent the
editing machinery that is actively engaged in the processing reaction, while 20S
complexes are preassembled precursor complexes that consist of proteins only. The
binding of substrate RNAs converts 20S editosomes into 35-40S complexes and
depending on the type of RNA, differently shaped 35-40S complexes are formed.
Altogether 12 pre-edited mRNAs and literally hundreds of gRNA and partially
edited mRNA molecules are present in African trypanosomes. Guide RNAs have
molecular masses around 20 kDa, while the involved mRNAs vary between 60 kDa
(unedited CR3) and 450 kDa (edited ND7). As a consequence, their hydrodynamic
radius must vary and at steady-state conditions, this results in a broad structural
landscape of multiple 35-40S complexes with different shapes. However, these
particles differ predominantly in only one structural feature: the semispherical back
element. This part of the complex represents the RNA interaction site of the
editosome, which implies that 20S editosomes have only one RNA binding domain
that interacts with a large structural ensemble of differently sized and folded
substrate RNAs. The RNA binding site covers a large surface area on one side of
the 20S particle and contacts the interface between the two nonidentical, globular
subdomains of the 20S editosome.

The protein-only 20S editosome is characterized by a bipartite appearance with
two prominent globular subdomains. Both subdomains, however, differ in their
structural details indicating that the particle is not a homodimer. In conjunction
with the described biochemical data, these substructures likely represent separate
insertion and deletion subdomains and they are assembled around different
protein core elements in line with the different enzyme requirements that catalyze
the two types of editing reactions. The two subdomains connect in an interface
region, which is linked to the RNA binding domain of the complex. This suggests
a working model in which the editosome reaction center is located at the interface
of the insertional and deletional subdomains thereby presenting a catalytic core of
bifunctional quality. As a result, editosome-bound substrate RNA can be in
physical contact with both catalytic machineries and depending on the RNA
editing domain, both, U-insertions and deletions can be executed on the same
pre-mRNA. This is further supported by the fact that single gRNAs can mediate
insertion as well as deletion editing (Blum et al. 1990; Maslov and Simpson
1992). Understanding the conformational dynamic and adaptive recognition at
the catalytic center of the editosome will be the next experimental and perhaps
conceptual challenge.
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Chapter 8
The RNA Interference Pathway in
Trypanosoma brucei

Elisabetta Ullu, Nikolay G. Kolev, Rebecca L. Barnes,
and Christian Tschudi

Abstract In most eukaryotic cells, expression or delivery of long double-stranded
RNA (dsRNA) signals the presence of foreign and/or potentially dangerous nucleic
acids, such as viruses or transcripts derived from retroposons and transposons. As a
consequence cells go on red alert and activate specific defense mechanisms to
eliminate the invaders. Among such mechanisms is the RNA interference (RNA1)
pathway, which is triggered by long dsRNAs, destroys target transcripts in a
sequence-specific manner, and is widespread throughout eukaryotic evolution.
Here we summarize our current understanding of the RNAi mechanism in
Trypanosoma brucei, a protozoan parasite and early divergent eukaryote, and
highlight similarities and differences with the RNAi machinery and its function

in higher eukaryotes.

Keywords Argonaute * Dicer « RNAI genes * siRNA

E. Ullu (B<)
Department of Internal Medicine, Yale University School of Medicine,
295 Congress Avenue, New Haven, CT 06536-0812, USA

Department of Cell Biology, Yale University School of Medicine, 295 Congress Avenue,
New Haven, CT 06536-0812, USA
e-mail: elisabetta.ullu@yale.edu

N.G. Kolev ¢ C. Tschudi

Division of Epidemiology of Microbial Diseases, Yale University School of Public Health,
295 Congress Avenue, New Haven, CT 06536-0812, USA

e-mail: nikolay.kolev@yale.edu; christian.tschudi@yale.edu

R.L. Barnes

Department of Internal Medicine, Yale University School of Medicine,
295 Congress Avenue, New Haven, CT 06536-0812, USA

e-mail: rebecca.l.barnes@yale.edu

A. Bindereif (ed.), RNA Metabolism in Trypanosomes, Nucleic Acids
and Molecular Biology 28, DOI 10.1007/978-3-642-28687-2_8,
© Springer-Verlag Berlin Heidelberg 2012

167


mailto:elisabetta.ullu@yale.edu
mailto:nikolay.kolev@yale.edu
mailto:christian.tschudi@yale.edu
mailto:rebecca.l.barnes@yale.edu

168 E. Ullu et al.
8.1 Overview of RNA Interference

Genetic interference triggered by double-stranded RNA (dsRNA), commonly
referred to as RNA interference or RNAi, was first described in 1998 by the
laboratories of Andrew Fire and Craig Mello (Fire et al. 1998). The subsequent
discovery of a plethora of small 19-30 nucleotide (nt) noncoding RNAs that
function in diverse pathways, ranging from mRNA degradation, translational
repression, heterochromatin formation, and DNA elimination, has radically
changed our understanding of how gene expression is regulated in eukaryotes.
In addition, RNAi provided the scientific community with a tool of immense
value for the analysis of gene function, especially in organisms not easily amenable
to classical genetic approaches.

As surmised by studies in several model organisms, the “natural” or endogenous
RNAI pathway functions as a defense mechanism to maintain genome integrity by
destroying transcripts derived from molecular parasites, namely viruses, transposons,
retroposon, and transgenes, thus limiting viral infection and the catastrophic
consequences of transposon/retroposon mobilization (Siomi and Siomi 2009).
RNAI is widespread throughout the eukaryotic lineage, from protists to man and
based on phylogenetic considerations, it is likely that the ancestral eukaryote was
endowed with a functional RNAi pathway (Cerutti and Casas-Mollano 2006). In this
review, we focus on the parasitic protozoa Trypanosoma brucei, one of the few
pathogenic single-cell eukaryotes where the mechanism and functional significance
of RNAI has been studied in detail. For more details on RNAI, readers are referred to
recent reviews (Siomi and Siomi 2009; Liu and Paroo 2010).

8.2 RNAIi in Model Organisms

The minimal set of RNAi components consists of Dicer, an RNase ITI-family enzyme
presiding over the processing of dsRNAs into small interfering RNAs (siRNAs); a
“slicer” Argonaute (AGO), an endonuclease with an RNase H-like domain required
for target RNA cleavage; and a dsRNA-binding protein (dsRBP), which facilitates
Dicer cleavage and assists in transferring siRNAs into AGO (Liu and Paroo 2010).
In certain organisms, including Arabidopsis thaliana, Caenorhabditis elegans, and
Schizosaccharomyces pombe, a fourth RNAI factor, an RNA-dependent-RNA poly-
merase (RARP), amplifies the initial RNAI response, resulting in the production of
secondary siRNAs (Cerutti and Casas-Mollano 2006).

In the current model, the RNAi pathway is subdivided into two phases, namely
the initiation and the effector steps. In the first phase Dicer, in a complex with the
dsRBP and AGO, processes dsRNA into duplex siRNAs with characteristic two
nucleotide 3’ extensions, which are then transferred to AGO slicer. AGO cleaves
the “passenger” siRNA strand, the strand that is destined to be ejected, while
retaining the “guide” siRNA strand. Recent evidence indicates that the process of
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siRNA loading into AGO is facilitated by the Hsp90/70 chaperone system, which
probably maintains AGO in a conformation suitable for accepting siRNAs (Iwasaki
et al. 2010; Miyoshi et al. 2010). The assembly of the AGO-guide siRNA complex
leads to the formation of active RISC (RNA-induced silencing complex), of which
AGO is the catalytic engine. In the effector step the AGO ribonucleoprotein seeks
out and then cleaves homologous target RNA, approximately in the middle of the
region of complementarity with the siRNA. The cleaved RNA fragments are then
released and degraded by cellular ribonucleases, while RISC is recycled for another
round of slicing. It should be noted that the above pathway is based in large parts
on studies in higher eukaryotes and considerably less is known in single-cell
eukaryotes.

8.3 RNAIi in Trypanosoma brucei

Ever since the discovery of RNAI in Trypanosoma brucei in 1998 (Ngo et al. 1998),
a new era began in the study of the biology of this important human pathogen. It is
not an exaggeration to say that since the beginning of the year 2000 the way
experiments are carried out in 7. brucei has undergone a major revolution, and
gene silencing by RNAI has found wide applications, including forward genetic
screens and global analysis of gene function (see Sect. 8.3.10).

To date functional studies have uncovered three components that are essential
for RNAI in T. brucei: ThoAGO1, a member of the Argonaute family of proteins
(Durand-Dubief and Bastin 2003; Shi et al. 2004b) and two distinct Dicer-like
enzymes, namely ThDCL1 and ThDCL2 (Shi et al. 2006b; Patrick et al. 2009).
However, comparative genomics indicates that there are at least two more genes
that are candidates for being RNAI factors (see note added in proof), as they are
present in RNAi-proficient trypanosomatids, namely the African trypanosomes,
Leishmania Viannia braziliensis and Crithidia fasciculata, but absent in T. cruzi,
L. major, and L. donovani (Lye et al. 2010), which are RNAi-negative (Robinson
and Beverley 2003; DaRocha et al. 2004). Inspection of the T. cruzi and old-world
Leishmania genomes shows no remnants of the DCL1 and DCL2 genes, whereas in
the case of AGO1 a pseudogene is present in Leishmania but absent in T. cruzi. The
loss of the RNAi genes appeared to have occurred twice in the trypanosomatid
lineage (Lye et al. 2010), once at some undefined point in the lineage leading to 7.
cruzi and a second time after the divergence of the Viannia subgenus from other
Leishmania species.

A schematic representation of our current view of the RNAi pathway in T. brucei
is illustrated in Fig. 8.1. ThAGOL, in a complex with single-stranded siRNAs, is
found predominantly in the cytoplasm and is essential for mRNA degradation.
However, functional evidence supports the model that ThAGO1 is active in the
nucleus as well (see Sect. 8.3.3). Notably, the two Dicers are localized in different
cellular environments, with ThDCL1 and TPDCL?2 predominantly in the cytoplasm
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Fig.8.1 Current working model of RNAIi in 7. brucei. Depicted are the two branches (nuclear and
cytoplasmic) of silencing. Sense and antisense (or inverted repeat) RNAs transcribed in the
nucleus form long double-stranded RNA (dsRNA) in both cellular compartments. DCL2 and
DCL1 process the long RNA duplexes into siRNA duplexes in the nucleus and the cytoplasm,
respectively. DCL2 also generates intermediate size dSRNAs, which are converted to siRNAs by
DCLI. Argonaute (AGO1) is programmed with single-stranded “guide” siRNA as a result of
duplex siRNA strand separation, loading, and modification of the 3’ end of the siRNA. AGO1 finds
transcripts complementary to the bound siRNA in both compartments of the cell, and base pairing
between the siRNA and the target leads to endonucleolytic cleavage and subsequent degradation
of the target RNA

and the nucleus, respectively. In the following sections, we will review our current
understanding of the functional significance for the compartmentalization of the
two Dicers.

8.3.1 The Cytoplasmic Dicer-Like Protein TbDCLI1

A number of early observations predicted the existence of Dicer or Dicer-like
protein(s) in T. brucei, including the identification of siRNAs (Djikeng et al.
2001), the in vivo RNAI response to transfected long dsSRNAs (Ngo et al. 1998),
and the detection of an enzymatic activity in trypanosome extracts generating
siRNA-size molecules (Best et al. 2005). Dicer and Dicer-like proteins are large
multidomain proteins with the canonical signature of two neighboring RNase III
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domains, termed RNase IIla and RNase IIIb (Jaskiewicz and Filipowicz 2008).
However, initial homology searches of the T. brucei genome with the Aquifex
aeolicus RNase III domain only returned predicted ORFs with a single RNase III
domain (Shi et al. 2006b). Nevertheless, what caught our attention was that two
ORFs of 1,648 and 948 amino acids were present in T. brucei, the only RNAi-
positive trypanosomatid protozoa known at that time, but absent in the RNAi-
negative organisms 7. cruzi and L. major (Ullu et al. 2004). Furthermore, as judged
by the cellular distribution of GFP fusion proteins, the 1,648 and 948 amino acid-
long proteins localized predominantly to the cytoplasm and nucleus, respectively
(Shi et al. 2006b). Subsequent refined bioinformatics analysis and the availability of
additional genomes of RNAi-positive African trypanosomes allowed the identifica-
tion of a second RNase III domain in both candidates. Thus, the ORFs of 1,648 and
948 amino acids were named Dicer-like protein 1 or ThDCL1 (Tb927.8.2370) and
Dicer-like protein 2 or ThbDCL2 (Tb927.3.1230), respectively. ThDCL2 will be
discussed in Sect. 8.3.2.

Typically, RNase IIIa and RNase IIIb domains in metazoan and fungal Dicers
are adjacent to each other (Jaskiewicz and Filipowicz 2008). However, in ThDCL1
the RNase IIla domain is close to the amino terminus, and the RNase IIIb domain is
located approximately in the center of the molecule. No domains commonly
associated with Dicer or Dicer-like proteins, like helicase, PAZ, DUF283, or
dsRNA-binding domains, were recognizable along the ThDCL1 polypeptide
chain (Shi et al. 2006b). Although the apparent lack of additional domains was
surprising at first, the large dataset available to date clearly revealed that Dicer and
Dicer-like proteins have diversified substantially throughout eukaryotic evolution,
making the two RNase III domains the only universal feature of this class of
proteins. It is likely that the diverse domain structure observed in protozoan, fungal,
plant, and metazoan proteins reflects organism-specific adaptations.

The RNase Illa and IIIb domains in ThDCL1 have the potential to form an
intramolecular pseudodimer and to build the typical Dicer dsRNA processing
center (Jaskiewicz and Filipowicz 2008) composed of two active sites (from the
two RNase III domains), each able to perform scission of one of the two strands in
the RNA duplex. Indeed, partially purified ThDCL1 catalyzes Mg**-dependent
processing of dsRNA into 24-26 nucleotide-long siRNAs, a size range typical for
endogenous siRNAs in T. brucei (Shi et al. 2006b). In vivo, the activity of ThDCLI1
is responsible, but only in part, for the production of siRNAs from retroposon
transcripts, which possibly escape the nucleus, for processing of transfected long
dsRNA, and for the cleavage of 35-65 nucleotide dsRNA intermediates generated
by ThDCL2 (see Sect. 8.3.2). However, how ThDCLI recognizes a dsRNA sub-
strate is at present unknown, since PAZ and dsRNA-binding motifs, which are
essential for positioning the dsSRNA at the catalytic center (MacRae et al. 2007),
have so far not been identified.

Although Dicer enzymes have a primary role at the initiation step of RNA,
namely the processing of the dsSRNA trigger to siRNAs, there is also evidence for a
role in the effector step, namely the cleavage of the target transcript by AGO slicer
(Jaskiewicz and Filipowicz 2008). This appears to be the case for TbDCL1 as well,
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since a point mutation of a conserved residue outside of the RNase III domains
(D966G) does not detectably affect the production of siRNAs, but has a significant
dominant negative effect on the cleavage of target mRNAs by ThAGO1 (Shi et al.
2006b). Thus, one prediction would be that ThbDCL1 and ThAGOL interact, yet
evidence for such a complex has been elusive so far.

8.3.2 The Nuclear TbDCL2 Initiates the Endogenous
RNAi Response

In addition to the bioinformatic analysis described above, experimental evidence
provided clues that 7. brucei contained a second Dicer or Dicer-like enzyme.
Firstly, genetic ablation of ThDCL1 did not result in the upregulation of
ingi or SLACS retroposon transcripts or transcripts derived from a family of
147-nucleotide-long chromosomal internal repeats, termed CIR147 repeats (Patrick
et al. 2009), which are located at putative centromeric regions (Obado et al. 2005).
This phenomenon was first observed in ThAGO1 null cells and constitutes the
hallmark of RNAi deficiency (Shi et al. 2004b). Secondly, the accumulation of
CIR147 siRNAs was independent of ThDCLI, and the siRNAs from ingi and
SLACS were only partially depleted in ThDCL1 null cells (Patrick et al. 2009).
Thus, we reasoned that a second Dicer must be at work in the trypanosome RNAi
pathway and ThDCL2 was the most likely candidate, since sequence homology
analysis and three-dimensional structure modeling revealed two RNase III domains
and the remnants of a dsSRNA-binding domain at the very C terminus (Patrick et al.
2009). Similar to TbDCL1, the two RNase III domains in 7ThbDCL2 are not adjacent,
but are found in close proximity to the two ends of the polypeptide, with RNase IIla
at the N terminus and RNase IIIb at the C terminus. One would assume that the two
RNase III domains form an intramolecular pseudodimer, since partially purified
wild-type ThDCL2 is capable of processing long dsRNA into siRNA-size products
in a Mg**-dependent fashion and single-point mutations in the active site of
the RNase IIIb module (K879A and E886A) severely compromised this activity
(Patrick et al. 2009). ThDCL1 and ThbDCL2 appear to generate duplex siRNA
products of slightly different size, as revealed by in vitro dicing assays with
THhDCLI null and ThDCL2 null whole cell extracts. The size range of ThDCL2-
generated siRNAs is one nucleotide shorter than the TbDCL1-generated siRNAs;
however, the significance of this difference is currently not clear. In addition,
ThbDCL2 is responsible for the production of intermediate-size RNA molecules
(35-65 nt long), which accumulate in the absence of ThDCL1 (Patrick et al. 2009).
These molecules are possibly double stranded, since in the case of CIR147
intermediates, both sense and antisense sequences are detected with similar fre-
quency and their distribution is evenly spaced across the entire CIR147 repeat. The
intermediate-size RNAs contain a 5’-monophosphate, as indicated by their sensi-
tivity to treatment with Terminator exonuclease (Patrick et al. 2009), which is
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consistent with their biogenesis depending on 7TbDCL2. Although the relevance of
the intermediates in the RNAi pathway remains to be investigated, one possibility is
that they are side products of ThDCL2 processing of long dsRNA. If ThDCL2
requires substrates with a double-stranded region longer than ~65 bp for binding
and processing, then RNA molecules with duplexes shorter than 35-65 bp and
single-stranded extensions (5’ or 3’) would not be recognized. These “noncanoni-
cal” substrates appear to find their way to ThDCL1, and this Dicer readily accepts
them. In vivo, the intermediate RNAs gradually disappear upon increasing the
levels of ThDCL1 in the cell (Patrick et al. 2009) with concomitant increase in
the amount of corresponding siRNAs, which indicates that the intermediates con-
tain double-stranded regions of at least ~25 bp and serve as a source for siRNA
production by TbDCL1.

A TbDCL2-GFP fusion protein localized predominantly to the nucleus,
suggesting that the RNAi machinery is present in this compartment. Three lines
of evidence support this hypothesis. Firstly, CIR147 transcripts in ThAGO1 null
cells are found exclusively in the nucleus, close to or at the nucleolus (Patrick et al.
2009). Secondly, in the absence of ThDCL2, CIR147 siRNAs are below the limit of
detection, indicating that their biogenesis is mostly dependent on ThDCL2 (Patrick
et al. 2009). Thirdly, work by the group of Michaeli has shown that small nucleolar
RNAs (snoRNAs), which as the name indicates are only found within the confines
of the nucleus, could be targeted for destruction by expressing homologous dsRNA,
a phenomenon termed snoRNAi (Liang et al. 2003). In addition, our two
laboratories have recently provided genetic evidence that snoRNAi requires
ThDCL2 and ThAGO1, but not cytoplasmic ThDCL1 (Gupta et al. 2010). Taken
together, these observations strongly support the existence of a nuclear phase of the
RNAI pathway. Since in the absence of ThDCL2 retroposon and CIR 147 transcripts
accumulate, a phenotype observed in ThAGO1 null but not in ThDCLI1 null cells,
we proposed that nuclear ThDCL2 initiates the endogenous RNAi response (Patrick
et al. 2009). Indeed, ThDCL?2 appears to be the sole enzymatic activity producing
siRNAs from dsRNAs retained in the nucleus, and its presence is critical for
successful RNAi-mediated knockdown approaches targeting nuclear RNAs
(Gupta et al. 2010). Notably, knockout of ThDCL2 results in “hypersensitivity” to
exogenous dsRNA and synthetic siRNAs, a phenotype that likely reflects decreased
competition in 7hbDCL2 null cells for the formation of active RISC between
siRNAs from endogenous and exogenous dsRNA triggers (Patrick et al. 2009).
This observation further highlights the crucial role played by TbDCL2 in initiating
and sustaining the endogenous RNAi pathway.

Why do trypanosomes have two Dicers? Whereas some of the roles of ThDCLI1
and ThDCL2 overlap, namely the generation of siRNAs from retroposons and
ensuring 7ThAGO1 programming against transcripts from these mobile genetic
elements to safeguard the trypanosome genome, the two Dicers also have specific
functions in the RNAi pathway. ThDCL2 is predominantly nuclear and is the enzyme
producing siRNAs from dsRNAs formed by transcripts that do not leave the cell
nucleus, e.g., the CIR147 and retroposon RNAs. ThbDCL2 appears to have more
strict requirements for its substrates, since it leaves behind the intermediate-size
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RNAs. TbDCL1 is the second line of defense against dSRNA producing transcripts
and accepts a broader arsenal of substrates, including the intermediates. Any RNA
that escapes the confines of the nucleus and contains or forms (on its own or with
an antisense partner) a double-stranded segment longer than ~25 bp is converted to
siRNAs in the cytoplasm by ThDCLI1. An additional role for ThDCL1 is in the
effector step of the cytoplasmic RNAi branch, since it appears to be required for
RISC-mediated cleavage of target transcripts. However, it remains to be determined
whether ThDCL2 has a similar function in the nucleus. In summary, trypanosomes
have found an evolutionary advantage of having two Dicers with similar properties,
but segregated into different cellular compartments, to tackle dsSRNA challengers in
a “two lines of defense” mechanism and initiate their destruction.

8.3.3 TbAGOI Is the Argonaute Slicer

The T. brucei genome encodes two members of the Argonaute family of proteins,
namely ThAGO1, which is essential for the RNAi response (Durand-Dubief and
Bastin 2003; Shi et al. 2004b) and ThPiwi-likel (Durand-Dubief and Bastin 2003),
which is present in all trypanosomatid protozoa, irrespective of whether they are
RNAI proficient (Ullu et al. 2004). TbPiwi-like 1 is dispensable for the RNAi
response (Durand-Dubief and Bastin 2003), but its function is yet to be discovered.

TbAGOL is required in experimental RNAi for cleavage of mRNA targets in the
cytoplasm (Shi et al. 2004b) and snoRNAs in the nucleus (Gupta et al. 2010), and in
the endogenous RNAi pathway for cleavage of retroposon- and repeat-derived
transcripts, both in the nucleus and in the cytoplasm (Shi et al. 2004b; Patrick et al.
2009). Single-stranded siRNAs form a ribonucleoprotein complex with ThAGO1
(Djikeng et al. 2003), which is highly abundant at 60,000 copies/cell (unpublished
observations), as compared to 150-200,000 ribosomes. However, significantly larger
ThAGO1-containing complexes are detected in cells ablated of TbDCL1 or ThDCL2
(unpublished observations), possibly representing stalled intermediates in the forma-
tion of RISC. Cell fractionation and the microscopic localization of GFP- (Durand-
Dubief and Bastin 2003) or epitope-tagged ThAGO1 (Shi et al. 2004b) consistently
place the majority of the protein in the cytoplasm. Nevertheless, the requirement of
ThAGOI1 for downregulation of retroposon- and repeat-derived transcripts and for
snoRNAI is consistent with ThAGOL1 also functioning in the nucleus, where it
presumably travels to pick up siRNAs produced by ThDCL2 and then slices single-
stranded and potentially harmful transcripts. How ThAGO1 gets access to the nucleus
remains to be addressed experimentally. Lastly, a proportion of ThAGOL is found
associated with polyribosomes (Djikeng et al. 2003; Shi et al. 2009). We have shown
that this association is specific for translating ribosomes and appears to be mediated
by ionic interactions, as ThAGOL is released from polyribosomes under high-salt
conditions. We proposed that TODAGO1 on polyribosomes functions as a sentinel
ready for action, if potentially dangerous retroposon transcripts should become
associated with polyribosomes (Shi et al. 2009).
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T. thermophilus T. brucei

Fig. 8.2 Ribbon (AGO) and stick (DNA) diagrams of the T. thermophilus AGO MID domain
bound to the 5’-end of a 21-base DNA guide strand (PDB 1D 3DLH; left panel; (Wang et al. 2008))
and of the predicted model of ThAGO1 with a superimposed DNA guide strand (right panel). The
positions of two conserved residues in the binding pocket are indicated

8.3.4 Structural and Functional Motifs in Trypanosomatid AGO1

AGO-family proteins are about 100 kDa, highly basic and distinguished by four
domains: the N-terminal, PAZ, MID, and PIWI domains, with the PIWI domain
showing the highest degree of sequence conservation (Tolia and Joshua-Tor 2007).
ThAGOL1, as well as its homologues in RNAi-proficient trypanosomatids, conform
to the consensus structure of AGO family members, although their primary
sequence is highly divergent from that of higher eukaryotic AGOs. The various
domains have distinct roles, which have emerged from functional studies and the
crystal structures of prokaryotic AGO paralogues (Tolia and Joshua-Tor 2007,
Faehnle and Joshua-Tor 2010). The 5’-phosphate and the 3’-end of the guide
small RNA are anchored by the MID and PAZ domains binding pockets, respec-
tively, whereas the PIWI domain adopts a fold similar to that of RNase H-type
enzymes and confers endonuclease activity to AGO “slicers.” Using the crystal
structure of Thermus thermophilus AGO as a template (Wang et al. 2008), a
considerable part of the ThPAGO1 C terminus was amenable to three-dimensional
modeling, despite low conservation at the primary sequence level (unpublished
observation). In particular, the PIWI and part of the MID domain revealed structural
similarities to T. thermophilus AGO, including the 5’-phosphate-binding pocket
made up of the MID domain (Fig. 8.2). In vivo studies further indicated that
predicted key amino acid residues in the ThAGO1 5'-phosphate-binding pocket
are critical for target RNA cleavage activity (unpublished observation).

The catalytic center of AGO slicers includes the amino acid triad DDH, which is
found in all AGO proteins for which slicer activity has been documented (Fig. 8.3;
Tolia and Joshua-Tor 2007). However, the presence of these active site residues
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H. sapiens AGO1l ...VIFLGAEE...IFYREGVP...IPAPAYYARLVAF...
H. sapiens AGO2 -+ -VIFLGARV...IFYREGVS...IPAPAYY FILVAF. ..
D. melanogaster AGOl ...VI FLG&. e ILYRJiGVS. i IPAPAYYAHLVAF. %
D. melanogaster AGO2 ...TMYIGABV...IYYRBGVS...YPAPAYLAGLVAA...
L. braziliensis AGOl ...LLIVGAVV...VLYRGAMT...LPLPIKCAYEYAR...
L. panamensis AGOl «..LLIVGAVV...VLYRGAMT. . .LPLPIKCAYEYAR...
C. fasciculata AGOl  ...VLVVSAVV...VLYRGAMT...LPLPINCAYEYAR...
T. brucei AGOL ...ILIIAABV. ..VL-RGCAS. . .LPLPLKCAAEYGR. ..
T. congolense AGOL ...ILII::EE...IL-RGCAS...IPLPLKCASEYGR...
T. vivax AGOl ...LLIIAABV. ..VM-RGCAS. . . LPLPLKCASEYGK. . .

Fig. 8.3 Alignment of the motifs containing the catalytic triad DDH in selected Argonaute
proteins from humans, fruit fly, and RNAi-proficient trypanosomes. The DDH residues are
highlighted in red and residues conserved in all of the shown sequences in blue

does not guarantee that the AGO protein is endowed with endonuclease activity
(Tolia and Joshua-Tor 2007). Of note, the trypanosomatid AGO1 proteins from
T. brucei, T. congolense, T. vivax, L. (V.) braziliensis, L. (V.) panamensis, and
C. fasciculata are not endowed with the DDH catalytic triad (Fig. 8.3). Whereas the
first aspartate residue is conserved in AGOI1 of African trypanosomes, it is absent in
the L. Viannia and Crithidia fasciculata counterparts and replaced by valine.
Another notable difference between trypanosomatid AGOls is the presence of
a conserved tyrosine at the histidine-equivalent position in the C. fasciculata and
L. Viannia proteins, whereas this position is occupied by alanine in ThAGO1 and by
serine in the T. congolense and T. vivax proteins. Although intriguing, the func-
tional significance of these amino acids substitutions needs to be verified
experimentally.

Sequence alignments of the myriad of AGO proteins revealed additional invari-
ant residues, including an arginine residue at position 735 of ThAGOL, just one
amino acid upstream from the second aspartate residue of the catalytic triad
(Fig. 8.3). Mutation of arginine 735 to alanine in ThAGO]1 leads to severe
impairment of mRNA cleavage, suggesting that this protein acts as a slicer (Shi
et al. 2004c¢). In support of this model are two additional pieces of evidence. First,
upon transfection of o-tubulin dsRNA we observe accumulation of discrete
fragments with the size expected for endonucleolytic cleavage of the target
mRNA (Shi et al. 2009) and, secondly, we showed that human AGO2 slicer can
partially complement the cytoplasmic RNAi response when ThAGOI is ablated
(Shi et al. 2006a). However, the absence in AGO1 of the “classic” catalytic triad
of RNase H-type enzymes is puzzling, and this issue can only be resolved by
in vitro experiments, which unfortunately have been unsuccessful so far. A possible
reason behind our failure to reconstitute ThAGOI1 slicing activity in vitro is
suggested by the observation that when the pool of newly synthesized ThAGOI1
is depleted, the RNAi response declines severely (Shi et al. 2007). We proposed that
newly synthesized ThAGO1 is preferentially loaded with newly processed siRNAs,
possibly because newly synthesized ThAGO1 is in a conformation that readily
accepts siRNAs. We further speculated that the Hsp90 chaperone system may be
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involved in facilitating the process of siRNA loading. This prediction has recently
gained support by in vitro studies in Drosophila and tobacco extracts (Iwasaki et al.
2010; Miyoshi et al. 2010). Interestingly, reconstitution of RISC activity in tobacco
could only be achieved by coupling translation of AGO with loading of synthetic
siRNAs in a homologous in vitro extract.

8.3.5 Function of the RGG-Rich N Terminus of TbAGO1

One of the striking features of the T. brucei AGO1 N-terminal domain is the high
representation of arginine-glycine-glycine (RGG) motifs, which make up almost
50% of the first 59 amino acids (Shi et al. 2009). In particular, between positions 9
and 59 there are 10 RGG motifs, which are part of an 11-amino acid repeating unit
with the consensus sequence G(Y/R)RGGRGGG(E/F)G. An N-terminal RGG
domain is present in all trypanosomatid AGO1 homologues (Shi et al. 2009),
indicating a conserved and important function. In addition, certain AGO-family
members from higher eukaryotes are also endowed with RGG motifs. Interestingly,
the N-termini of certain murine Piwi family proteins have methylated arginines,
which guide interactions with Tudor proteins and affect protein stability and
localization (Kirino et al. 2009; Vagin et al. 2009).

Through mutagenesis studies we have shown that the RGG domain of ThAGO1,
and specifically the arginine residues, are required for efficient cleavage of target
mRNA in the cytoplasm and downregulation of retroposon transcripts in the
nucleus. A second phenotype observed in cells expressing mutant ThAGO1 carry-
ing partial or complete deletions of the RGG domain or bearing substitutions of all
arginine residues by lysine or alanine is the inhibition of the association of a
proportion of ThAGO1 with polyribosomes (Shi et al. 2009). A similar phenotype
was reported for the Toxoplasma gondii AGO protein, which like ThAGO1 contains
an RGG-rich N terminus (Braun et al. 2010). Mass spectroscopy analysis, as well as
reactivity with antibody Y12, which recognizes symmetric dimethylated arginine
(sDMA), support the modification of at least some arginine residues in the ThAGO1
RGG domain to SDMA (Shi et al. 2009). At present we do not know the identity of
the specific protein arginine methyltransferases (PRMTs) responsible for modifica-
tion of ThAGO1. Based on the current model that SDMA is recognized by Tudor
domain-containing proteins, we (unpublished observations) and others (Alsford
et al. 2010) tested the possibility that T. brucei TudorSN, a protein with a recogniz-
able Tudor domain, was required for RNAi, but the results have been negative.
Thus, several questions concerning the function of the RGG domain remain to be
answered. Which PRMT methylates arginine residues in the RGG domain? Are
methylated arginines recognized by a specific, yet to be identified, factor? Does the
RGG domain function as a protein and/or an RNA recognition module? Is this
domain involved in guide siRNA-target RNA recognition or perhaps in determining
the accessibility of the target RNA to the catalytic center?
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8.3.6 Endogenous Small Interfering RNAs

siRNAs in a complex with AGO slicer guide recognition of target RNAs. The
realization that siRNAs are essential mediators in RNAi was heralded by the
seminal discovery in Arabidopsis that short 20-25 nt RNAs accumulated in trans-
genic plants undergoing “cosuppression,” namely downregulation of cellular gene
expression mediated by ectopic expression of homologous frans-genes (Hamilton
and Baulcombe 1999). Within a short period of time siRNAs were reported in
several different organisms, including 7. brucei (Djikeng et al. 2001). A decade ago
we generated and sequenced the first comprehensive library of endogenous siRNAs
(esiRNAs) and discovered that the majority of molecules were derived from the
retroposons ingi and SLACS, consistent with the known role of RNAI as a defense
mechanism to maintain genome integrity (Djikeng et al. 2001). Once the T. brucei
genome was completed, our collection of esiRNAs expanded to include the CIR147
siRNAs (Patrick et al. 2009). Recently, deep sequencing of ThAGO1-associated
siRNAs has confirmed that retroposons and CIR147 repeats are the major esiRNA-
producing loci in T. brucei. However, the RNAi machinery processes many differ-
ent transcripts that have the potential to anneal and form dsRNA (unpublished
observations), similarly to what has been described for the esiRNAs in higher
eukaryotes (Joshua-Tor and Hannon 2011). Thus, it appears that the nature of
esiRNA-producing loci has been conserved throughout eukaryotic evolution. So
far, experimental evidence for micro RNAs (miRNAs) is lacking in 7. brucei.

T. brucei esiRNAs, as well as siRNAs produced from transgenic hairpins, are
24-26 nt in length (Djikeng et al. 2001) making them slightly longer than those
described in model organisms, which tend to be around 21-22 nt. As expected from
Dicer-mediated cleavage of dsRNA, T. brucei siRNAs carry a monophosphate
group at the 5" end (Patrick et al. 2009). The 3’ ends are insensitive to B-elimination,
suggesting the presence of a modification on the ribose. Most likely the 2’-OH of
the terminal ribose is methylated, similarly to what has been originally described
for plant small regulatory RNAs (Li et al. 2005). Addition of the methyl group is
carried out by the HEN1 family of methyltransferases and, not surprisingly, the
T. brucei genome codes for a candidate paralogue of higher eukaryotic HEN1. The
current evidence indicates that HEN1 modification protects the small RNA 3’ end
from tailing and/or exonucleolytic degradation (Li et al. 2005; Kurth and
Mochizuki 2009; Ameres et al. 2010) and is consistent with a model in which the
3’ end of siRNAs is dislodged from the PAZ domain when there is extensive
complementarity between the 3’ half of the guide strand and the target. 3’ end
methylation would be required to stabilize siRNAs depending on the specific AGO
protein, the requirement for pairing between the siRNA and the target, and the
rearrangement of the siRNA 3’ end upon binding to the target. Considering that
extensive complementarity between siRNAs and their target is required to elicit the
RNAI response in T. brucei (Aphasizheva et al. 2009) and that siRNAs are modified
(Patrick et al. 2009), it is tempting to speculate that the 3’ end of the siRNA is
extruded from ThAGOI1 after annealing to the target and that 3’ end modification is
required to impede siRNA destabilization.
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8.3.7 Diversification of the RNAi Mechanism Among
Trypanosomatids

A number of observations provocatively suggest that the RNAi mechanism in
trypanosomatid protozoa is more diverse than originally anticipated. For instance,
the sequence comparison in Fig. 8.3 points to the possibility that the L. Viannia and
Crithidia AGOls are functionally different from the African trypanosome
counterparts. In support of this hypothesis, we found that L. V. braziliensis AGO1
was not able to complement RNAi deficiency in ThAGO1 null cells (unpublished
observation). Further highlighting a possible mechanistic difference is the observa-
tion that in contrast to T. brucei, siRNA 3’ ends are not modified in L. V. braziliensis
and a HENI candidate gene is absent in the genome (unpublished observation).
Comparative genomic analysis also informed us that whereas DCL1 and DCL2 are
found at syntenic loci in African trypanosomes and L. V. braziliensis, the AGO1
genes are not. In addition, inspection of the old-world Leishmania genomes
revealed remnants of an AGO1 gene in a locus syntenic with L. V. braziliensis
AGOL. Taken together, these as yet unconnected observations might suggest that
the ancestor to the trypanosomatid lineage was endowed with two different AGO1
genes and that the African trypanosome and L. Viannia lineages did not retain the
same gene.

8.3.8 RISC Activation

At the core of RISC activation is the formation of the AGO-guide siRNA complex
(Liu and Paroo 2010). In humans, Drosophila and Neurospora crassa duplex
siRNAs are loaded into AGO slicer and the passenger strand is first cleaved by
the AGO endonuclease activity and then the resulting fragments are released. This
latter step can occur either by destabilization of the passenger strand fragments,
which is expected after cleavage, or with the assistance of accessory factors, such as
NcQIP (qde2/AGO-interacting proteinl), a protein with a 3’5’ exonuclease domain
related to the epsilon exonuclease subunit of prokaryotic DNA Pol III (Maiti et al.
2007) or the heterodimeric endonuclease C3PO (Liu et al. 2009), which has been
shown to stimulate RISC activity. Alternatively, AGO itself could unwind the
duplex as supported by the observation that human AGO2 can melt a perfect duplex
in vitro (Yoda et al. 2010). How does this process take place in T. brucei? The
current evidence suggests that formation of active RISC in these organisms follows
different rules, as ThAGO1 mutants that are severely impaired in target mRNA
cleavage are invariably found in a complex with single-stranded siRNAs (Shi et al.
2009). In contrast, active site mutations in Drosophila, human or Neurospora AGO
slicers result in the accumulation of the corresponding AGO loaded with duplex
siRNAs (Liu and Paroo 2010). There are at least two scenarios that can reconcile
these observations. First, it is possible that in ThAGO1 the passenger strand and
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mRNA endonuclease activities are mechanistically distinct, as it has been
suggested for human AGO1 and AGO?2 from in vitro studies (Yoda et al. 2010).
Alternatively, a specific factor may be required to cause double- to single-strand
siRNA transition and loading of the guide strand into trypanosome AGOIl. A
clarification in the mode of RISC activation in 7. brucei might arise with the aid
of comparative genomics, which indicates that there are at least two more candidate
RNAIi genes, due to their presence in RNAi-proficient, but absence in RNAi-
negative trypanosomatids (Lye et al. 2010). In particular, one candidate has been
predicted to have a C-terminal domain resembling the DnaQ superfamily of 3'-5'
exonucleases (Zhang et al. 2008) and thus, similarly to Neurospora QIP, could play
a role in the transition of double- to single-stranded siRNAs (see note added in
proof).

8.3.9 Consequences of Genetic Ablation of the RNAi Pathway

As soon as ThAGO1 was identified, our laboratory (Shi et al. 2004b) as well as
Philippe Bastin’s group (Durand-Dubief and Bastin 2003) examined the
consequences of deleting the RNAi pathway by knocking out the AGO1 gene.
RNAI deficiency resulted in a severe growth defect in Lister 427 trypanosomes
(Durand-Dubief and Bastin 2003) and in a milder lengthening of the cell cycle in
our laboratory procyclic strain derived from human infective T. b. rhodesiense (Shi
et al. 2004a). Consistent with these observations, we showed that RNAi-deficient
trypanosomes, which were selected through resistance to multiple rounds of trans-
fection with a-tubulin dsRNA, displayed a growth defect that increased in severity
with the degree of inhibition of the RNAI response and correlated with inhibition in
the late stages of cytokinesis (Shi et al. 2004a). On the other hand, Lister 427 AGO1
null trypanosomes had pronounced chromosome segregation alterations (Durand-
Dubief and Bastin 2003; Durand-Dubief et al. 2007), a phenotype that could
account for their severe growth phenotype. Perhaps the RNAi pathway is involved
in establishing pericentric heterochromatin domains, as it has been described in
S. pombe (Martienssen et al. 2005). However, a direct link between ThAGO1,
heterochromatin formation and centromere function has not yet been established.
Nevertheless, it is an attractive hypothesis that ThAGO1 function in the nucleus
may affect chromosome segregation. Intriguingly, ThAGO1 ablation in two differ-
ent blood-stream form trypanosome strains adapted to in vitro culture, one a
derivative of Lister 427 and the other the pleomorphic strain STIB247, showed
no apparent defects in growth, silencing of the variable surface glycoprotein
expression sites or life-cycle progression (Janzen et al. 2006). At the present time
it is difficult to reconcile these various and somewhat discordant observations into a
coherent model. Perhaps, in vitro cultured trypanosome strains have acquired
specific adaptations, which may account for the different observed phenotypes.
At the RNA level, ThPAGO1 ablation manifests three major phenotypes (1) the
siRNAs dramatically decline in abundance (Shi et al. 2004b); (2) there is
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upregulation of steady-state transcripts derived from potential mobile elements
or their decayed progeny, namely the retroposons ingi and SLACS (Shi et al.
2004b); and (3) transcription of ingi and SLACS retroposons in permeabilized
trypanosomes substantially increases (Shi et al. 2004b). Upregulation of retroposon
steady-state and newly synthesized transcripts is also observed in in vitro selected
RNAi-deficient trypanosomes (Shi et al. 2004a), as well as in ThDCL2 null cells
(Patrick et al. 2009), and similar observations apply to the CIR147-derived
transcripts (Patrick et al. 2009; unpublished observation). From the above
observations we surmise that ThAGO1 and ThDCL2 preside to downregulation
of potentially harmful transcripts, which if left intact could promote deleterious
hopping of mobile elements. In support of this hypothesis, long-term culturing of
ThAGO1 null trypanosomes is accompanied by rearrangements of the SLACS
elements (Patrick et al. 2008). The increased transcription of SLACS, ingi, and
CIR147 repeats indicate that directly or indirectly the RNAi pathway may regulate
the accessibility of these elements to RNA polymerase II transcription, possibly by
playing a role in heterochromatin formation, which is a well-established mecha-
nism to silence expression of mobile elements and repeats alike.

8.3.10 RNAi Technology

Soon after its first description in T. brucei (Ngo et al. 1998), the power of RNAI has
been harnessed for functional genomics studies by generating vectors for heritable
and inducible RNAi. This advancement would not have been possible without the
efforts of the laboratories of Christine Clayton (Wirtz and Clayton 1995) and
George A.M. Cross (Wirtz et al. 1999), who in the meantime had built
tetracycline-inducible systems for expression of toxic gene products. The availabil-
ity of conditional dsSRNA expression allowed investigators to apply the RNAi tool
to explore the functions of hundreds of genes, both for individual research purposes
and for genome-wide screens. Importantly, the rapid validation of the large number
of potential drug targets, which are currently under consideration in various centers,
would not have been possible without the RNAI tool.

Although the RNAi technology has proven to be invaluable in the analysis of
gene function in 7. brucei, its potential for forward genetics screens has so far not
been fully explored on a genome-wide scale. Genomic DNA insert library screens
(Morris et al. 2002; Schumann Burkard et al. 2010) rely on the generation of a
sufficient number of trypanosome clones (much larger than the actual number of
genes) in order to provide several-fold genome coverage. Systematic RNAi screens
have been performed only for chromosome I in 7. brucei (Subramaniam et al. 2006)
and were based on knowledge of predicted open reading frames. With the recently
obtained genome-wide map of mRNA boundaries through next-generation RNA
sequencing (Kolev et al. 2010; Nilsson et al. 2010; Siegel et al. 2010), the stage
is set for the systematic design of a genome-wide library producing dsRNA
against all identified trypanosome transcripts to significantly reduce the number
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of transformant cell lines needed (to ~10,000). Ideally, the genome-wide inducible
RNAIi library would produce hairpin dsRNA (for its superiority in eliciting
an RNAI response) and the vector carrying the inverted repeat would be integrated
at a single, defined locus in the genome (Alsford and Horn 2008) to minimize
epigenetic influence of surrounding chromatin on dsRNA expression.

8.4 Conclusion

In the last 5 years there has been a tremendous acceleration in all fields of
trypanosome biology due to the completion of the genome sequence and the wide
application of RNAI. In addition, studies of the RNA1i pathway have so far identified
three RNAI factors that cooperate to bring about the RNAi response not only in the
cytoplasm, but surprisingly also in the nucleus. Nuclear RNAI is fundamental to
downregulate expression of transcripts derived from retroposons and putative
centromeric repeats and we suspect it may have additional functions to clear
away dsRNA originating from other regions of the genome, including the numerous
sites of convergent transcription. However, the precise scope of the nuclear RNAi
pathway needs to be further investigated in order to understand its impact on
trypanosome biology.

Note added in proof Our laboratory recently reported the characterization of two novel and
essential RNAI factors, namely ThRIF4, a 3'-5" exonuclease of the DnaQ superfamily with a
critical role in the conversion of duplex siRNAs to the single-stranded form, and ThRIFS5, a
possible ThDCL1 cofactor (Barnes et al. 2012).
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Chapter 9
Translation in Trypanosomatids

Michal Shapira and Alexandra Zinoviev

Abstract Protein synthesis in trypanosomatids plays a key role in shaping the
developmental program of gene expression during their complex life cycle.
Trypanosomatids are well known for their unusual mechanisms and pathways,
including trans-splicing of primary mRNAs. The Spliced Leader RNA donates a
unique, hypermethylated cap-4 structure to all mRNAs, which requires special
adaptations by the cap-binding complex. The cap-binding eIF4F anchors the trans-
lation initiation complex in the majority of cases. The trypanosomatid cap-binding
proteins show evolutionary divergence, and cannot replace the function of their
yeast counterparts. The molecules that comprise the cap-4 binding complex are
described and compared to their orthologues from higher eukaryotes, trying to
reveal their specific functions. A novel elF4E-interacting protein is assumed to
direct stage-specific translation pathways, adapted to the different environmental
conditions. Special attention is given to the unusual finding that differential trans-
lation is driven by defined elements in the 3’ UTR, and potential mechanisms are
discussed, including structural changes of the RNA. The effects of environmental
switches on the translational machinery are also discussed.

9.1 Introduction: Protein Synthesis Pathways in Eukaryotes

Protein synthesis in all living cells is a highly regulated process, both globally
and at gene-specific levels. It allows living cells to exercise a rapid response to
changing environmental conditions, based on pre-existing intracellular mRNA
pools. The process of translation includes three basic steps: initiation, elongation,
and termination. The initiation step is predominantly viewed as the limiting step of
protein synthesis, thus serving as a target for a multitude of regulatory mechanisms.
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Translation initiation has been studied intensively in both prokaryotes and
eukaryotes, which use fundamentally different mechanisms to target the initiator
AUG codon into the active center of the ribosome. Translation initiation in
eukaryotes involves a large number of polypeptides, whereas in prokaryotes, this
process is less complex.

9.1.1 The Cap-Binding Complex

The general scheme of cap-dependent translation is that a preassembled 43S
preinitiation complex (PIC) is targeted to the 5’ end of the mRNA through the
cap-binding complex. The 43S PIC consists of the Met-tRNA and a multitude of
initiation factors that include elF1, elF1A, elF2, and elF3, the latter is responsible
for recruiting the small ribosomal subunit [reviewed in (Gingras et al. 1999b;
Pestova et al. 2007)]. The cap-binding complex, denoted as eIF4F, consists of the
cap-binding protein eIF4E, an RNA helicase eIlF4A, and the scaffold protein eIF4G
that serves as a “hub” to assemble the 43S PIC with the mRNA via its 5’ cap
structure and its binding complex (Gross et al. 2003). The human eIF4G is a large
protein that holds together the subunits of eIF4F, and binds the eIF3 that is
associated with the 40S ribosomal subunit (Yamamoto et al. 2005). In addition,
the human eIF4G can interact with the Poly(A) Binding Protein (PABP) that is
associated with the poly(A) tail at the 3’ end of the mRNA, causing transient
circularization of the translating mRNA during initiation [reviewed in (Cheng
and Gallie 2007; Amrani et al. 2008)]. This process explains the strict requirement
for the poly(A) tail during translation. The resulting 48S complex scans the 5’
untranslated region (5" UTR) until it arrives at the initiator AUG codon. At this
point the 60S ribosomal subunit joins to form the mature 80S ribosome, with the
help of eIF5B (Unbehaun et al. 2007) and eIF6 (Gandin et al. 2008), releasing most
of the initiation factors. Once the ribosome advances along the mRNA and
evacuates the AUG start codon, a new complex can be formed, creating a polyribo-
some complex, which assembles on actively translating mRNAs. The scanning
process is enabled by helicases which are associated with the initiation complex,
with elF4A serving as the main candidate, although it is not necessarily the only
factor involved in this activity (Imataka and Sonenberg 1997; Oberer et al. 2005).
The activity of e[F4A is enhanced by an additional factor, eIF4B, which was shown
to be essential for the helicase activity (Methot et al. 1994).

9.1.2 Cap-Independent Translation Initiation: IRES Structures

An alternative cap-independent mechanism for translation initiation occurs in certain
mRNAs, where the small ribosomal subunit is targeted to a position that is adjacent to
the initiator AUG, with the aid of a highly structured RNA element in the 5’ UTR,
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denoted as Internal Ribosome Entry Site (IRES) (Hellen and Sarnow 2001). The
IRES is usually comprised of a relatively long RNA sequence, which assigns a
functional secondary structure, usually with the aid of trans-activating factors, such
as the Poly-Pyrimidine-Tract-Binding protein (PTB), ITAF45, or the La antigen
(Pilipenko et al. 2000). IRES structures are commonly used for translation of viral
transcripts, under conditions in which the host cap-dependent translation is inhibited.
For example, IRES elements of the Hepatitis C virus do not require any component of
the eIF4F complex for binding to the 40S subunit, and rely only on eIF3 and eIF2/
elF5, or eIF5B for this purpose (Pestova et al. 2008; Terenin et al. 2008). A more
extreme example is the Cricket Paralysis Virus (CrPV) IRES that is able to assemble
the 80S ribosome and advance to the elongation step without the involvement of any
translation initiation factor or initiator tRNA (Wilson et al. 2000). IRES elements
were also reported for endogenous mRNAs (Holcik et al. 2000; Hellen and Sarnow
2001; Holcik and Sonenberg 2005; Bert et al. 2006); however, they do not account for
all cases of cap-independent translation, and other, less understood pathways, may be
used (Andreev et al. 2009; Mitchell et al. 2010).

9.1.3 Global Regulation of Translation Initiation by 4E-BP

Exposure of cells to a variety of stress conditions, such as extreme temperatures or
amino-acid starvation, leads to a global cessation of protein synthesis in living cells,
and cell cycle arrest. This excludes of course proteins that are required by the cell to
overcome the damaging effects of the stress. Translation arrest is achieved by
dephosphorylation and activation of the 4E-binding protein (4E-BP), which binds
to e[F4E in a manner that prevents the interaction between eIF4E and eIF4G. Once
this interaction is inhibited, cap-dependent translation is blocked (Lin et al. 1994;
Pause et al. 1994). The phosphorylation status of 4E-BP is mediated by the TOR
(Target Of Rapamycin) kinase, which is most often controlled by the PI3K/AKT
pathway (Lawrence and Abraham 1997). Phosphorylation of 4E-BP by TOR leads
to the dissociation of 4E-BP from its target eI[F4E [reviewed by (Richter and
Sonenberg 2005)]. Stress conditions or amino-acid starvation impede TOR activa-
tion, shifting 4E-BP to its dephosphorylated form, and promoting its binding to
elF4E in a manner that prevents the assembly of eIF4F, the cap-binding complex.
Thus the TOR proteins are regulators that link metabolism, protein synthesis, and
cell cycle (Gingras et al. 1999a; Laplante and Sabatini 2009).

The eukaryote 4E-BP is a highly conserved protein that is expressed in most
eukaryotes, except for C. elegans. It is interesting to note that a 4E-BP homologue
was not identified in the trypanosomatid genomes sequenced to date. Despite the
fact that C. elegans and trypanosomatids are two remote taxonomical groups, they
both use trans-splicing for processing the majority (C. elegans) or all their mRNAs
(trypanosomatids).
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9.1.4 Gene-Specific Regulation of Cap-Dependent
Translation Initiation

Inhibition of cap-dependent translation can also be achieved in a gene-specific
manner, whereby a regulatory protein that is recruited by elements in the 3’ UTR,
binds eIF4E in a manner that blocks the access to eI[F4G and prevents assembly
of the eIF4F complex. During the development of Drosophila embryos, specific
proteins and mRNAs are distributed unevenly along the body axis, leading to
a tightly controlled plan of gene expression. For example, the Cytoplasmatic-
Polyadenylation-Element-Binding protein (CPEB) binds to its target sequence in
the 3’ UTR, and to Maskin, which is an e[F4E-binding protein. Maskin excludes the
formation of the eIF4F complex by competing with eIF4G, preventing translation
initiation. CPEB stimulates the formation of the Poly (A) tail, which attracts PABP.
PABP interacts with eIF4G, aiding the displacement of Maskin from the relevant
residues on elF4E, promoting cap-dependent translation [reviewed in (Richter and
Sonenberg 2005)].

9.1.5 Effects of Heat Shock on Global Translation
and Translation Initiation

Exposure to extreme environmental conditions is hazardous to all living cells, and
requires adaptive responses. This includes temperature, pH and osmotic switches,
UV irradiation, nutrient starvation, oxidative stress, and exposure to a variety of
toxic drugs. Stress caused by exposure to extreme temperatures induces cellular
damage at multiple levels, and is known to cause a global arrest of protein synthesis,
excluding the nascent generation of heat shock proteins (HSPs). In cases where the
cell cannot overcome the inflicted damage, apoptosis may be induced (Holcik and
Sonenberg 2005). The increased translation of HSPs in higher eukaryotes is con-
trolled by the 5’ UTR, as shown for both HSP70 (Klemenz et al. 1985; McGarry and
Lindquist 1985) and HSP90 (Ahmed and Duncan 2004). HSP90 and some variants
of HSP70 are expressed also at ambient temperatures, but their synthesis increases
dramatically during heat shock.

Despite extensive efforts, no functional motifs that potentially drive preferential
translation at elevated temperature were identified. Introduction of highly
structured elements into the 5'UTR inhibited translation only at higher temperatures
and not under ambient conditions (Hess and Duncan 1996). The 5’ UTR of Hsp90
from Drosophila possesses significant secondary structures typical to non-heat
shock genes (Ahmed and Duncan 2004). Two modes of Hsp90 translation were
postulated: under normal temperatures translation occurs by a typical cap-
dependent scanning mechanism, whereas during heat shock, translation shifts to a
cap-independent mode. Translation of the human Hsp70 was also examined, and
deletion of its 5" UTR sequences that are complementary to the 3’ hairpin of 18S
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rRNA abolished translation during heat shock, suggesting a prokaryotic-like inter-
action between mRNA and rRNA. However, the Hsp70 5'UTR did not function as
an IRES when inserted internally in a bicistronic mRNA (Vivinus et al. 2001).
Translation of human Hsp70 can also be explained by a cap-dependent ribosome-
shunting mechanism, by which the ribosome is recruited to the 5’ cap, but reaches
the first AUG codon by shunting rather than by scanning (Yueh and Schneider
2000). Due to the contradictory data, the mode of preferential translation of HSPs at
elevated temperatures in higher eukaryotes remains elusive, although it is generally
assumed that it proceeds in a cap-independent manner (Rubtsova et al. 2003).

9.1.6 Global Regulation of Translation by Phosphorylation
of elF2«

Translation initiation of most cellular proteins ceases during temperature stress,
whereas synthesis of HSPs preferentially continues. One of the ways to stop global
translation is through phosphorylation of elF2«, which forms a ternary complex
with Met-tRNA-GTP. Following the hydrolysis of GTP, activity of elF2ua is
regenerated by the eIF2B-mediated exchange of GDP with GTP. Phosphorylation
of elF2a at Ser 51 blocks this exchange, resulting in a global translational arrest
(Dever 2002).

9.2 Translation Initiation in Trypanosomatids

9.2.1 Protein-Coding Genes Are Regulated Post-Transcriptionally
in Trypanosomatids

Trypanosomatids are ancient eukaryotes that use unusual pathways to control their
gene expression. Transcription of protein-coding genes is polycistronic, and the
pre-mRNAs are processed by trans-splicing and polyadenylation [reviewed in
(Clayton 2002; Michaeli 2011)]. Conventional RNA pol II promoters were
not identified to date, and there is also no evidence for a process of regulated
transcription activation for any of the protein coding genes of trypanosomatids.
Thus, mRNA processing, stability, and translation serve as the key mechanisms that
direct differential program of gene expression throughout their life cycle [reviewed
in (Clayton and Shapira 2007)].
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9.2.2 The Trypanosomatid Cap-4 Structure

The trypanosomatid cap-4 structure is donated to the 5’ end of all mRNAs during
trans-splicing via the SL RNA (Liang et al. 2003). In addition to the consensus
m’GTP, cap-4 consists of 2/-O ribose methylations on the first four nucleotides of
the SL RNA, and two base methylations on the first adenosine and fourth uridine.
These base methylations are unique to trypanosomatids, and are not known in any
other group of eukaryotes (Bangs et al. 1992).

9.2.3 The Effect of Ribose Methylation in Cap-4 Nucleotides
on Translation

The role of ribose methylation on RNA processing and translation has been
examined in Xenopus oocytes (Kuge et al. 1998). Individual substitutions of each
nucleotide in the cap-4 structure led to impaired utilization of the mutated SL RNA
in trans-splicing reactions (Mandelboim et al. 2002). However, these elegant
studies could not serve to evaluate the role of ribose methylation in translation.
The enzymes which are responsible for 2’'-O-methylation of the ribose moieties in
the cap-4 nucleotides were identified (Arhin et al. 2006; Ruan et al. 2007). Efforts
to evaluate the requirement for ribose methylation in the cap-4 structure of
trypanosomatids were made by testing single and double knock-out mutants of
genes encoding one or two of the enzymes responsible for ribose 2'-O-methylation
at position 1 (TbMTrl), 2 (TbMTr2), 3 and 4 (TbMTr3). The different cell lines
showed that preventing the ribose methylations at positions 3 and 4, but not at
position 1, caused a decrease in translation rates that were further exacerbated by
additional loss of methylation at position 2, without having a dramatic effect on the
mRNA levels or cell growth rates. Knock-out of TbMTr1 alone did not cause an
inhibitory effect on translation; however, depletion of TbMTr2 or TbMTr3 on
TbMTrl-/- background did not yield viable parasites (Zamudio et al. 2006,
2009). Therefore, it was proposed that only a minimal level of mRNA cap ribose
methylation is essential for trypanosome viability.

9.2.4 Cap-Binding Proteins in Trypanosomatids

Studies of the translation apparatus in trypanosomatids initiated with genetic
annotation, followed by functional analysis. The annotated genes are shown in
Table 9.1. Some proteins were subject to a thorough biochemical and cellular
analysis, whereas others were only identified based on sequence homology.

elF4E in higher eukaryotes binds the methylated 5’ cap structure and its association
with eIF4G increases the binding affinity. The three-dimensional structure of murine,
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human, and yeast proteins were formerly determined (Marcotrigiano et al. 1997,
Matsuo et al. 1997; Hershey et al. 1999; Gross et al. 2003; Tomoo et al. 2003).
While the amino terminus of the protein is flexible and not conserved, the carboxy
terminus has a typical structural signature. It acquires the shape of a base-ball glove,
with a dedicated structural pocket, which contains a sandwich of three Trp residues
(W56, 102, and 166, according to the mouse numbering), for binding of the methylated
guanine. The positive charges of Arg 112, 157, and 162 interact with the negatively
charged phosphate moieties of the cap structure. eIF4E interacts with eI[F4G and with
its negative regulators such as 4E-BP through several conserved residues in its carboxy
terminus. The conserved structure of the functional region in eIF4E enables proteins
from different species to genetically complement each other in yeast (Altmann et al.
1989).

It is reasonable to assume that the cap-4 binding proteins in trypanosomatids have
gone through structural changes during their evolution, adjusting their binding to the
highly modified cap-4 structure. Gene mining followed by biochemical and cellular
analysis revealed that the genomes of trypanosomes and leishmanias encode four
isoforms of e[F4E (Dhalia et al. 2005; Yoffe et al. 2006). Homology modeling of
these annotated genes and analysis of conserved residues predicted that the cap-binding
pocket was conserved. However, none of the four paralogues could substitute for the
missing function of the yeast eIF4E, indicating divergence from their higher eukaryotic
counterparts (Yoffe et al. 2006). Consequently, assigning roles to the different isoforms
is not simple. A synthetic cap-4 analog was prepared (Lewdorowicz et al. 2004) and
used to examine the binding specificities of the LeishIF4E paralogs in Trp fluorescence
assays. These indicated that isoforms 1 and 4, denoted LeishIF4E-1 and LeishIF4E-4,
bound both m’GTP and cap-4 with comparable kinetics and association constants in the
micromolar range. The recombinant LeishIF4E-3 bound mainly to m’GTP and not to
cap-4, and LeishIF4E-2 showed a great preference to cap-4, as compared to m’GTP
(Yoffe et al. 2006). In accordance, the endogenous LeishIF4E-1 and -4 could be eluted
from a m’GTP-Sepharose column. As expected from the binding assays, Leish[F4E-
2 could not be eluted from this column, and surprisingly, binding of LeishIFAE-3 was
very poor (Yoffe et al. 2006; Freire et al. 2011).

Identification of the subunits of the eI[F4F complex by pulldown analysis and
evaluation of their migration pattern on sucrose gradients, support the notion that
LeishIF4E-4 functions as the conventional elF4E in promastigotes, and is part
of the parasite LeishIF4F cap-4 binding complex. Copurification and pulldown
assays showed that LeishIF4E-4 interacts with LeishIF4G-3, a typical MIF4G
domain protein (Yoffe et al. 2009; Freire et al. 2011), which is responsible for
recruiting LeishIF4A-1 to the complex. A similar interaction was also shown for the
Trypanosoma brucei orthologues (Freire et al. 2011). These elF4F subunits
comigrate on sucrose density gradients in fractions that are expected to contain
the PIC of cap-dependent translation (Yoffe et al. 2009).

Gene silencing experiments were performed on the four 7. brucei isoforms (Freire
et al. 2011). Elimination of TbIF4E-4 inhibits the growth of bloodstream-form cells,
but not of procyclic parasites. This result does not coincide with data obtained for the
Leishmania paralogue, since LeishIF4E-4 binds m’GTP and LeishIF4G-3 mainly in
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promastigotes grown at room temperature, and fails to perform these activities upon
exposure to mammalian-like temperatures and in axenic amastigotes (Zinoviev et al.
2011). In addition, the migration profile of LeishIF4E-4 in sucrose gradients shows
that in cells exposed to increased temperatures, this protein no longer forms large
complexes. Altogether, LeishIFAE-4 seems to be less active under conditions that lead
to stage differentiation (Yoffe et al. 2009). The altered experimental design and
potential variability in the function of this protein between trypanosomes and
leishmanias could explain this difference.

The combined silencing of the T. brucei orthologues TbIF4E-4 and TbIF4E-1
led to growth retardation of procyclic cells, suggesting that the two proteins could
functionally complement each other. The individual silencing of TbIF4E-4 and
TbIF4E-1 was harmful for bloodstream form cells. The Leishmania orthologue of
TbIF4E-1, LeishIF4E-1, is the only isoform that maintains its expression at ele-
vated temperatures and in axenic amastigotes. Expression of the other three
orthologues decreases under these conditions (Yoffe et al. 2006; Zinoviev et al.
2011). In accordance, the 3’ UTR of LeishIF4E-1 contains a conserved 450 nts
element (Yoffe et al. 2006), which is typical of transcripts that are preferentially
translated in amastigotes (McNicoll et al. 2005). It is therefore possible that
LeishIF4E-1 is associated with translation under stress conditions and in
amastigotes. TbIF4E-1, as well as its Leishmania orthologue, do not interact
efficiently with LeishI[F4G-3 (Freire et al. 2011; Zinoviev et al. 2011) suggesting
that this protein does not generate a typical eIF4F complex and could take part in
alternative pathways of translation.

Silencing of TbIF4E-2 had no effect on growth in both life forms of T. brucei
(Freire et al. 2011). The Leishmana orthologue, LeishIF4E-2, was shown to
comigrate with heavy polysomes (Yoffe et al. 2006), unlike typical translation
initiation factors that are found in the 48S PIC (Hiremath et al. 1989; Rau et al.
1996). A report describing the structure of the 80S ribosome from 7. cruzi
suggested that a distinct factor stabilizes the interaction between the ribosome
and mRNAs, which are all protected by the highly modified cap-4 structure (Gao
et al. 2005). LeishIF4E-2 may therefore function as a mediator between the
ribosome and the parasite mRNAs, but this has yet to be tested experimentally.

The RNAI experiments in T. brucei indicated that among the different isoforms,
only TbIF4E-3 was essential for survival of both procyclic and bloodstream life
forms. Silencing of TbIF4E-3 caused a reduction in incorporation of a radiolabeled
amino acid into nascently synthesized polypeptides, and a suggestion that it serves
as a translation initiation factor was raised (Freire et al. 2011). However, the
reduced translation rates could be due to a downstream effect of other processes
that inhibit cell growth in the absence of TbIF4E-3. Furthermore, LeishIF4E-3 has a
low affinity to cap-4, not supporting its definition as a typical translation initiation
factor. LeishIF4E-3 comigrates with 80S particles, which are nuclease resistant
(Yoffe et al. 2006). In accordance, TbIF4E-3 was reported to be part of the RNA
granules in 7. brucei (Cassola et al. 2007; Kramer et al. 2008), and could thus have a
crucial role in targeting mRNAs following their export from the nucleus to the
cytoplasm, directing them either to the storage bodies, or to actively translating
polysomes. TbIF4E-3 interacts with an MIFAG-domain protein, TbIF4G-4, but no
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association with other factors, such as eIF2 and eIF3 was shown. Thus the role of
the trypanosomatid eIF4E-3 paralogue remains elusive.

9.2.5 A Novel LeishlF4E-Interacting Protein
in Trypanosomatids

The trypanosomatid genome database does not contain any orthologue of the
consensus 4E-BP (~10 kDa). However, pulldown analysis revealed the presence
of a novel LeishIF4E-interacting protein, denoted as Leish4E-IP (~80 kDa)
(Zinoviev et al. 2011). Leish4E-IP bears no resemblance to 4E-BP from higher
eukaryotes, although both proteins are predicted to be unstructured. Leish4E-IP
binds mainly to LeishIF4E-1 through a consensus YXXXXL® peptide (Zinoviev
et al., In preparation), where X is any amino acid, and @ is a hydrophobic residue, that
is present in known eIF4E binding proteins (Mader et al. 1995). Binding of Leish4E-
IP to LeishIF4E-1 is observed only in promastigotes, suggesting that this interaction
plays a role in directing stage-specific translation of LeishIF4E-1. Preliminary data
suggest that the Leish4E-IP phosphorylation status changes during differentiation. It
releases LeishIFAE-1 during stress, promoting its function in amastigotes. The
regulatory pathway that controls the function of Leish4E-IP is yet to be resolved.

9.2.6 elIF4G Isoforms

The genomes of leishmanias and trypanosomes encode several eIF4G candidates that
contain the “Middle Portion of eIF4G” (MIF4G) domain. MIF4G consists of several
HEAT repeats (Marcotrigiano et al. 2001), typical of all eI[F4G proteins in higher
eukaryotes (Marintchev and Wagner 2005); it binds eIF3 and eIF4A as well as RNA.
The carboxy terminus of the mammalian e[F4G contains a second site for interaction
with elF4A, and its N-terminus (1,600 amino acids) carries binding sites for e[F4E
and PABP. Binding to eIF4E is mediated by a consensus YXXXXL® motif, which is
present in eIF4G, as well as in the eukaryote 4E-BP. Substitution of the conserved Y
or LO residues in the motif abrogates binding to eIF4E (Mader et al. 1995).

The functional orthologue of eIFAG in Leishmania was identified, based on its
co-purification and direct interaction with LeishIF4E-4, monitored in yeast two-
hybrid assays and reciprocal pulldown experiments (Dhalia et al. 2005; Yoffe et al.
2009; Freire et al. 2011; Zinoviev et al. 2011). LeishIF4G-3 and TbIF4G-3 contain
a typical MIF4G domain (Dhalia et al. 2005; Yoffe et al. 2009). However, their
N-terminus is short and consists of 50 amino acids; this domain can independently
bind the parasite LeishIF4E-4 in a yeast two-hybrid assay. The interaction with
LeishIF4E-4 is mediated by a LeishIF4G-3 peptide that is reminiscent of the
YXXXXL® motif (Mader et al. 1995), but not fully conserved. In addition to the
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Fig. 9.1 Model for assembly a
of the eIF4F complex in
higher eukaryotes (a) and in
Leishmania promastigotes
(b). The proteins are not
represented in scale

Yy eIF
RNA™!

coding
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Tyr and Leu at positions 1 and 6 of the peptide, a Phe residue is also required at
position 4, and a partial requirement was observed for the Gly and Glu residues at
positions 3 and 8 (Yoffe et al. 2009). These alterations emphasize the variability
between the trypanosomatid element and the parallel consensus sequence in higher
eukaryotes.

The variability between the parasite eI[F4G and its human counterpart originates
from other domains as well. eIF4G acts as a hub that links the 5’ and 3’ ends, by
interacting with both eIF4AE and PABP. Binding of the human eIF4G to PABP is
mediated by a region in its N-terminus, which is completely missing in the parasite
orthologue. In accordance with the short N-terminal domain of LeishIF4G-3, yeast
two-hybrid assays exclude its binding with the parasite PABP-1 and PABP-2.
Further studies indicate that the mRNA circularization occurs via an interaction
between the N-terminus of LeishIF4E-4 and LeishPABP-1. Deletion of this region
in LeishIF4E-4 prevents its binding to LeishPABP-1 (Zinoviev et al. 2011).
LeishIF4E-4 can therefore be associated directly with translation initiation, along
with LeishIF4G-3, which recruits LeishIF4A-1 (Dhalia et al. 2006; Zinoviev et al.
2011); these three polypeptides comprise a typical elF4F complex in promastigotes
(Fig. 9.1).The interaction between LeishIF4G-3 and LeishIF4E-4 is interrupted at
elevated temperatures and in axenic amastigotes, suggesting that alternative
pathways for translation may be used under these conditions.

Another eIF4E—eIF4G interaction was reported for TbIF4E-3 and TbIF4G-4
(Freire et al. 2011). The authors of this study propose that this complex could be
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associated with translation initiation, yet this assumption is contradicted by the fact
that it could not be purified over a m’GTP affinity column (Freire et al. 2011), and
that the eIF4E-3 paralogue fails to bind cap-4 in fluorescence titration assays (Yoffe
et al. 2006).

9.2.7 elF4A Isoforms

Scanning of the 5 UTR by the translation initiation complex requires a potent
helicase activity that will unwind secondary RNA structures. This will allow the
complex to slide and advance, until it arrives at the initiator AUG codon, where the
ribosome will assemble and the actual process of translation will commence. eI[F4A
is an RNA helicase that is part of the cap-binding complex, and is assumed to be
involved in scanning of the 5 UTR. eIF4A is a member of the conserved DEAD-
box family of RNA helicases (Linder 2006). DEAD-box proteins participate in a
multitude of processes related to transcription, RNA processing, export, and trans-
lation. The genome of most eukaryotes encodes for more than a single e[F4A
isoform. One of these homologs is eIF4AIIl, which does not have an active role
in translation. This protein in higher eukaryotes is part of the Exon Junction
Complex (EJC) and interacts with components of the nucleopore, promoting
mRNA export from the nucleus to the cytoplasm (Ferraiuolo et al. 2004). The
genome of T. brucei encodes two isoforms of eI[F4A. TbIF4A1 is part of the eIF4F
cap-binding complex. It is distributed in the cytoplasm and interacts with TbIF4G-3
(Dhalia et al. 2005; Zinoviev et al. 2011). Silencing of TbIF4A1 caused a dramatic
decrease in protein synthesis already in the first 24 h following its inhibition.
TbEIF4AIll is predominantly nuclear, and the effect of its silencing on cell prolif-
eration was delayed to 72 h following protein elimination, with hardly any effect on
de novo protein synthesis. Thus, TbEIF4ALl is the translation initiation factor that
comprises the cap-4 binding complex (Dhalia et al. 2006).

9.2.8 Poly(A) Binding Proteins of Trypanosomatids

PABPs associate with the 3’ ends of eukaryotic mRNAs (Adam et al. 1986) and are
involved in a variety of processes related to RNA processing and export, stabiliza-
tion and translation. In higher eukaryotes PABP associates with the scaffold protein
elFAG, forming a transient mRNA circle during translation initiation (Wells et al.
1998), thus changes in the poly(A) length usually affect translation. This interaction
has been targeted by viral proteases that cleave the eIF4G in a manner that prevents
mRNA circularization, as part of the viral strategy to take over the cellular
translational machinery; PABP too is targeted by viral proteases for degradation,
once the cell is taken over by a viral infection (Jackson 2005). PABP also interacts
with the eukaryotic Release Factor (eRF), thus playing a role during the final step of
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translation (Jacobson 2005; Amrani et al. 2008). In yeast there is a single PABP,
whereas metazoan genomes encode several paralogues, with tissue, or embryonic-
specific expression (Kahvejian et al. 2005). PABP consists of four RRMs that have
different functional features, and a C-terminal domain that is responsible for
protein—protein interactions (Deo et al. 1999). The functions of PABP are complex,
and can be regulated by PABP- interacting proteins (PAIPs), such as PAIP1 and
PAIP2, which are responsible for positive and negative regulations, respectively
(Derry et al. 2006).

Orthologues of PABP are encoded by the genomes of various trypanosomatids
(Bates et al. 2000). The genomes of T. brucei and T. cruzi encode two PABP
paralogues (Batista et al. 1994; Hotchkiss et al. 1999), both are essential indicating
that they are involved in different cellular functions. In addition to these two
paralogues, Leishmania encode another unique isoform, PABP3 (da Costa Lima
et al. 2010). In higher eukaryotes, PABP shuttles between the nucleus and the
cytoplasm, but it is mostly cytoplasmic. All three isoforms in Leishmania are
indeed cytoplasmic, but when transcription is inhibited, PABP-2 and PABP-3 are
retained in the nucleus. PABP-1 copurifies with components of the eIF4F complex
(da Costa Lima et al. 2010; Zinoviev et al. 2011), suggesting that it is involved in
cap-dependent translation. The role of the other two paralogues is yet to be shown.

9.2.9 Role of 3' UTR Elements in Differential Translation in
Leishmania and Trypanosomes

The role of the upstream and downstream UTRs on mRNA stability and on
translation was evaluated in multiple experimental systems, using reporter genes
flanked by UTRs derived from genes showing differential expression patterns
throughout the life cycle of trypanosomatids. This was shown for the Hsp70
(Quijada et al. 2000; Folgueira et al. 2005) and Hsp83 (Zilka et al. 2001; Larreta
et al. 2004) of Leishmania. Although it is not easy to differentiate between the
contribution of a 3’ UTR to mRNA stability and translation efficiency, deletion
analysis of the Hsp83 3’ UTR showed very clearly that preferential translation was
uncoupled from stability. Mutations in the 3" UTR that caused the destabilization
of the mRNA during heat shock did not interfere with preferential translation
(Zilka et al. 2001). The regulatory region in the Hsp83 3’ UTR of L. amazonensis
(886 nts) was mapped to an element of 30 nts that mostly consists of
polypyrimidines (positions 312-341). The regulatory region was predicted to be
associated with a structural arm that was assigned a very high probability, based on
the UNAfold algorithm, with Mfold utilities (David et al. 2010). Although elimina-
tion of this region prevented the preferential translation of the reporter gene fused to
the Hsp83 UTRs, the minimal fragment that could confer a temperature-induced
pattern of expression onto a reporter gene was much larger and spanned the
proximal half of the 3 UTR. It was noted that incubation of the wild-type regulatory
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element at elevated temperatures (35°C) caused the mRNA fragment to melt. The
parallel region containing a mutation that prevented preferential translation of the
fused reporter gene under the same conditions, failed to show a similar pattern.
Thus, it was assumed that melting of the regulatory region promotes preferential
translation of the Leishmania HSP83 during stress (David et al. 2010). The
sequence of this element is not conserved throughout trypanosomatids, leading to
the assumption that RNA structural changes could be involved in this mode of
regulation.

Stage-specific translation was also observed for the Amastin genes in Leish-
mania. Bioinformatics analysis combined with genetic assays identified a 450 nts
element in the 3’ UTR. Additional mapping experiments narrowed this region down
to 150 nts. Unlike the Hsp83 regulatory fragment, the Amastin element that drives
increased translation in amastigotes is conserved, and was also found in other
amastigote-specific genes, such as Hsp100 (Boucher et al. 2002; McNicoll et al.
2005). However, no defined secondary structure was reported for this RNA
element.

9.2.10 Sequences Surrounding the First AUG Initiation Codon

The nucleotides that flank the first AUG affect recognition by the initiator tRNA,
and hence translation efficiency (Kozak 1986). In higher eukaryotes, the “Kozak
sequence” comprises of a purine at position -3 and a G at position +4, relative to the
initiator AUG codon. These nucleotides are required for optimal initiation of
protein synthesis (Kozak 1987). To examine whether the nucleotides adjacent to
the AUG triplet affect translation in kinetoplastids, a series of mutants was tested in
Leishmania tarentolae and Phytomonas serpens. Expression levels varied over a
20-fold range, but simple conclusions were not possible because the results
depended on the downstream coding region (Lukes et al. 2006).

9.3 Translation Elongation

Although less explored, translation elongation provides an additional level of
regulation for protein synthesis in higher eukaryotes. This process has to avoid
errors during translation, while remaining synchronized with initiation, to prevent
the translating ribosomes from stacking on the mRNA (Song et al. 1989;
Carr-Schmid et al. 1999). The aminoacyl-tRNAs are recruited by eEFIA
and eEF1B, a G-protein and its exchange factor, respectively [reviewed by
(Le Sourd et al. 2006)]. Translocation of the nascent polypeptide along the ribo-
some is driven by eEF2 [reviewed by (Jorgensen et al. 2006)].

eEF1A is one of the most abundant factors in protein synthesis, but it was shown
to be involved in a variety of cellular processes other than translation [reviewed by
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(Mateyak and Kinzy 2010)]. It has been implicated in nuclear export, and was also
shown to participate in proteasome-mediated degradation of proteins, possibly as
part of a quality-control process of nascent polypeptides. Several reports also
described a role for eEF1A in arrangement of actin filaments (Yang et al. 1990;
Murray et al. 1996; Gross and Kinzy 2005) and apoptosis (Soengas and Lowe 2003;
Eberle et al. 2007). However, while some of these findings may be attributed to
nonspecific interactions of this abundant protein, it is clear that eEF1A has a pivotal
role in the cell, and it probably mediates crosstalk between the translational
machinery and other cellular processes.

Although the elongation step of translation has not been studied in
trypanosomatids, the elongation factors were reported to take part in other pro-
cesses. For example, Crithidia fasciculata contains an unusual trypanothione
S-transferase activity that is associated with its eEF1B orthologue. Further analysis
of EF1B from L. major revealed that all its three subunits, expressed as recombinant
proteins, were required to conjugate a variety of electrophilic substrates to
trypanothione or glutathionyl spermidine, but not to glutathione (Vickers and
Fairlamb 2004). Since GST enzymes are known to play a central role in the
mechanism of drug resistance [review in (Hayes et al. 2005)], it was suggested
that the GST activity of eEF1By would be implicated in translational responses
to oxidative stress.

Despite the high conservation of eEF1A from many organisms, biochemical
characterization of the Leishmania protein highlighted differences when compared
to the mammalian orthologue. Most importantly, a 12-amino-acid deletion in the
primary sequence of the Leishmania protein was identified, which causes a struc-
tural change in the protein. As a consequence of this deletion, an exposed region
becomes available on the main body of the protein (Nandan et al. 2003). It was
shown that targeting of antibodies specifically to this region of LeishEF1A sub-
stantially inhibited translation. Therefore, LeishIF1A was suggested as a novel
antileishmanial drug target (Lopez et al. 2007).

EF1A from L. braziliensis was reported to be important for pathogenesis. The
protein is secreted into the macrophage, where it binds and inactivates a specific
tyrosine phosphatase (SHP-1), thus blocking the induction of nitric oxide synthase
expression in response to infection (Nandan et al. 2002). EF1A in T. brucei was also
associated with the trypanosome homolog of RACK1 (Regmi et al. 2008), which
was initially identified as a signal anchor protein for protein kinase C and its targets
(Ron et al. 1994). Silencing of RACK1 causes an increase in the relative level of the
unassembled ribosomal subunits and shifting of the polysome profile. RACK1
silencing also increased the sensitivity of cell growth to the translational inhibitor
anisomycin. RACKI1 interacts with elF6, the translation initiation factor that
recruits the large ribosomal subunit near the AUG start codon. It can therefore be
concluded that the trypanosome EF1A is a novel TbDRACK1 binding partner and
that TDRACK1 is associated with the translational apparatus in trypanosome.

As mentioned above, eEF2 catalyzes the tRNA and mRNA translocation in the
80S ribosome, after formation of the peptide bond [reviewed in (Jorgensen et al.
2006)]. Phosphorylation of eEF2 can transiently inactivate its function, causing a
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translational arrest (Redpath et al. 1993). The T. brucei EF2 homolog was shown to
interact with all the components of the ribosomal P protein complex (stalk)
(Smulski et al. 2011), which is involved in the translocation step of protein
synthesis (Liljas 1991). Conversely the T. brucei EF2 lacks the phosphorylation
site known from higher eukaryotes (Smulski et al. 2011). Therefore, the protein
probably acts in a manner analogous to the higher eukaryote counterpart, but the
regulation of its function is mediated by other mechanisms.

9.4 Stage Differentiation and Changes in Translation

9.4.1 Environmental Switches and Trypanosomatid Life Cycles

Pathogenic trypanosomatids go through a complex digenetic life cycle that involves
an invertebrate vector and a mammalian host. A multitude of diseases is therefore
caused by organisms of this family, leading to world-wide morbidity and mortality.
Subspecies of T. brucei are transmitted by tsetse flies in sub-Saharan Africa,
threatening both humans and their live stocks. T. cruzi, the causative agent of
Chagas disease in South America, is transmitted by the Triatom bug, also known
as “The Kissing bug.” Leishmania parasites are transmitted by sand flies, and
different species can cause a variety of clinical symptoms, ranging from simple
skin lesions to debilitating mucocutaneous infections and to the lethal visceral
disease.

Transmission of the parasites between the invertebrate vector and mammalian
host is accompanied by switches in the environmental conditions. T. brucei
parasites remain as extracellular cells in both vector and host, and it is possible to
cultivate the vector-specific procyclic form, as well as the blood stream form of this
parasite. Unlike T. brucei, the leishmanias become obligatory intracellular parasites
within their mammalian host, making their cultivation very complex. Promastigotes
that reside in the alimentary canal of sand fly vectors are adapted to temperatures of
22-28°C and a mild basic pH. They migrate into the front part of the insect’s
digestive system, where they go through metacyclogenesis that increases their
virulence (Sacks and Perkins 1984). Upon entry into the mammalian host they
reside within acidic (pH 5.5) phagolysomal vacuoles and are exposed to
temperatures, which are typical for mammalian hosts (33-35°C in the skin, and
37°C in the visceral organs). True amastigotes can be obtained from skin lesions or
internal organs of infected animals. Alternatively, they can be extracted from
cultured macrophages. In view of the difficulties to obtain intracellular amastigotes,
a system for inducing differentiation under axenic conditions was developed. It has
been established in former studies that the environmental switches are responsible
for the developmental pattern of gene expression, affecting both mRNA stability
and translation (Van der Ploeg et al. 1985; Shapira et al. 1988; Boucher et al. 2002;
Barak et al. 2005; Rosenzweig et al. 2008).
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To induce axenic transformation, promastigotes are exposed to elevated
temperatures and to acidic pH, which resemble the conditions that they experience
in the phagolysosomal vacuole. As a result of these switches the cells go through
major morphological changes, such as adsorbance of the flagellum and rounding up
of the cells, until they acquire the shape of amastigotes. A developmental program
of gene expression is also induced. It is important to note that axenic transformation
was developed for certain species, such as L. donovani and L. infantum, but not for
L. major (Bates et al. 1992; Haile and Papadopoulou 2007; Rosenzweig et al. 2008).

9.4.2 Effects of Stress on Translation in Trypanosomatids

9.4.2.1 elF2a Phosphorylation

The function of elF2a from higher eukaryotes is regulated by phosphorylation of a
conserved Ser51 residue. Phosphorylation of the elF2a from T. brucei occurs on
Thr169 (Moraes et al. 2007) and on the Thr 166 residue in the Leishmania
orthologue (Lahav et al. 2010). The trypanosomatid orthologue has a long
N-terminal extension, thus its Thr 169 in T. brucei and Thr 166 from Leishmania
align with Ser51 of the protein from higher eukaryotes. Phosphorylation of eIF2a
from Leishmania occurs 10-15 h following the differentiation signal and reaches
a plateau after 24 h. In trypanosomes though, the use of a mutant strain TI69A/—
showed that the Thr phosphorylation was not required for downregulation of
translation, or for the formation of heat-shock stress granules. Thus, the mechanism
that confers a global decrease in translation remains unclear (Kramer et al. 2008).

9.4.2.2 Formation of P-Bodies During Temperature Stress

Exposure to a variety of environmental and metabolic stress conditions has a
dramatic effect on mRNAs in eukaryotes. In most cases translation stops,
polysomes dissociate, and the mRNAs are stored in RNA stress granules or in
processing bodies (P-bodies). In higher eukaryotes, stress granules have been
proposed to be associated with mRNA translation and stability, as well as apoptosis
and nuclear processes. Once conditions are appropriate, mRNAs can shuttle out of
these granules and associate with polysomes (Buchan and Parker 2009). In
trypanosomes, heat shock and nutritional stress cause a decrease in polysomes
and the appearance of stress granules, in a manner independent of eIF2«. phosphor-
ylation (Kramer et al. 2008). Translation is arrested and the mRNAs are stored in
atypical granules that do not contain the RNA degradation machinery and are
located at the cell periphery (Cassola et al. 2007; Kramer et al. 2008). This is in
line with the observation that the insect form of the parasites may experience
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shortage in sugars due to the nutritional diet of the vector, leading to a transient
arrest of translation.

9.4.3 Translation in Amastigotes Under Axenic Conditions

The availability of axenic transformation systems was utilized for running high-
throughput screens of stage-specific gene expression, both at the transcriptome
(Haile and Papadopoulou 2007; Peacock et al. 2007) and proteome levels
(Rosenzweig et al. 2008a; Rosenzweig et al. 2008b). Combination of the different
screens revealed that control of mRNA levels has a clear role early in the differen-
tiation process, while translation and post-translational regulation are more impor-
tant later on in that process (Lahav et al. 2010).

A systems approach was taken to evaluate the global changes in the
transcriptome and the proteome of Leishmania, along the process of differentiation
from promastigotes to amastigotes, under axenic conditions. During the initial
period after signaling for differentiation, translation decreased dramatically. This
included the downregulation of ribosomal proteins, phosphorylation of the elF2a
subunit that causes a global arrest of translation (Dever 2002), and a decrease in the
general size of polysomes. By following the changes in the transcriptome and
proteome, it was shown that mRNA levels were affected mainly at the initial time
period of differentiation, while translation regulation was utilized at later stages of
differentiation, to achieve altered levels of expression (Lahav et al. 2010).

9.5 Development of a Cell-Free System for Translation

Cell-free (or in vitro) translation systems are widely used in translation research,
mainly using rabbit reticulocyte lysates (RRL) and wheat germ extracts. These can
initiate translation and synthesize full-length polypeptides encoded by mRNAs that
are equipped with a m’GTP cap at their 5’ ends. However, such systems are not fit
for testing the role of the trypanosomatid-specific cap-4 structure and its binding
proteins in translation, since the latter cannot complement the function of eIF4E
from higher eukaryotes and fail to interact with the eukaryotic factors (Yoffe et al.
2004, 20006).

An in vitro translation system in 7. cruzi has been described over 20 years ago;
however, it was limited to polypeptides below 42 kDa (Grossi de Sa et al. 1984).
Another trial was reported for 7. brucei bloodstream form cells; this system could
translate mainly endogenous mRNAs, and highlighted the requirement for the SL
RNA in translating mRNAs (Moreno et al. 1991). An additional attempt to establish
an in vitro translation system in 7. brucei bloodstream form cells was described
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(Duszenko et al. 1999) but showed ca. 10% efficiency, as compared to RRL. It is
important to note that when the T. brucei lysates were added to the RRL, a reduction
of 80% in the ability to translate external RNAs was observed, suggesting the
presence of a low-molecular-mass inhibitory component. However, the inhibitor
could not be removed by separation of the protein mix on a sucrose cushion.
Despite its low efficiency, this system was able to perform posttranslational
modifications of the tested protein (variable surface glycoprotein—VSG). Addition
of exogenous mRNA to the RNaseA treated lysates restored translational activity
only partially, even when the total RNA was derived from T. brucei. This poor
restoration was attributed to the low reinitiation rates of the synthesis process.

A more recent attempt that described a new approach to cell-free translation was
established, using L. tarentolae (Mureev et al. 2009). The RNA was equipped with
a structured leader sequence that promotes cap-independent translation initiation,
which was shown to be highly efficient in cell-free translation systems derived from
different organisms. Translation of endogenous mRNAs could be disrupted by
the addition of an oligonucleotide with a sequence complementary to the SL
RNA miniexon, which is present in all mRNAs of L. rarentolae. This system
could serve as a valuable tool for expression of eukaryotic proteins; however, it
is not suitable for research of the trypanosomatid translation machinery, since it is
cap-independent and contains the anti-SL oligonucleotide.

9.6 Future Prospects

The development of novel molecular and cellular tools for research in
trypanosomatids is at a turning point. Until recently, RNAi experiments could not
be conducted in Leishmania, since most species did not express the components
required for this pathway. However, with the novel report on the occurrence of this
pathway in L. braziliensis (Lye et al. 2010), it should be interesting to see if
silencing of the various factors has similar effects in Leishmania and in
trypanosomes.

Another emerging field of research deals with the effects of secreted parasite
molecules on protein synthesis in infected macrophage host cells via the mTOR
signaling pathway (Jaramillo et al. 2011). Such secreted molecules are responsible
for a dramatic reduction in the ability of host cells to carry on translation. The field
of translation is currently attracting much attention, since it reflects metabolic
changes that are observed in cancer and disease. Thus the translation machinery
provides an exciting target for novel therapeutic approaches (Moerke et al. 2007).
Since the parallel system in trypanosomatids shows evolutionary variability, the
prospects for its exploitation as a novel target for drug development appears very
attractive.
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Chapter 10
Mitochondrial Translation in Trypanosomatids

Dmitri A. Maslov and Rajendra K. Agrawal

Abstract For a long period of time, the functional properties and the very exis-
tence of mitochondrial translation in trypanosomatids remained controversial. The
unusual resistance of the system to the known inhibitors of translation, such as
chloramphenicol, in conjunction with the extreme hydrophobicity of the translation
products appeared to be the main factors that made detection and characterization
of this system so difficult. As of today, only two mitochondrial translation products
have been reliably identified in Leishmania tarentolae and Trypanosoma brucei:
cytochrome c¢ oxidase subunit I (COI) and apocytochrome » (Cyb) that are encoded
by nonedited and 5’-edited mRNAs, respectively. A large body of circumstantial
evidence suggests that the F1F, ATPase subunit A6 and ribosomal protein S12
are also expressed in trypanosomatid mitochondria. The issue of existence of
kinetoplast-mitochondrial ribosomes has been addressed lately by the isolation of
the 50S monosome particles and reconstruction of their 3D-structure using single-
particle cryo-electron microscopy. The overall architecture of these particles
strikingly resembles that of eubacterial ribosomes, despite profound differences
in the size of ribosomal RNAs and the protein content of these two classes of
ribosomes. Evidence begins to accumulate that in order to selectively achieve
translation of the fully edited mRNA templates the mitoribosomes are involved in
higher-order interactions with mRNA editing and polyadenylation machineries.
The pentatricopeptide repeat (PPR) proteins emerge as important participants in
these interactions.
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10.1 Introduction

The initial discovery of mitochondrial protein synthesis (or translation) in human
beings (McLean et al. 1958) was rapidly followed by several findings of this
process in other organisms. The distinct feature of mitochondrial translation that
allowed for its clear separation from the translation in the cell cytoplasm was its
sensitivity to chloramphenicol and other inhibitors of bacterial protein synthesis,
although cytoplasmic translation was insensitive to these inhibitors (Lamb et al.
1968). Conversely, mitochondrial translation was found to be resistant to cyclo-
heximide, an efficient inhibitor of cytoplasmic translation. These observations
were consistent with the bacterial origins of mitochondria and were generally
regarded as universal. The finding of the separate mitochondrial protein synthesis
was rapidly followed by the identification of mitochondrial ribosomes (henceforth
referred to as mitoribosomes), first indirectly as membrane-associated ribonucleo-
protein granules observed by electron microscopy and later by cosedimentation of
ribosomal RNA (rRNA)-containing complexes with nascent polypeptides
(reviewed by Curgy 1985). As expected, mitoribosomes proved to be quite differ-
ent from cytoplasmic ribosomes (O’Brien 2002; O’Brien and Denslow 1996;
O’Brien and Kalf 1967a). However, in spite of their likely common origin and
the shared sensitivity to certain inhibitors, mitoribosomes apparently diverged
from their bacterial counterparts, with changes affecting both their functional
properties and the architecture (Borst and Grivell 1971; O’Brien 2003; Pel and
Grivell 1994; Sharma et al. 2003; Spremulli et al. 2004). Mitoribosomes are
specialized in translation of a limited number of templates (usually under 20)
that, with few exceptions, encode integral membrane proteins—subunits of the
respiratory chain complexes. The extreme hydrophobicity of these products
requires a tight association of mitoribosomes with membranes (Gruschke and
Ott 2010; Ott and Herrmann 2010). Apparently in order to accommodate these
requirements, the mitochondrial rRNAs, which are invariably encoded by mito-
chondrial DNA, have undergone a significant reduction in their sizes (Mears et al.
2002, 2006). This loss in rRNA, to some degree, is compensated by a large and
diverse set of ribosomal proteins that are encoded in the nucleus, synthesized in the
cytoplasm and then imported into mitochondria (O’Brien 2002; Pietromonaco
et al. 1991; Smits et al. 2007). Although a large amount of data describing
structural and functional aspects of mitochondrial ribosomes from various sources
have been accumulated, their detailed structural characterization has been
achieved only in a few cases using three-dimensional (3D) cryo-electron micros-
copy (cryo-EM) (Sharma et al. 2003, 2009). In this chapter, we first present a brief
historical account followed by recent developments in the studies of
trypanosomatid mitochondrial translation and the machinery involved in the
process.
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10.2 Protein Synthesis in Kinetoplast-Mitochondria

The early attempts to detect mitochondrial translation in trypanosomatids using the
differential sensitivity approach yielded somewhat inconclusive, and often contro-
versial, results. In an insect trypanosomatid, Crithidia luciliae, a large amount (up
to 50%) of the total protein synthesis was found to be chloramphenicol-sensitive
(Laub-Kuperszteijn and Thirion 1974). In line with the findings in other systems,
this effect was attributed to the mitochondrial protein synthesis. The authors,
however, used unusually high (500-800 pg/ml) concentrations of the antibiotic,
as in other systems a nearly complete inhibition is achieved usually at much lower
concentrations (100 pg/ml). Moreover, the work of Laub-Kuperszteijn and Thirion
was almost immediately challenged by other group (Kleisen and Borst 1975),
which found that only a 2% inhibition of the total protein synthesis in this organism
is caused by a similarly high (400 pg/ml) concentration of the drug.

Likewise, in Trypanosoma brucei, a strong inhibitory effect of chloramphenicol
was observed only at the concentrations exceeding 300 pg/ml; however, this effect
was attributed to the secondary effects related to a concomitant inhibition of
respiration (Spithill et al. 1981). The lack of a direct inhibitory effect at the lower
concentrations was attributed to the membrane permeability barriers; however,
even with isolated mitochondria, any significant (~50%) effect on the total protein
synthesis was observed only at high concentrations of p-chloramphenicol. Simi-
larly, other bacterial protein-synthesis inhibitors were effective only at high
concentrations. The mitochondrial protein synthesis in 7. brucei was revisited
using digitonin-permeabilized cells (Shu and Goringer 1998), and a small (~9%)
fraction of the total synthesis was found to be resistant to the effect of cyclohexi-
mide. It was further reduced to ~2% by treatment with chloramphenicol at 142 pg/
ml, leading to the conclusion that this fraction represented the mitochondrial
protein synthesis that was intrinsically sensitive to this antibiotic. This conclusion
was reiterated using isolated mitochondria from T. brucei that were treated with a
low concentration (50 pg/ml) of the inhibitor without additional permeabilization
(Nabholz et al. 1999).

The drug permeability issue was also addressed by using digitonin-treated
mitochondria from an insect trypanosomatid, Crithidia fasciculata (Hill et al.
1975). As is typical for trypanosomatids, this organism was refractory to the
presence of chloramphenicol in the medium, although its growth was severely
inhibited even at a low (10 pg/ml) concentration of cycloheximide. Accordingly,
the incorporation of radiolabeled amino acids in isolated mitochondria was not
affected by chloramphenicol, while that in the cytosolic fraction was sensitive to
cycloheximide. Remarkably, although the treatment of isolated mitochondria with
digitonin stimulated the incorporation of labeled amino acids, this did not cause the
organelles to become sensitive to chloramphenicol even at a 250 pg/ml concentra-
tion. As a control, the synthesis was shown to be sensitive to puromycin, a structural
mimic of the CCA end of an aminoacylated tRNA and the universal inhibitor of
translation. The resistance of mitochondrial translation to chloramphenicol in
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isolated organelles from C. fasciculata was also confirmed later (Tittawella 1998).
These results strongly suggested that the lack of sensitivity to chloramphenicol at
concentrations effective in other systems was not an artifact, but represented an
intrinsic property of the mitoribosomes. This view was further strengthened by the
sequence analysis of T. brucei and L. tarentolae mitochondrial rRNAs (further
discussed below) which showed that the peptidyl transferase center in these
mitoribosomes was altered in a way that would confer resistance to chlorampheni-
col (de la Cruz et al. 1985b; Eperon et al. 1983).

Although the contradictory results described above still remain unexplained, the
issue of sensitivity or insensitivity of the kinetoplast mitochondrial translation to
inhibitors is secondary to the main question about the very existence and unique-
ness of the process itself. Because of the failure of the previous approaches to
unequivocally address this question, the emphasis over the time has shifted from
analysis of the bulk protein synthesis toward the detection and identification of
individual proteins encoded by the kinetoplastid mitochondrial genome. Besides
the two rRNAs, one each corresponding to two ribosomal subunits, the maxicircles
of kDNA in T. brucei, L. tarentolae, and C. fasciculata encode 18 polypeptides. The
mRNAs corresponding to 12 of these polypeptides must undergo posttranscrip-
tional editing to various extents (‘“edited” mRNA) in order to become translation-
competent (Arts et al. 1993; Benne et al. 1986; Feagin 2000; Simpson et al. 1998,
2000; Stuart and Feagin 1992). The remaining polypeptides are encoded by
mRNAs that do not require editing (“never-edited” or “nonedited” mRNA). A
significant body of circumstantial evidence, mainly the fact that edited mRNAs in
trypanosomes encode polypeptides homologous to functional mitochondrial
proteins in other organisms, indicated that these edited mRNAs are indeed trans-
lated (Blum et al. 1990; Feagin et al. 1988; Shaw et al. 1988). Additional evidence
included the finding of an immunoreactive polypeptide of the size expected for
COII (Breek et al. 1997; Shaw et al. 1989), detection of a subunit with the mass
matching that of COII by mass spectrometry analysis of the purified cytochrome ¢
oxidase complex (Breek et al. 1997), and induction of an antimycin A resistance
mutation in the maxicircle gene encoding apocytochrome b (Cyb) mRNA
(Schnaufer et al. 2000). However, the direct proof in the form of amino acid
sequence was still missing. Furthermore, the anticipated mitochondrially encoded
polypeptides could not be detected among subunits of the biochemically purified
respiratory complexes (Priest and Hajduk 1992; Speijer et al. 1996, 1997). That was
puzzling given the enzymatic activity of the isolated complexes and the crucial role
played by their mitochondrially encoded subunits (Berry et al. 2000; Ludwig et al.
2001; Mulkidjanian et al. 2007; Remacle et al. 2008). Therefore, it was
hypothesized that an extreme hydrophobicity of the mitochondrial subunits had
led to preferential loss of these polypeptides due to aggregation and precipitation,
upon disassembly of the respiratory enzyme complexes with SDS (Breek et al.
1997).

The effect of hydrophobicity was employed to identify mitochondrially encoded
subunits of cytochrome ¢ oxidase and cytochrome bc; isolated from mitochondria
of Leishmania tarentolae. The method is based on the abnormal electrophoretic
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mobility of hydrophobic polypeptides in electrophoretic gels; apparently due to a
higher SDS content, these polypeptides migrate faster in low-concentration gels as
compared to most proteins (Marres and Slater 1977). As a result, in a two-
dimensional 9% versus 14% polyacrylamide Tris—glycine—SDS gel, such
polypeptides are found as spots located off the main diagonal formed by proteins
with normal migration properties. Therefore, even the low-intensity fuzzy spots
formed by mitochondrially encoded polypeptides would no longer be obscured by
the prominent bands of nuclear-encoded polypeptides of the respiratory enzyme
complexes. This approach led to the identification of a series of off-diagonal spots
in cytochrome ¢ oxidase (Horvath et al. 2000b). The subunit I (COI) polypeptide is
encoded by the nonedited mRNA (Simpson et al. 1998). Antibodies raised against
an internal peptide inferred from the COI mRNA sequence reacted with some of
these spots and this identification was confirmed by partial N-terminal amino acid
sequencing. Apparently, a partial oligomerization of the hydrophobic COI poly-
peptide had occurred upon dissociation of the complex. Another off-diagonal spot
was putatively identified by partial sequencing as cytochrome ¢ oxidase subunit II
(COII). The L. tarentolae COIl mRNA is minimally edited by insertion of four
U-residues in the internal pre-edited site (Shaw et al. 1989) and, therefore, the
N-terminal sequence determined is translated from the nonedited segment. A few
off-diagonal spots were also detected with cytochrome bc; (Horvath et al. 2000a).
This complex contained a single, mitochondrially encoded subunit—cytochrome b
(Cyb), which in L. rarentolae is encoded by an mRNA that undergoes 5'-editing by
insertion of 39 U-residues at 15 editing sites (Feagin et al. 1988). The anticipated N-
terminal amino acid sequence is therefore derived from the edited sequence. The
match of the determined Cyb sequence from two of these spots, with the sequence
predicted by edited mRNA, was the first direct confirmation of the functionality of
RNA editing in trypanosome mitochondria. Again, a partial oligomerization was
responsible for multiplicity of spots observed in the gel. Interestingly, in each of the
cases described above, the deblocking of the N-terminal methionine was necessary,
suggesting that the initiator tRNA was formylated.

The predicted A6 subunit of FF, ATPase (Bhat et al. 1990) and ribosomal
protein S12 (Maslov et al. 1992; Maslov and Simpson 1992), as well as putative
subunits of NADH dehydrogenase, still remain to be identified as mitochondrially
encoded gene products in trypanosomatids. The latter set represents a more chal-
lenging task because the respective complex seems to be relatively low in quantity
and high in complexity, as compared to the other respiratory enzymes in
trypanosomatids (Cermakovi et al. 2007; Fang et al. 2001; Opperdoes and Michels
2008).

The de novo synthesis of COI and Cyb polypeptides was subsequently
investigated via labeling of L. tarentolae cells with radioactive amino acids in the
presence of cycloheximide followed by the 2D gel analysis (Horvath et al. 2002).
Several off-diagonal radiolabeled spots were observed, with some of them
matching the positions of monomeric COI and Cyb and identified by direct
sequencing. The similar set of products was also observed using translation in
isolated kinetoplast-mitochondrial fraction. After pulse-chase labeling, radioactive
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COI and Cyb polypeptides were incorporated in the respective respiratory
complexes, as evidenced by native gel electrophoresis of the detergent-solubilized
mitochondrial membranes. Analysis of mitochondrial translation in cycloheximide-
inhibited T. brucei cells has also revealed several off-diagonal spots (Aphasizheva
et al. 2011; Nebohacova et al. 2004). Among the radioactive products observed, the
COI product was identified by matching its gel migration with L. tarentolae COI
and tracing its incorporation in the cytochrome ¢ oxidase complex (D. A. Maslov,
unpublished observations). The comigration of radiolabeled putative Cyb product
with a discrete protein spot, which was identified by mass spectrometry, provided
another marker for mitochondrially encoded proteins in 7. brucei (Nebohacova
et al. 2004). As expected, the synthesis of COI and Cyb polypeptides in L.
tarentolae and T. brucei was insensitive to chloramphenicol and other inhibitors
at a concentration of 100 pg/ml, but was sensitive to puromycin (Horvath et al.
2002; Nebohacova et al. 2004).

It was noticed that some fully edited mRNA sequences, e.g., pan-edited RPS12
(G6 or CR6) and G4 (CR4) in T. brucei (Corell et al. 1994; Read et al. 1992), and
G3 in Phytomonas serpens (Maslov et al. 1999), contain alternative reading frames
encompassing almost the entire mRNA-coding regions but have no sequence
homology in the databases. Whether just one or both polypeptides are expressed
in each of these cases remains an open question. Nevertheless, it is possible that
RNA editing expands the coding capabilities of the trypanosomatid mitochondrial
genome, by defining variations in amino acid sequence through alternative editing
patterns. Thus, there seem to exist two mature editing patterns for the C terminus of
ND3 (CR5) mRNA in T. brucei (Read et al. 1994b) and ND9 (G2) in Leishmania
mexicana amazonensis (Maslov 2010). In T. brucei, a partially edited COIIl mRNA
seems to be translated to produce a protein that is involved in kinetoplast DNA
maintenance (Ochsenreiter et al. 2008; Ochsenreiter and Hajduk 2006). However,
experimental determination of amino acid sequences of the predicted polypeptides
in each of these cases is still missing.

A panel of radiolabeled products and immunoreactive polypeptides with appar-
ently normal gel-migration properties was identified in Leishmania tropica to
represent several mitochondrial proteins including the components of cytochrome
¢ oxidase and cytochrome bc; complexes (Goswami et al. 2006; Mukherjee et al.
2007). Given the unusual properties of the bona-fide COI and Cyb proteins in the
closely related L. tarentolae, this identification needs further verification.

10.3 Kinetoplast-Mitochondrial Ribosomes, tRNA,
and Translation Factors

Historically, the task of detecting mitoribosomes in other systems was achieved
by using their cosedimentation with nascent peptides produced in the presence of
cycloheximide (Attardi and Ojala 1971; Brega and Vesco 1971; Greco et al. 1973;
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O’Brien and Kalf 1967a; b). The mitochondrial origin of these particles
was ascertained by the sensitivity of this labeling to chloramphenicol. In
trypanosomatids, however, this approach proved to be unsuccessful, and the nature
of mitoribosomes of trypanosomatids remained an open question for a long time. In
their pioneer work, Hanas and coworkers (1975) were able to detect 728 particles in
a total cell lysate of T. brucei that were distinct from the cytoplasmic ~80S
ribosomes. The mitochondrial origin of the 72S particles was tentatively deduced
from the sensitivity of association of the nascent peptides to chloramphenicol,
although a high concentration of the antibiotic was used. In a manner characteristic
for mitoribosomes, these particles did not dissociate at low Mg2+ concentrations,
but their dissociation could be achieved by increasing the K* concentration. How-
ever, in a later study, at odds with the previous findings, a rather heterogeneous
population of the ribonucleoprotein particles, containing the ribosomal small sub-
unit (SSU) 9S and large subunit (LSU) 12S RNAs, was observed in a mitochondrial
lysate of T. brucei (Shu and Goringer 1998). Among those, the 80S particles were
found that apparently contained both rRNAs, and, therefore, they were also the
candidate monosomes. These particles dissociated into smaller subcomplexes at a
lower Mg>* concentration. Yet in C. fasciculata, the ribosomal ribonucleoprotein
(RNP) complexes that could be detected by the association with nascent
polypeptides were much smaller, about 35S (Tittawella et al. 2003), and, also at
odds with the previous report for the same species (Tittawella 1998), this associa-
tion appeared to be sensitive to chloramphenicol. The reasons for these irreconcil-
able findings remain unclear.

Besides these results, the earlier reports described the chloramphenicol-sensitive
68S ribosomes in Crithidia oncopelti (Zaitseva et al. 1977) and 60S ribosomes in C.
luciliae (Laub-Kuperszteijn and Thirion 1974). More recently, 75S mitoribosomes
were reported from L. tropica and L. donovani (Maarouf et al. 1995). From their
sensitivity to bacterial inhibitors of protein synthesis and the dissociation of their
subunits at lower Mg** concentrations, these ribosomes showed similarity to
their bacterial counterparts. In none of these cases, however, the characterization
of the isolated particles was sufficiently detailed, while the case of C. oncopelti was
additionally complicated by the presence of intracellular bacterial endosymbionts
(Chang 1974).

In L. tarentolae, particles with morphologies reminiscent of the typical
monosomes and their small and large subunits were detected by electron micro-
scopic analysis of a mitochondrial lysate (Scheinman et al. 1993). Subsequently,
analysis of the sedimentation profiles of the SSU 9S and LSU 12S rRNAs in the
gradients was used to detect and isolate ribosomal particles in a detergent lysate of
the mitochondria (Maslov et al. 2006). The most abundant of these, termed 45S
SSU*, could be purified to near homogeneity. They were shown to contain only the
9S rRNA and nearly 50 proteins, including several universal homologs of small
subunit ribosomal proteins, such as S5, S6, S9, S11, S15-S18 and MRPS29
(Maslov et al. 2007). Besides these, there were several pentatricopeptide repeat
(PPR)-containing proteins that in other systems are known to participate in various
aspects of mRNA maturation (Delannoy et al. 2007; Schmitz-Linneweber and
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Small 2008). As determined by electron microscopy analysis, the 45S SSU*
particles displayed an unusual bilobed morphology. The current view is that they
represent a mixture of homodimers of the 30S SSU and heterodimers of the 30S
SSU and an unknown protein complex of about the same size as the 30S SSU. The
function of these usual complexes remains unclear. The presence of the PPR
proteins among its components suggests that these complexes may participate in
sequence-specific mRNA recognition for translation, or in the biogenesis of the
ribosomes.

The pool of the free 30S SSU particles was relatively small (Maslov et al. 2006,
2007). On the contrary, the pool of the free LSU was large with the majority of the
12S rRNA found within these 40S particles. The typical LSU morphology of these
complexes was easily recognizable by transmission electron microscopy. Both 45S
SSU* and 40S LSU complexes tend to dimerize, adding to the multiplicity of the
ribosomal RNP complexes present in the mitochondrial lysate.

There was no prominent peak of the monosomes that could be expected to
contain both rRNAs with an equimolar ratio. The only candidate for this role was
the 50S complex that was obscured in the gradients by the peaks of more abundant
40S LSU, 45S SSU* complexes and their dimers. However, electron microscopy
analysis of the 50S material clearly revealed the presence of the characteristic
monosome-like particles in this fraction.

The subsequent detailed structural analysis of these particles by single-particle
3D cryo-EM (Sharma et al. 2009) revealed that the overall morphology and
dimensions of the Leishmania mitoribosome (~245 A in diameter; henceforth
referred to as Lmr) are more similar to those of the 70S eubacterial ribosome
(~260 A) rather than to its mammalian mitochondrial counterpart (~320 10\). The
common morphological features, such as the body, the head, and the platform of the
small subunit, and the central protuberance and the side-stalks of the large subunit
are obvious in Lmr (Fig. 10.1; for a detailed comparison with eubacterial and
mammalian mitochondrial ribosomes, see Agrawal et al. 2011). Such a conven-
tional morphology of Lmr was unanticipated given the large differences in the
composition of Lmr and bacterial ribosomes. For example, the L1-like stock is
obvious in the structure, although there is no protein homologous to eubacterial L1.
Moreover, the sizes of the small (9S) and large (12S) rRNAs are greatly (by more
than 60%) reduced compared with E. coli (de la Cruz et al. 1985a, b; Eperon et al.
1983). In L. tarentolae these RNAs are only of 610 and 1,173 nt, respectively, and
these are even smaller than the rRNAs in mammalian mitochondria, which are
among the smallest (12S for the SSU and 16S for the LSU rRNA).
A superimposition of the secondary structures of the Leishmania mitochondrial
and bacterial rRNA molecules (Figs. 10.2a, b) shows that this reduction in sizes was
due to the absence of several stem—loop segments in the former. Thus, the 9S SSU
rRNA does not contain 24 out of 45 stem—loops present in the E. coli structure. In
the 12S LSU rRNA only 42 helical regions are preserved out of 101 such regions of
E. coli. The entire Domain I is absent, while Domain III is greatly reduced.
Domains II, IV, and VI (in particular, the linker to its o-sarcin/ricin stem—loop)
are also reduced in size. Only Domain V, which forms the peptidyl-transferase
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Fig. 10.1 Three-dimensional cryo-electron microscopic map of the Leishmania 50S mitoribosome
(Lmr) (a, d) (Sharma et al. 2009) and its comparison with the E. coli 70S ribosome (b, e) (Gabashvili
et al. 2000) and the bovine 55S mitoribosome (c, f) (Sharma et al. 2003). a, b, c—view from the L7/
L12 stalk side; d, e, f—view from the L1 side. The small and large ribosomal subunits are depicted in
yellow and blue colors, respectively. Landmarks: b body, CP central protuberance, FBR factor
binding region, i head, mgt mRNA gate (in the bovine mitoribosome), pt platform, Sb L7/L12
stalk base, sp spur, asterisks the density in Lmr that substitutes the missing L1 protein

center, is relatively well preserved in the 12S rRNA. With respect to ribosomal
proteins, the 50S Lmr also contains 10 proteins that are homologous to eubacterial
proteins in the SSU (out of 20 eubacterial proteins) and 21 homologs in the LSU
(out of 34 eubacterial proteins). The missing RNA segments (Fig. 10.2) and
proteins are only partially (by 50-60%) replaced by the Leishmania-specific ribo-
somal proteins. The result of such an incomplete compensation is a highly porous
ribosome structure with several noticeable tunnel-like features transversing the
body, the platform, and the head of the SSU, as well as body and the base of central
protuberance of the LSU.

Although the recent proteomics analyses of mitoribosomal fractions in L.
tarentolae (Maslov et al. 2006, 2007) and T. brucei (Zikova et al. 2008) failed to
detect the predicted ribosomal protein S12 (Maslov et al. 1992; Read et al. 1992),
the cryo-EM structure clearly shows the presence of a corresponding protein mass
within the SSU of Lmr. A likely reason for the absence of the S12 peptides among
the proteolytic digestion products might be a tight association of this protein with
the 9S rRNA.

The intersubunit space in Lmr contains a large gap between the SSU and LSU
bodies. This gap is mainly due to the absence of a large part of the SSU rRNA helix
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Fig. 10.2 Secondary structure of the trypanosomatid ribosomal RNAs (Sharma et al. 2009). (a)
Small subunit ribosomal RNA: the structure of L. tarentolae 9S tRNA (orange) superimposed on
the structure of a bacterial 16S rRNA (gray). The numbers identify the 16S rRNA helices.



10 Mitochondrial Translation in Trypanosomatids 225

44 (h44) which in eubacterial ribosomes forms much of the SSU:LSU interface in
this region. Also, the remaining part of h44 is slightly shifted in Lmr. There are
fewer intersubunit bridges in Lmr (nine) compared to eubacterial ribosomes (thir-
teen) (Yusupov et al. 2001) or mammalian mitochondrial ribosomes (fifteen)
(Sharma et al. 2003), and those which are present include only three RNA-RNA
contacts, with others being either an RNA—protein or a protein—protein contact.

Several features of the Lmr structure clearly suggest that its modus operandi is
different from that of eubacterial counterparts. For example, the mRNA channel
along the SSU head appears to be lined with Lmr-specific proteins, and the mRNA
entrance is rather wide. Although the identities and exact roles of the participating
putative proteins remain unknown, it has been suggested that these features reflect
the novel modes of recognition of the mRNA by the ribosome, and interactions with
specific translation factors (Sharma et al. 2009). It should be noted that the mRNA
path in mammalian mitoribosomes is also protein-rich (Sharma et al. 2003).

Furthermore, there appears to be greater contributions of Lmr-specific proteins
in the formation of tRNA-binding sites, since several of the eubacterial rRNA
segments that form the aminoacyl (A) and peptidyl (P) sites in eubacterial
ribosomes are absent in Lmr. The E site seems to be entirely absent in the Lmr.
There is also a protein mass that extends from the central protuberance of LSU into
the intersubunit space adjacent to A and P sites (referred to as A- and P-site finger or
APSF, Fig. 10.3). A similar structure is observed in the mammalian mitoribosome,
but there it is smaller, extending only up to the P-site (PSF) (Sharma et al. 2003). It
should be noted that, unlike many other mitochondrial systems in which tRNAs are
encoded by mitochondrial DNA, all tRNAs in trypanosomatid mitochondria are
imported from the cytoplasm and the same tRNAs are also involved in protein
synthesis by the cytoplasmic ribosomes (Hancock and Hajduk 1990; Schneider
et al. 1994; Shi et al. 1994; Simpson et al. 1989). This includes the mitochondrial
initiator tRNA which represents the cytoplasmic elongation Met-tRNA,,. When
formylated, this tRNA is used for initiation (fMet-tRNA;), and when left
unformylated, the same tRNA is used for elongation (Tan et al. 2002). It is
conceivable that a set of Lmr-specific proteins has evolved to allow for accommo-
dation of the typical set of eukaryotic tRNAs and the proper discrimination between
the two types of Met-tRNA. The homolog of initiation factor IF-2, which brings
fMet-tRNA; to the ribosome, is identifiable in the trypanosomatid genomes
(tritrypdb.org/), although it is rather diverged. Homologs of IF-1 and IF-3 are not
detectable, further testifying to the peculiarity of the initiation of translation in this
system.

<
«<

Fig. 10.2 (continued) (b) Large subunit ribosomal RNA: the L. tarentolae 12S rRNA (purple)
superimposed on a bacterial 23S rRNA (gray). The numbers identify the 23S rRNA helices, while
the secondary structure domains are identified with roman numerals. Dashed lines represent the
regions with unassigned secondary structure
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Fig. 10.3 The cut-away view of the 3D cryo-EM structure of the large subunit of the Leishmania
mitoribosome (Sharma et al. 2009). White regions represent the cutting plane. The view is from the
L7/L17-stalk side, with the small ribosomal subunit interface to the left. Position of the
polypeptide-exit tunnel is depicted by docking a low-resolution model of a polypeptide chain
(red). P-site is highlighted by docking a tRNA model (P-tRNA). APSF A- and P-site finger,
PES polypeptide-exit site, PTC peptidyltransferase center. The asterisk denotes the location of
polypeptide accessible site (PAS), which is situated slightly behind the cutting plane. L4 and
L24—ribosomal proteins

Besides the canonical AUG initiation codon, which is observed in the majority
of cases, trypanosomatids appear to utilize several noncanonical codons for trans-
lation initiation. These were predicted initiation codons found in homologous
positions for the start codons in multiple alignments. For example, the ORF present
in the fully edited RPS12 mRNA sequence from L. m. amazonensis contains
isoleucine codon Auu (with low case u’s added by editing) instead of AUG (Maslov
2010). The ORFs in fully edited sequences of G3 mRNA from L. amazonensis and
P. serpens begin with another isoleucine codon AuA, although there is also an in-
frame AuG downstream in the L. amazonensis sequence (Maslov et al. 1999;
Maslov 2010). There are other cases of predicted noncanonical codons, including
the leucine codon UUG (Corell et al. 1994; Read et al. 1994b). In none of such
cases, however, was the utilization of the noncanonical codons for initiation
verified experimentally. Another codon reassignment is utilization of UGA (along
with UGG) for tryptophan, as in many other mitochondrial systems. This is
achieved by a C-to-U editing of the CCA anticodon in Trp-tRNA to produce the
UCA anticodon that serves to recognize both codons (Alfonzo et al. 1999; Gaston
et al. 2007).

The structure corresponding LSU rRNA helix 95 (H95), also known as a-sarcin/
ricin stem—loop, is well conserved in the 12S rRNA structure. This rRNA region is
known to interact with elongation factors (Moazed et al. 1988), apparently to trigger
GTPase activities of the EF-Tu:GTP:aa-tRNA ternary complex, or in the EF-G:
GTP complex. However, the spatial position of H95 in Lmr is significantly different
from eubacterial ribosome, being shifted by ~30 A toward the peptidyl-transferase
center (Sharma et al. 2009). Perhaps reflecting this, the amino acid sequence of the
trypanosomatid mitochondrial EF-Tu (identifiable in the trypanosomatid genomic
databases) contains an insertion that might play an accommodating role in its
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interactions with Lmr. The homologs of elongation factors EF-Ts and EF-G are also
quite distinct in trypanosomatids.

As other mitochondrial ribosomes, Lmr is expected to interact with the inner
mitochondrial membrane. The base of the body in the SSU and the nascent
polypeptide exit tunnel (PES, polypeptide exit site) of the LSU contain Lmr-
specific proteins, reflecting peculiar aspects of these interactions (Fig. 10.3). Yet,
the universal features are also observed in trypanosomatids; the homologs of yeast
insertase Oxal, a member of the YidC/Alb3/Oxal family of integral membrane
proteins interacting with ribosomes close to PES and mediating cotranslational
insertion of newly synthesized polypeptides (Stuart 2002), are conserved in
trypanosomatids, and so are ribosomal proteins 122, L23, 124, and L40 that
participate in forming the PES opening (Nissen et al. 2000; Ott and Herrmann
2010). In addition, the homologs of two membrane-bound proteins Mdm38/
LETMI and Coxl11 that mediate ribosome attachment (Herrmann and Neupert
2003; Ott and Herrmann 2010) are also present in trypanosomatid databases.
However, the yeast ribosome receptor Mbal that binds to the LSU next to PES
(Ott et al. 2006) is not. An additional interesting feature in Lmr is the extra opening
of the nascent peptide tunnel, termed PAS (polypeptide-accessible site). As also
observed in mammalian mitoribosomes (Sharma et al. 2003), PAS is located ~25 A
away from the conventional opening (PES) on the solvent side, nearly opposite to
the interface with the SSU. The exact function of PAS is unclear, but it is
conceivable that this additional opening plays a role in cotranslational insertion
of nascent polypeptides into the membrane.

10.4 Higher-Order Interactions of Mitochondrial Ribosomes
and the mRNA Recognition Problem

The kinetoplastid mitochondrial ribosome faces a challenging task of recognizing
the correct initiation codon in a fully edited and nonedited mRNA while discrimi-
nating against relatively abundant pre-edited and partially edited transcripts. In
trypanosomes, some initiation codons are created by editing (e.g., pan-edited ND8
in L. tarentolae) and others are encoded (e.g., pan-edited G4 mRNA in L.
tarentolae) (Fig. 10.4) (Gao et al. 2001). Moreover, the correct initiation codon
can be preceded by an upstream codon to be avoided, as in the ND8 example above.
Finally, the typically short 5 untranslated regions do not possess discernable
universal sequences such as the Shine-Dalgarno element. They are 5
monophosphorylated and uncapped. Hence, the cap-dependent ribosome recruit-
ment mechanism (Campbell et al. 2003) does not operate in trypanosome
mitochondria. The mammalian mitochondria mode of initiation, in which the
5'-untranslated regions are short and the most 5'-proximal AUG (or AUA) serves
for initiation (Spremulli et al. 2004) is not directly applicable either. The codon
recognition problem may look more similar to that in mRNA of yeast which contain
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Pan-edited ND8 mRNA (520 nt, encodes 145 aa product)

pre-ed: 5’ -UAAACAUAUAUAAUGUAUUAGAUUAAAAGUAA G G A GA G UUUU...

edited: 5’-UAAACAUAUAUAAUGUAUUAGAUUAAAAG*AAuGuuuGuuuAuGAuuuuuGuUUUU. ..
M F V. Y D F C F

Pan-edited G4 mRNA (537 nt, encodes 169 aa product)

pre-ed: 5'-CAAAUACAUUAAAACACAUAUAUGUAUAAUUGUAAAAG G G G GG ce.

edited: 5’-CAAAUACAUUAAAACACAUAUAUGUAUAAUUGUAAAAGuUGuUuUGuUUGuUuuuuGGuuuuuuu. . .
M ¥ N C K S VvV v VvV F G F F

Fig. 10.4 Partial sequences of fully edited ND8 and G4 mRNA and the inferred amino acid
sequences in L. tarentolae LEM125. Encoded nucleotides are shown with upper-case letters,
inserted uridylates with lower-case u’s and a deleted uridylate with an asterisk. The initiation
codons are underlined. The AUGs highlighted in yellow point to AUG codons that are to be
avoided

long 5’ UTR in which the initiation codon may be preceded by out-of-frame AUGs
(Dunstan et al. 1997; Fox 1996; Green-Willms et al. 1998). The logistic require-
ment to coordinate the initiation at the proper codon with completion of the
U-insertion/deletion editing downstream must also be accommodated. That poses
a problem of signaling between these two events since editing does not necessarily
affect the sequences at the very 5’ end. This is exemplified by the G4 mRNA when
the same pre-existing AUG codon needs to be avoided in the pre-edited mRNA, but
recognized in the fully edited mRNA (Fig. 10.4).

The initiation codon recognition in yeast mitochondria is aided by highly specific
translation activators that interact with the mRNA’s 5" UTR (Green-Willms et al.
2001; Sanchirico et al. 1998; Siep et al. 2000). The COX1 mRNA is recognized by
TPR/PPR protein Pet309, the COX2 mRNA by Pet111, and the COB mRNA by a set
of several activators. The translation activators represent peripheral or integral
membrane proteins that are assembled into a large (~1 MDa) complex tethered to
the inner mitochondrial membrane, thereby also bringing the mRNA close to the
membrane (Krause et al. 2004; Naithani et al. 2003). However, the yeast mRNA
activators are not evolutionally conserved. Therefore, the mRNA recognition factors,
if there are any in trypanosome mitochondria, must be trypanosome-specific.

Besides the 5 end, the cis-signals identifying translatable (fully edited and
nonedited) mRNA may be located at the 3’ end. Two types of 3’-end tails had
been found in trypanosomatid mitochondrial transcripts: the shorter 20-30 nt and,
the longer, 200-300 nt tails (Bhat et al. 1991, 1992). The tails’ lengths correlate
with the editing status of an mRNA: the short tails are found in pre-edited and
partially edited mRNA, whereas the long tails are observed in the fully edited type,
as well as in non-edited transcripts (Bhat et al. 1992; Etheridge et al. 2008; Militello
and Read 1999; Read et al. 1994a). The longer tail represents an extension of the
short tail by addition of an A/U heteropolymer upon completion of editing. It was
suggested that the long tail represents a “hallmark of translationally competent
mRNA” (Etheridge et al. 2008). This hypothesis was verified in a more recent work
(Aphasizheva et al. 2011). The long-tail extensions were shown to be produced by
the concerted actions of KPAP1 poly(A) polymerase and RET1 terminal uridylyl
transferase directed by two PPR proteins termed KPAF1 and 2. Ablation of these
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proteins in procyclic trypanosomes resulted in a cessation of the long-tail formation
and an inhibition of the de novo protein synthesis. In bloodstream trypanosomes
that lack cytochromes and oxidative phosphorylation, the transcripts for subunits
cytochrome ¢ oxidase and cytochrome bc; are devoid of long tails, and de novo
synthesis of the corresponding subunits could not be detected. The latter observa-
tion has also been reported recently by Richterova and coworkers (2011). However,
translation is still expected to occur in bloodstream trypanosomes, at least of the A6
mRNA, which is productively edited and A/U tailed in this stage (Cristodero et al.
2010; Hashimi et al. 2010; Schnaufer et al. 2005).

The results described above have established the long poly(A/U) tails as the
general cis-elements that identify fully edited mRNAs as templates suitable for
translation. The question is still open as to what mediates the interaction between
the long-tailed mRNA and the mitoribosomes. Are mRNA-specific factors involved
as well? PPR proteins have emerged lately as a class of specific sequence-
recognition factors that mediate various aspects of mRNA processing, editing,
and translation in plants (Schmitz-Linneweber and Small 2008). Although not so
abundant in other organisms, they have also been shown to play similar roles
(Delannoy et al. 2007; Lightowlers and Chrzanowska-Lightowlers 2008). In this
respect, it is remarkable that trypanosomes contain more than 30 PPR proteins,
noticeably more than any other investigated nonplant organism (Mingler et al.
2006; Pusnik et al. 2007). It is conceivable that this abundance is related to a higher
complexity of mRNA recognition problem in trypanosomatid mitochondria that is
imposed by high rate of RNA editing as compared to that in yeast or mammalian
systems. Several PPR proteins were identified in L. tarentolae as part of the 45S
SSU* complexes (Maslov et al. 2007). It should be noted however that these
particles may actually represent a part of a larger complex that is not stable enough
to withstand a rigorous isolation procedure. Thus, RNAi-based depletion of several
additional PPR proteins in 7. brucei resulted in a reduction of the 9S or 12S rRNA
levels suggesting that these proteins also associate with the ribosomes (Pusnik et al.
2007). This view was further strengthened by the observation that ablation of some
of these proteins in turn leads to the degradation of others, as expected, if they are
components of the same complex. A relatively gentle affinity isolation procedure
using ribosomal proteins S17 and L3 as TAP-fusion “baits” resulted in identifica-
tion of a large number (nearly 140) of protein components associated with ribo-
somal particles in T. brucei, including 16 PPR proteins (Zikova et al. 2008). This
list has recently been extended to 21 ribosomal PPR proteins out of 36 proteins
found by database mining and the total list of proteins associated with the
mitoribosomes to nearly 300 (Aphasizheva et al. 2011). While the function of the
ribosome-associated PPR proteins is unknown, it is conceivable that some of
the PPR proteins represent mRNA-specific activators. The long list of
mitoribosome-associated proteins suggests that a multitude of tertiary and quater-
nary protein—protein contacts are made by these particles. However, most of these
~300 proteins do not form integral components of the mitoribosome itself, but
may directly or indirectly interact with the mitoribosome as components of the



230 D.A. Maslov and R.K. Agrawal

translation activator complexes, polyadenylation/polyuridylation complexes, or
RNA-editing complexes.

The notion that the translating ribosome is substantially larger than the 50S
“core” Lmr is further supported by the finding of >70S ribosomal complex in
mitochondrial lysates of T. brucei (Aphasizheva et al. 2011). This complex
represents only a fraction of the total rRNA-containing particles, which are broadly
distributed across the gradients with the bulk of them found in the 55-65S range.
The >70S complexes stand apart because they cosediment with translatable fully
edited mRNA identifiable by the presence of the long 3’-end poly(A/U) tails.
Moreover, the same RNP fraction also contains the functional tRNA identifiable
as those with repaired CCA-ends (Alfonzo and Soll 2009). The direct association of
the tRNA and the large ribosomal RNP was demonstrated by affinity pull-down.
However, the physical interaction of the long-tailed mRNA with these complexes
was more difficult to demonstrate, as these interactions did not withstand lengthy
isolation procedures, and even a relatively gentle TAP method or immunoprecipi-
tation from the gradient fractions resulted in a loss of the associated mRNA
(Aphasizheva et al. 2011). However, by applying a rapid cryogenic homogenization
followed by affinity pull-downs of the TAP-tagged ribosomes, it was possible to
demonstrate a preferential association of the long-tailed mRNA with the small
subunits, and that of pre-edited mRNA, as well as components of the edited
machinery, with the large subunit (Aphasizheva et al. 2011). Although most of
the details of these interactions still need to be uncovered, the emerging view is that
of a highly integrated system, in which the process of mRNA maturation is tightly
coupled with translation.
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Chapter 11
RNA-Seq Analysis of the Transcriptome
of Trypanosoma brucei

Jan Mani, Kapila Gunasekera, and Isabel Roditi

Abstract Four recent publications used next generation sequencing to analyse the
transcriptome of Trypanosoma brucei. These have produced a wealth of data that
have refined and, to some extent, redefined our concept of the genome. At the same
time, they provide a welcome opportunity to re-examine older publications and
place them in a post-genomic context.

Keywords RNA-Seq ¢ Spliced leader trapping * Digital gene expression

11.1 Introduction

In July 2005, a series of research articles reporting the genome sequences of the
trypanosomatid parasites Trypanosoma brucei, Trypanosoma cruzi and Leishmania
major made the cover of Science (Berriman et al. 2005; El-Sayed et al. 2005; Ivens
et al. 2005). The sequencing projects had been initiated more than 10 years earlier
(Degrave et al. 2001) and their final publication marked the definitive shift into
the post-genomic era for research on these devastating, but fascinating pathogens.
The huge impact on the scientific community is reflected by the citation numbers
which now range in the hundreds for each article and the fact that new students to
the field very often acquaint themselves with the subject by first reading these
“genome papers”. Even though the first genomic sequences were determined for
viruses in the late 1970s, large-scale sequencing efforts were limited for a long time
by the lack of suitable sequencing technology. The introduction of the chain-
termination method by Frederick Sanger (Sanger et al. 1977) and, most importantly,
its later adaptation using dye-terminator dideoxynucleotides and capillary electro-
phoresis in combination with a high degree of automation, allowed for sequencing
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throughputs up to a level appropriate to tackle more complex genomes. However,
the basic setup for Sanger sequencing did not undergo fundamental improvements
since the introduction of automated sequencers some 20 years ago and the simple
(but not necessarily cost-effective) solution to increase throughput was to run many
automated sequencing machines in parallel. Therefore, sequencing of whole
genomes as well as large-scale cDNA and EST sequencing projects could only be
carried out by specialised sequencing centres and was out of reach for the average
laboratory. The elucidation of the exact sequence of an organism’s genome has
captured the imagination of researchers for a long time and can generally be thought
of as the first step towards the understanding of the next layers of complexity,
namely the transcriptome and the proteome.

The T. brucei genome sequence published in 2005 covered 26 Mb on the 11
megabase chromosomes and encompassed 9,068 protein-coding genes (Berriman
et al. 2005). Two-thirds of these genes were conserved between the TriTryps and
one-third could be assigned tentative functions. Intermediate and mini-
chromosomes, which are repositories for large numbers of variant surface glyco-
protein (VSG) genes, were not part of the published sequence. Having access to the
genome greatly accelerated the pace of gene identification and simplified
procedures such as gene knockouts, but there was also a downside. The wealth of
new information overshadowed data that had been obtained by studying individual
genes in depth or by sequencing a few hundred cDNAs [for example, El-Sayed et al.
(1995)]; although these frequently included the complete 5’ and 3’ untranslated
regions (UTRs), this information was not incorporated into the genome databases.
Thus, for several years, trypanosome genes became synonymous with their open
reading frames, despite the known importance of UTRs in regulating RNA stability
and translation (Clayton and Shapira 2007; Fernandez-Moya and Estévez 2010;
Haile and Papadopoulou 2007; Ouellette and Papadopoulou 2009). Four recent
publications using next generation sequencing (NGS) to analyse the transcriptome
of T. brucei have not only identified the 5" UTRs of most genes and the major 3’
UTRs for several thousand of them, but are also refining and, to some extent,
redefining our concept of the genome. At the same time, they provide a welcome
opportunity to re-examine older publications and place them in a post-genomic
context.

11.2 The Next Generation Sequencing Revolution

In recent years, DNA sequencing technology has undergone fundamental changes.
The development of NGS platforms by companies such as Roche/454 (http://
www.454.com), Illumina (http://www.illumina.com), Applied Biosystems/Life
Technologies (http://www.appliedbiosystems.com), and most recently by Helicos
(http://www.helicosbio.com), led to an enormous increase in sequencing output
while at the same time tremendously lowering the costs per sequenced base.
Despite the technological differences in sequencing chemistries, all currently
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available platforms depend on the miniaturisation and spatial separation of individ-
ual sequencing reactions and subsequent detection of DNA strand extension of
hundreds of thousands to millions of these reactions in parallel (Mardis 2008;
Metzker 2010). Besides the steep increase in output, the major advantage of all
NGS methods is that they no longer rely on cloning of the DNA into vectors prior to
sequencing. This makes these procedures far less labour intensive, as well as
reducing the bias against DNA fragments that are difficult to clone or that have
negative effects on the growth of E. coli. The sequencing power of the new
machines and the ongoing replacement of Sanger sequencing is reflected by the
fact that the newly created sequence read archive (SRA), a depository for raw NGS
data, currently holds >500 billion sequence reads consisting of >60 trillion
sequenced base pairs (as of mid-September 2010) including far more than 100
fully sequenced human genomes (Leinonen et al. 2010). At the same time, the
number of deposited conventional DNA sequence electropherograms at the Trace
Archive (http://www.ncbi.nlm.nih.gov/Traces/trace.cgi) is now reaching a plateau
after near-exponential increase for the first half or so of the last decade.

Apart from classic genome (re-)sequencing projects, NGS has been very quickly
adopted to study transcriptomes and their dynamic properties in an unprecedented
manner. Up to this point, genome-wide expression studies mostly relied on
microarray technology. Besides the known drawbacks of hybridisation-based
methods, such as cross-hybridisation artefacts and a limited dynamic range, com-
mercial microarrays are still only available for widely studied model organisms.
Furthermore, a priori knowledge of the transcripts to be examined is a prerequisite
for most array designs and therefore represents an important methodological limit.
Custom-made arrays for trypanosomes are now available, but expensive, and can
come with a surcharge because the sequences are derived from a pathogen! Despite
these limitations, useful insights into life-cycle dependent gene expression profiles
have been gained from microarray analyses of the TriTryps (Brems et al. 2005;
Jensen et al. 2009; Kabani et al. 2009; Minning et al. 2009; Queiroz et al. 2009;
Rochette et al. 2008; Srividya et al. 2007). Sequencing and quantification of tags
from fragmented cDNA samples can overcome some of the problems associated
with microarrays. No a priori knowledge of transcribed regions of a genome is
necessary and therefore an unbiased view of a transcriptome is possible. Further-
more, the dynamic range of these methods is limited only by the depth of sequenc-
ing. Gene expression is given as a digital output (the number of times a sequence
derived from a particular transcript is detected in a sample). This contrasts with
microarrays where the readout is given as relative signal intensities that are not truly
proportional to transcript abundance. NGS can be used to analyse cDNA samples
from any source and can be adapted to exploit organism-specific properties. One
study made use of the fact that monocistronic mRNAs in trypanosomatids are
processed from large polycistronic precursor RNAs by a coupled trans-splicing/
polyadenylation reaction that adds a common capped leader sequence to their 5’
ends. The presence of the spliced leader on each mRNA is exploited in the spliced
leader trapping (SLT) approach to globally map 5’ splice sites and concomitantly
acquire global gene expression profiles (Nilsson et al. 2010). The original form of
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expression profiling, digital gene expression (DGE), relied on the use of restriction
enzymes to create a site for linker ligation; a limitation of this method is that
transcripts lacking the appropriate site do not feature in the analysis. This problem
has since been overcome—NGS can now be used to sequence randomly fragmented
cDNAs, a method termed RNA sequencing (RNA-Seq). RNA-Seq not only allows
quantitative measurements of gene expression, but also provides unbiased insights
into which regions of a genome are transcribed and into transcript structures. So far,
two publications have examined the transcriptome of 7. b. brucei by RNA-Seq
(Kolev et al. 2010; Siegel et al. 2010), and one has analysed stage-regulation on
T. b. gambiense by DGE (Veitch et al. 2010). SLT data, as well as RNA-Seq data
produced by Nilsson et al. (2010), but not analysed in depth in their publication, can
be accessed at http://splicer.unibe.ch. Most of these data are incorporated into
TriTrypDB (http://tritrypdb.org).

11.3 Illumina Sequencing

Before going into more detail about SLT and RNA-Seq analysis of Trypanosoma
brucei, we provide a brief introduction to the sequencing technology by Illumina
since this was used for all the publications on trypanosomes. The procedure for
sequencing with the Illumina platform consists of three consecutive steps (a) DNA
library preparation, (b) generation of clonally amplified DNA clusters and (c)
sequencing of these clusters. For cDNA library preparation, either the RNA tem-
plate or the resulting double-stranded cDNA has to be fragmented. Following the
ligation of Illumina or custom-designed adapters, the DNA fragment library is
amplified by PCR using adapter-specific primers and size selected by agarose gel
electrophoresis. In the next step the DNA library is denatured and one or several
channels of a flow cell are seeded with the library at limiting dilutions. The flow cell
surface consists of a lawn of covalently bound oligonucleotides complementary to
the adapters of the fragment library. Individual DNA molecules attach to the
surface by hybridisation with these oligonucleotides. Solid-phase amplification
(isothermal bridge amplification) takes place by 3’ extension of bound DNA
fragments, leading to covalently attached single molecules. DNA bridges are
formed when the free ends of these molecules hybridise with their complementary
lawn oligonucleotides. Again 3’ extension is performed, resulting in double-
stranded bridges. The process of DNA denaturation, bridge formation and 3’
extension is repeated multiple times to generate spatially separate DNA clusters.
Sequencing-by-synthesis takes place by stepwise incorporation of reversible termi-
nator nucleotides carrying nucleotide-specific fluorophores. Depending on how
many times this cycle is repeated, read lengths of up to 150 bases are currently
possible. Furthermore, bar-coding of sequencing adaptors allows multiple samples
to be processed in a single channel of the flow cell, with sequencing reads being
assigned to individual DNA libraries after sequencing.
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11.4 Different Approaches to Analysing the Transcriptome
of Trypanosomes

Although all four laboratories used a common method of sequencing, they used
different stocks or subspecies of T. brucei, different ways of generating libraries
and different ways of analysing and portraying their data. The basic information is
summarised in Table 11.1. In the context of transcriptome analysis by RNA-Seq,
some cDNA synthesis protocols give information on which strand was transcribed,
while others do not. This diversity of approaches has been more fruitful than might
be expected at first sight. Not only has it provided a solid core of data that holds for
all the strains and sub-species, it has also given us the opportunity to combine data
from the individual publications and to consider new concepts of gene regulation.

11.4.1 Spliced Leader Trapping

As mentioned above, SLT exploits the presence of a common 39-nucleotide spliced
leader sequence representing the 5’ end of every mRNA in T. brucei. Trans-splicing
of a spliced leader is common to all trypanosomatids and has been found to occur in
other organisms, including nematodes, cnidarians, flatworms and ascidians. The
SLT approach can therefore be easily adapted for all species relying on similar
mechanisms to generate monocistronic mRNAs from large polycistronic precursor
RNAs. Furthermore, SLT can be used to selectively analyse the transcriptomes
of parasites without the need to purify them from host tissue. This potentially allows
investigation of life cycle stages for which no in vitro cultivation system is
available, such as for the epimastigote form of T. brucei. cDNA library construction
for SLT starts with the isolation of total RNA. After enrichment of the samples
for polyadenylated RNA by selection on oligo(dT) beads, first-strand cDNA is
synthesised using random hexamer primers. Second-strand cDNA synthesis is then
primed by a 5 biotinylated oligonucleotide that serves as the 5’ end adaptor for
isothermal bridge amplification and contains a sequence corresponding to the
spliced leader. Following second-strand synthesis, 3’ end adaptors are ligated to
the double-stranded cDNA and fragments containing the spliced leader are enriched
by binding to streptavidin beads. In order to run multiple samples in a single
channel of the Illumina flow cell, Nilsson et al. (2010) used custom-designed
paired-end 3’ adaptors containing a four-nucleotide barcode. The way in which
the cDNA libraries for SLT are constructed and sequenced retains the strand
information and the first sequenced base of a read corresponds to the transcript
sequence directly downstream of the spliced leader acceptor site in the precursor
RNA. For mapping purposes, the SLT method relies on the availability of a fully
sequenced reference genome with annotated features. Of the three T. brucei life
cycle stages analysed by SLT, a total of 4.6 million sequence reads could be
assigned to one of the three respective libraries of which 4.5 million could be
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aligned to the reference genome when allowing for two mismatches per read.
Sequencing of SLT libraries to a depth of 1-2 million mappable reads typically
detects splicing at about 80% of annotated open reading frames (Nilsson et al.
2010). Since the readout is digital, with each SLT tag representing an associated
transcript, expression levels can be displayed as numbers of tags per million. SLT
can detect expression levels over a range of at least five orders of magnitude.

11.4.2 RNA-Seq

Although the SLT approach offers some advantages, such as the selective sequencing
of parasite transcripts from a mixture of host and parasite RNA, more information
can be gained by direct high-throughput sequencing of fragmented cDNA samples by
RNA-Seq. Several publications have reviewed the method (Costa et al. 2010;
Marguerat and Bahler 2010; Wang et al. 2009; Wilhelm and Landry 2009) and
systematic investigation of data generated by RNA-Seq has proven the validity, and
in many regards the superiority, of this approach in comparison with hybridisation-
based methods for expression profiling (Fu et al. 2009; Marioni et al. 2008; Wilhelm
et al. 2008). RNA-Seq not only represents a means of quantifying gene expression, it
also offers the possibility of detecting all transcribed regions with a maximal resolu-
tion of a single nucleotide. The structure of mRNAs can be determined with great
precision, including splice variants and polyadenylation sites (PAS). Since there is
overwhelming evidence that many trypanosomal mRNAs are regulated by sequence
elements in their 3' UTRs, exact delineation of transcript boundaries is a prerequisite
for genome-wide searches for regulatory sequence motifs. In contrast to other
eukaryotes, cis-splicing of introns is restricted to two protein-coding genes in
T. brucei (Mair et al. 2000; Siegel et al. 2010), which greatly facilitates the analysis
of RNA-Seq data for this organism. Different strategies were used to prepare cDNA
libraries for RNA-Seq. In common with the SLT libraries, the first step consists of
enrichment of mRNAs from total RNA. In most instances this is achieved by
selection of polyadenylated mRNAs on oligo(dT) beads. For some of their libraries,
however, Kolev and colleagues replaced poly(A) selection by treatment of total RNA
with terminator exonuclease, an enzyme which degrades RNAs with free 5’
monophosphate ends. A similar approach has been taken by others to analyse the
P. falciparum transcriptome, where it was further combined with affinity-based
depletion of very abundant RNA species (Otto et al. 2010). For library preparation
the RNA sample can either be fragmented prior to cDNA synthesis, or the RNA is
first converted into cDNA using random or oligo(dT) primers, followed by fragmen-
tation. Most publications used the latter method, even though a bias towards the 3’
end of transcripts has been reported when oligo(dT) is used to prime first-strand
cDNA synthesis (Mortazavi et al. 2008; Wang et al. 2009). In common with the SLT
method described above, the presence of the spliced leader on all trypanosomatid
mRNAs can be exploited to generate 5" enriched libraries and circumvent this
problem, when second-strand cDNA synthesis is primed with an oligonucleotide
corresponding to this sequence (Kolev et al. 2010). Construction of sequencing
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Fig. 11.1 Strand-specific RNA-Seq across the length of the 11 megabase chromosomes.
Transcripts corresponding to the upper and lower strands are depicted in blue and red, respec-
tively. These data can be accessed at http://splicer.unibe.ch

libraries results in a loss of strand information upon sequencing if no special
measures are taken to preserve the strandedness of the sample. So far, strand-specific
RNA-Seq data for T. brucei has not been published, with one exception: a library
enriched for RNAs with 5'-triphosphate ends showed an accumulation of sequence
reads at suspected transcription start sites and indicated that transcription initiation
by RNA polymerase II at these sites is intrinsically bidirectional (Kolev et al. 2010).
An RNA-Seq run, in which strand information was retained, was performed by our
laboratory. These data, which are publicly available (http://splicer.unibe.ch), are
shown for the 11 megabase chromosomes in Fig. 11.1. The dynamic range of
RNA-Seq as observed by Siegel and colleagues in their comparison of expression
levels in bloodstream and procyclic forms was close to 10°. In addition, the technical
reproducibility of the method was found to be excellent. The comparison of
biological replicates and different approaches for cDNA library construction from
the same life cycle stage generally resulted in highly correlated data sets (Kolev et al.
2010; Siegel et al. 2010).

11.5 Splice Site Detection and Mapping of 5’ UTRs

Post-transcriptional regulation of gene expression is very prominent in trypano-
somatids, with cis-acting elements in UTRs being important determinants of tran-
script stability and translation (Clayton and Shapira 2007; Fernandez-Moya and
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Estévez 2010; Haile and Papadopoulou 2007; Ouellette and Papadopoulou 2009).
Although most of the regulatory elements that have been identified to date in
trypanosomatids are in the 3’ UTRs, elements in 5" UTRs have also been identified,
for example, those governing cell-cycle regulated mRNAs in Crithidia fasciculata
(Pasion et al. 1996). Delineation of UTRs by experimentally mapping spliced leader
addition sites (SAS) and polyadenylation sites (PAS) across the whole T. brucei
genome is therefore a crucial step before systematic searches for sequence motifs can
be performed. Although such searches have been carried out on the 7. brucei
genome, these were limited to computer predictions of the processing sites of
mRNAs (Mao et al. 2009).

Sequencing reads derived from RNA-Seq potentially cover transcribed regions
along the entire length of a transcript. Mapping of these reads to a reference genome
and visualisation of the transcriptional landscape in a genome browser format
typically results in alternating peak-and-valley patterns with characteristic sharp
changes in numbers of RNA-Seq tags at transcript boundaries. On its own, the
observation of rapid changes in RNA-Seq signals can only give a rough estimate of
where transcripts actually start or end, with a resolution on the order of tens of base
pairs. The identification of end tags that contain poly(A) sequences, greatly
facilitates exact mapping of PAS (see below). In contrast to analyses in yeast and
other systems, in which the 5’ ends of the majority of transcripts have been
determined by a combination of RNA-Seq and 5' RACE (Nagalakshmi et al.
2008) the spliced leaders at the 5" ends of trypanosome mRNAs have been exploited
to precisely identify SAS from RNA-Seq data. Extraction of reads that cover trans-
splicing junctions, consisting of sequences corresponding to the conserved spliced
leader and the 5’ end of the mRNA to which it is spliced (and therefore also
containing strand information), enabled the 5’ boundaries to be mapped for 8,960
and 6,959 transcripts, respectively (Kolev et al. 2010; Siegel et al. 2010). Libraries
enriched for 5’ ends, with random priming of first-strand cDNA and a spliced leader
primer for synthesis of the second strand were used by Kolev et al. (2010) and
Nilsson et al. (2010). Furthermore, the SLT method described above was originally
devised for global SAS identification by direct high-throughput sequencing from
the spliced leader. SAS for 8,277 genes could be detected in long slender blood-
stream forms by the SLT approach and slightly fewer in stumpy bloodstream forms
and procyclic forms (Nilsson et al. 2010). The three data sets are in excellent
agreement, indicating that strain and sub-species differences do not play a major
role. On average there are 2-3 SAS per gene, but in some cases the number is
considerably higher. Nilsson et al. therefore assigned an arbitrary cut-off of 60% for
major splice sites, below which a transcript was termed alternatively spliced. Based
on these criteria, more than 1,200 genes gave rise to alternatively spliced transcripts
in the three stages of the life cycle that were analysed by SLT. Reverse
transcriptase-PCR (RT-PCR) analysis of a selected number of genes confirmed
the presence of alternatively spliced mRNAs under steady-state conditions (Kolev
et al. 2010; Nilsson et al. 2010). Investigation of splice acceptor sites confirmed the
expected prevalence of the AG splice acceptor dinucleotide at SAS (major SAS:
98% and 94%; minor SAS: 75% and 80%, in the two publications). In two instances



246 J. Mani et al.

bits
1
o=

N
.‘-LII:.T\_:-.r’_c-"- 13133

Fig. 11.2 Consensus of the major 3’ splice sites from procyclic form T. brucei [reproduced from
Nilsson et al. (2010)]. The graphic was generated using Weblogo (Crooks et al. 2004). The inset
shows a close-up of the conserved AG at the 3’ splice site. The upstream polypyrimidine tract is
dominated by T residues starting at an average distance of 26 nucleotides (black triangle) upstream
of the 3’ splice site

Kolev and colleagues noted that assumed non-AG splice acceptors, based on the
T. brucei TREU 927 reference genome, were in fact canonical AG acceptors in the
strain they used for RNA-Seq. Since most studies that globally mapped SAS relied
upon strains other than the genome strain, it cannot be excluded that at least some of
the “non-AG” sites that were detected are due to strain differences. There are
alternative explanations, however, including sequencing errors or allelic
differences. Further assessment of sequence elements surrounding 3’ splice sites
in pre-mRNAs confirmed the depletion of G residues at the -3 position in agreement
with previous suggestions (Siegel et al. 2005). Polypyrimidine tracts, needed for
efficient splicing and described to occur upstream of the SAS, were dominated by
T residues and usually separated from the SAS by fewer than 50 bases. Even though
the lengths of the polypyrimidine tracts varied, they were typically longer than 10
bases, the minimum length previously reported to be sufficient for trans-splicing in
trypanosomes (Benz et al. 2005; Huang and Van der Ploeg 1991; Matthews et al.
1994). The predictive power of current bioinformatic tools for SAS detection was
found limited in that only 40% of major SAS and 6% of minor SAS were correctly
identified when compared with SLT data (Nilsson et al. 2010). The consensus
sequence of T. brucei 3’ splice sites as determined from SLT data is shown in
Fig. 11.2. Calculations of 5' UTR lengths were different between the three
publications with median values being considerably lower in the SLT study
(3542 bases) than by RNA-Seq (~90 bases). To some degree these differences
might reflect different approaches to calculating lengths, for example, if only major
SAS or all SAS are included. In either case, the detection of multiple SAS for most
genes results in heterogenous 5’ UTRs. The shortest 5 UTRs range from zero, with
the start codon immediately downstream of the spliced leader (for example,
Tb11.01.5535, encoding an Sm-like protein) to approximately 2.5 kb. An example
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Fig. 11.3 Illustration of a region of the genome showing a novel transcript between genes
encoding the related proteins Alba 3 (Tb927.4.2040) and Alba 4 (Tb927.4.2030). The boundaries
of the three transcripts are clearly seen in the RNA-Seq trace below. Arrowheads mark the
positions of SLT tags

of the latter is Tb927.8.7780, which encodes a conserved hypothetical protein.
Despite its length, this 5 UTR does not contain upstream ORFs.

Approximately one thousand potentially misannotated genes were detected by
SLT and RNA-Seq. Half of these are spliced within the ORF, and would therefore
give rise to shorter proteins than predicted, while the other half potentially start
upstream and give rise to larger polypeptides. Some of these were verified experi-
mentally by RT-PCR and Northern blotting or are supported by proteomic data in
the case of N-terminal extension of gene products (Kolev et al. 2010; Nilsson et al.
2010; Siegel et al. 2010). Regarding alternative splicing, Nilsson and colleagues
proposed four possible functions of transcript variants arising from such events.
Accordingly, alternative SAS choice can result in (a) transcripts that are untrans-
latable because they lack start codons; (b) alterations at the N terminus that change
protein localisation, because of a loss or gain of targeting sequences; (c) inclusion
or exclusion of regulatory RNA elements such as upstream ORFs or internal
ribosome entry sites and (d) the use of alternative ORFs encoded in the transcript
(Nilsson et al. 2010). Kolev et al. speculated that some of the heterogeneity in splice
site choice in trypanosomatids—at least for those events that do not result in a
change of a transcript’s coding potential—can be explained on the basis of reduced
selective pressure. In contrast, alternative cis-splicing would be subjected to a high
degree of evolutionary pressure (Kolev et al. 2010). However, alternative trans- and
cis-splicing, leading to distinct localisation and function of proteins, has been
previously observed in trypanosomes (Ashibe et al. 2007; Benabdellah et al.
2007; Lopez and Kelleher 2009) and has been proposed to play a role in the dual
localisation of some tRNA synthetases (Nilsson et al. 2010; Rettig et al. 2012).

Following the discovery of more than a thousand novel transcripts (NTs) by Kolev
et al. (see Sect. 10.8), it was realised that some SLT tags that were designated as
alternative splice sites for specific genes were actually derived from unannotated
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transcripts upstream of a particular ORF. An example is shown in Fig. 11.3. The
situation may be more complicated, however, as alternatively spliced and alternatively
polyadenylated mRNAs from a single region may co-exist (Vassella et al. 1994).
Integration of SLT and RNA-Seq data and correction of genome annotations will
therefore be highly beneficial for our understanding of the transcriptome of 7. brucei.

11.6 Polyadenylation and Mapping of 3' UTRs

The polypyrimidine tracts and AG dinucleotides between adjacent genes play a
dual role in polyadenylation of the upstream transcript and trans-splicing of the
downstream transcript (Hug et al. 1994; Matthews et al. 1994; Schiirch et al. 1994).
In general, it has proven more difficult to predict and validate PAS than SAS. The
two publications that used RNA-Seq identified PAS for 2,081 and 5,948 genes,
respectively, but the degree of congruence between the two sets of RNA-Seq data
was much lower than for that obtained for SAS. As previously predicted from
analyses of small data sets (Benz et al. 2005; Schiirch et al. 1994), there is a
preference for polyadenylation at (small runs of) adenosine residues. Both analyses
gave a similar median length for 3 UTRs in procyclic forms of T. brucei (388—400
bases). Once again, however, the range is considerable. There are transcripts with
no 3’ UTR, in which the last two bases of the stop codon (UAA) are also the start of
the poly(A) tail, e.g. procyclin-associated genes PAG 1 and PAG 2 (Koenig-Martin
etal. 1992; Liniger et al. 2001). The longest predicted UTR of 9.7 kb is attributed to
an mRNA encoding a hypothetical protein of unknown function (Tb11.01.8270).
Surprisingly, Kolev et al. found that fewer than 60 mRNAs have a unique PAS
(Kolev et al. 2010). For the vast majority of transcripts, however, polyadenylation is
dispersed. This suggests that there is either imprecise cleavage by the splicing/
polyadenylation complex, or a form of “reverse torpedo” effect in which a 3’ to 5’
exonuclease competes with the poly(A) polymerase. In the case of B-tubulin, the
same 4 major PAS were identified by the two laboratories employing RNA-Seq,
with one site accounting for 63% of the tags. In addition, thirty minor sites were
mapped within a region of 76 bases. Is this apparent sloppiness in the choice of PAS
deliberate or merely tolerated? What might be the consequences of this heteroge-
neity, given that elements in 3’ UTRs can affect message stability or translation?
Our RNA-fold analyses of the predominant 3’ UTRs of B-tubulin mRNA (data not
shown) indicate that these differences in length do not have an impact on the
secondary structure. However, it seems quite plausible that trypanosomes might
exploit the feature of dispersed polyadenylation to generate subsets of mRNAs with
different half-lives or translation efficiencies. As is the case for splicing, some
transcripts have alternative PAS, governed by separate polypyrimidine tracts, that
can be hundreds of bases apart (Erondu and Donelson 1992; Vassella et al. 1994).
A number of ORFs that are annotated as “hypothetical protein, unlikely”, with
no evidence of their own spliced leader tags, are included in the 3’ UTRs of bona
fide mRNAs. In other cases polyadenylation occurs within such ORFs. Transcripts
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that are genuinely bicistronic, with both ORFs giving rise to proteins, have not been
reported for T. brucei, but it is nevertheless possible that they exist. One possible
candidate is an mRNA encoding a hypothetical protein (Tb927.4.2550) followed by
the ORF for cardiolipin synthetase (CLS; Tb927.4.2560). RNA-Seq detects tran-
scription of this region. All three studies revealed extensive heterogeneity of
splicing upstream of Tb927.4.2550, but none of the three studies detected trans-
splicing of the CLS mRNA in procyclic forms although SLT tags were found on
rare occasions at a sequence depth of 40 million (B. Schimanski, K. Gunasekera,
T. Ochsenreiter and I. Roditi, unpublished data). Nevertheless, cardiolipin is pres-
ent in procyclic forms and knockdown of CLS causes growth defects in this stage of
the life cycle (Serricchio and Bitikofer 2012). Further experiments are needed to
clarify if there might be an internal ribosomal entry site between the two ORFs.

Clusters of protein-coding genes also harbour snoRNAs and a subset of tRNAs in
the intergenic regions. Primary transcripts appear to be spliced and polyadenylated
before being further processed to their mature forms. In addition, snoRNAs can
be embedded in the 3’ UTR or coding region of mRNAs (Kolev et al. 2010). Both
snoRNAs and the proteins derived from the mRNAs can be detected. Since there is
no evidence that these mRNAs are recycled to produce snoRNAs in the cytoplasm,
it would appear likely that a transcript can follow two pathways: further processing
in the nucleus to snoRNAs or export to the cytoplasm for translation.

11.7 Transcript Abundance

In contrast to the great degree of consensus on processing sites, calculations of
transcript abundance give conflicting results. This may be due to the way in which
systems were calibrated, however, rather than to fundamental differences in data.
The number of mRNAs per cell has been estimated at 2 x 10* for bloodstream forms
and 4 x 10* for procyclic forms of T. brucei (Haanstra et al. 2008; Nilsson et al.
2010). Haanstra and colleagues previously calculated that there were 18 £ 2
molecules of phosphoglycerate kinase B (PGK B) mRNA and 72 £ 12 molecules
of a-tubulin mRNA per cell in procyclic forms. Estimates of transcript abundance
were presented in different ways by the groups that performed RNA-Seq and SLT.
Siegel and colleagues used scaled counts (number of tags per kilobase of ORF),
without calculating absolute numbers. The largest number of tags was attributed to
VSG 221, followed by approximately 20-fold fewer tags for a-tubulin. Kolev et al.
(2010) present a supplementary table with numbers of transcript per cell for each
gene, and conclude that 75% of transcripts are present at between 1 and 10 copies
per cell. These were calibrated according to the number of PGK B transcripts
calculated by Haanstra et al. (2008). If transcript numbers are summed up, they
total more than 6 x 10 transcripts per cell and the number of o-tubulin mRNAs is
extremely high (810 copies per cell). SLT data are presented by Nilsson et al.
(2010) as tags per million for all life cycle stages. As expected, VSG mRNAs are
the most abundant mRNAs in bloodstream forms (7—11% depending on the strain)
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equivalent to 1,400-2,200 molecules per cell. According to SLT data, PGK B
mRNA would be present at 2-3 molecules per cell (in procyclic forms), a-tubulin
at about 135 molecules per cell, and more than 80% of mRNAs would be present
at <1 copy per cell. In fact, the ratios of a-tubulin to PGK B obtained by the two
laboratories are in reasonable agreement—it is the absolute numbers that differ.

11.8 Novel Transcripts

One of the principal aims of transcriptome analysis is to define those parts of a
genome that are actively transcribed. Whereas most microarray designs typically
rely on annotated features, the introduction of tiling arrays offered a less biased
view of an organism’s transcriptome. Tiling arrays, however, still have limited
resolution for most eukaryotic genomes and are not available for trypanosomes. In
their study of the transcriptome of procyclic forms of T. brucei, Kolev et al. (2010)
found a total of 805 annotated genes to be transcriptionally silent. This could be due
to very low expression levels in this stage of the life cycle—below the detection
limit of RNA-Seq—but a more likely explanation is that most of these do not really
encode proteins. This is supported by the fact that the majority of these non-
transcribed genes (64%) are annotated as hypothetical unlikely. The second largest
group of non-transcribed genes found by Kolev et al. (2010) consisted of hypothet-
ical genes (23%). This is consistent with the data set from Nilsson et al. (2010), in
which hypothetical unlikely genes ranked highest among the annotated genes
without SLT tags, followed by hypothetical genes. Balancing this decrease in the
number of expressed annotated genes is the discovery of 1,114 frans-spliced and
polyadenylated novel transcripts (NTs) with no prior annotation in the T. brucei
genome database (Kolev et al. 2010). Of these, 1,011 are potentially protein-coding,
giving rise to polypeptides >25 amino acids in length, whereas 103 of the NTs have
no coding potential at all (assuming a requirement for AUG as the start codon) or
would result in extremely short peptides. NTs have been numbered according to the
chromosome from which they originate, and then sequentially from left to right (e.
g. Tb1.NT.1). We have incorporated all NTs into the Splicer database (http://
splicer.unibe.ch). In contrast to annotated genes for which no transcripts were
detected, and which are overrepresented on chromosomes 1 and 9, NTs are quite
evenly distributed among chromosomes, correlating with chromosome length
(Fig. 11.4). NTs range in size from 154 bases to >10 kb, with expression levels
resembling those of transcripts from annotated ORFs. Coding NTs (median length:
801 nt; mean length: 1,097 nt) are significantly longer than non-coding NTs
(median length: 378 nt; mean length: 460 nt). The majority of coding NTs poten-
tially give rise to proteins <50 amino acids that would be missed in standard
analyses using polyacrylamide gels. Evidence supporting the correctness of some
of the newly discovered transcripts comes from different sources. Most convincing
is the identification of peptides from an earlier proteomics analysis (Panigrahi et al.
2009), that at the time of publication could not be assigned to any annotated 7.
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brucei ORF, but were now found to match with 19 predicted proteins encoded by
NTs discovered by Kolev et al. (2010). Furthermore, 27 NTs encode ORFs with
homology to annotated gene products in the related parasites T. cruzi and L. major,
and another 23 NTs encode potential proteins that show conservation in those
species despite the lack of annotation. Five NTs were demonstrated by Northern
blot analysis. In the case of Tb8.NT.93-95, the transcripts are somewhat different in
size but, interestingly, all seem to code for small highly basic proteins related to
human ribosomal protein L41. Expression levels of these three NTs were found to
be relatively high (several dozen copies per cell based on calculations using PGK B
as a reference) (Haanstra et al. 2008). Furthermore, both SLT data and RNA-Seq
data show that their expression is not limited to procyclic forms, but is comparably
high in bloodstream forms (Nilsson et al. 2010; Siegel et al. 2010). There are some
NTs that appear to encode truncated forms of known proteins, for example Tb11.
NT.118 which corresponds to the first 71 amino acids of ribosomal protein L29.
Whether such proteins are truly functional, or are merely relics of gene duplication,
will need to be established. There are also examples of NTs that contain unanno-
tated ORFs of considerable length, the most striking being Tb9.NT.98, which
encodes a repetitive protein of 2,843 amino acids. This overlaps with an ORF on
the opposite strand that is annotated as the ISG100 pseudogene (Tb09.v2.0010).
There are no SLT tags preceding ISG100, however, whereas there are ample tags
for Tb9.NT.98, particularly in bloodstream forms. These findings, taken together
with the fact that Tb9.NT.98 is transcribed in the same direction as its flanking
genes, strongly supports that it is the correct transcript from this locus.

The significance of defining all transcribed regions of a genome—especially
those with no previous annotation—cannot be overemphasised. We have already
discussed one of the problems that can arise when SLT tags are assigned to the next
annotated gene and interpreted as alternative splicing events, when in reality they
derive from NTs. But there are other pitfalls, as illustrated by the example shown in
Fig. 11.3. Tb4.NT.14 is a NT that lies between two annotated ORFs on chromo-
some 4 (Tb927.4.2030, Tb927.4.2040). In this particular case, the two genes
flanking Tb4.NT.14 encode proteins of the same family that are highly similar to
each other. Given their proximity in the genome and assuming possibly redundant
functions, it might be tempting to try a knockout strategy in which both genes are
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deleted and replaced by a single resistance cassette in one round of transfection.
Under these circumstances the unsuspecting scientist might observe phenotypes
that are not caused by deletion of the genes under consideration but rather by
removal of the “gene in between”.

11.9 Antisense Transcription and Silent Regions

Overlapping sense and antisense transcripts originating from a single locus have
been detected in both T. brucei (Liniger et al. 2001) and L. major (Belli et al. 2003).
In the case of T. brucei, the transcripts derived from a region where a Pol II
transcription unit converged with a Pol I transcription unit (the procyclin expression
site on chromosome 10). Both sense and antisense transcripts were trans-spliced
and polyadenylated. The two publications predated the genome sequences, and at
the time it was suggested that this phenomenon might be more widespread. How-
ever, SLT and RNA-Seq analyses that contain strand information indicate that
antisense transcripts are found almost exclusively at strand-switch regions and
that expression levels are often so low that, on average, there would be fewer
than one transcript per cell. This would explain why the sense transcripts are not
destroyed by RNA interference and why deletion of the argonaute gene Agol has
little influence on their steady-state levels (Haenni et al. 2009). It should be noted,
however, that poly(A)-selected RNA was used for construction of the SLT and
RNA-Seq libraries, which biases the detection in favour of processed transcripts.
Nuclear run-on analysis of the procyclin expression site and the convergent Pol 11
transcription unit indicated that overlapping transcription occurs over a region of
several kilobases in procyclic forms (Liniger et al. 2001). By mapping tags derived
from 5’ triphosphate-enriched RNA, Kolev et al. (2010) demonstrated bidirectional
transcription from putative Pol II promoters, which could explain some of these
data; however, it is not clear from their publication how far this extends. Interest-
ingly, some of the transcription from the opposite strand to the procyclin transcrip-
tion unit is resistant to a-amanitin (Liniger et al. 2001), implying that this may be
due to Pol I, rather than a continuation of transcription by Pol II.

The procyclin expression site described above consists of procyclin genes and
procyclin-associated genes (PAGs). Despite being transcribed from the same Pol I
promoter, the steady-state levels of the RNAs differ approximately 100-fold. RNA
stability may play a role in this, but there is also evidence that sequences within
PAG 1 impede transcription (Haenni et al. 2009), possibly by affecting chromatin
conformation since upstream reporter genes are also silenced. Apart from the PAGs
in the procyclin expression sites, the genome contains 6 PAG-like genes and >30
PAG-like sequences, the majority of them at converging strand-switch regions and/
or in regions where there is a change of polymerase. Comparing these regions of the
genome with the RNA-Seq data obtained from procyclic forms (Nilsson et al. 2010;
Siegel et al. 2010) gives a striking picture—these regions are devoid of transcripts
for several kilobases (Fig. 11.5). PAG-like sequences are also found in some of the
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Fig. 11.5 A cluster of genes showing coordinate regulation between procyclic forms (PF) and
bloodstream forms (BF). It is striking that procyclin-associated genes (PAGs) and PAG-like
sequences are found in regions devoid of transcripts in procyclic forms. RNA-Seq data from
Siegel and colleagues (2010) was obtained from http://tritrypdb.org. The PAG-1 related sequence
shares 56% identity with a sequence implicated in silencing of transcription (Haenni et al. 2009)

ribosomal spacers; these were already known to be transcriptionally silent
(Rudenko et al. 1994), making them preferred integration sites for inducible
constructs (Wirtz and Clayton 1995). The possible significance of some of these
silent regions is addressed in the section below.

11.10 Stage-Specific Gene Expression

Three of the deep sequencing analyses were performed on two or more life-cycle
stages (Nilsson et al. 2010; Siegel et al. 2010; Veitch et al. 2010), enabling stage-
regulated genes to be identified. Very different numbers were obtained, however,
which is more likely to be due to the different criteria used to identify these genes
than to major differences between strains and sub-species. In their comparison of
monomorphic (long slender) bloodstream forms and procyclic forms of T b. brucei
by RNA-Seq, Siegel et al. (2010) classified 6% of genes as being differentially
expressed. For this analysis, paralogous ORFs and ORFs containing repetitive
sequences were excluded, with the consequence that some well-known stage-
regulated genes, such as the procyclins and CRAM, were overlooked. The criteria
for stage-regulation were set at changes in tag abundance >2-fold and P < 0.01
(one-sided ¢ test). Using DGE profiling to compare bloodstream forms and
procyclic forms of T. b. gambiense, Veitch et al. (2010) found that 28% showed


http://tritrypdb.org

254 J. Mani et al.

>2.5-fold changes in abundance, with the majority being up-regulated in blood-
stream forms. They regarded this threshold as being too arbitrary, however, prefer-
ring instead to use a Rank Products analysis that took biological replicates, P-values
and the false discovery rate (FDR) into account. Using very stringent criteria (FDR
0.2, P-value <0.003), 126 genes were found to be up-regulated in bloodstream
forms and 63 in procyclic forms. Decreasing the FDR to 0.1 led to the exclusion of
some genes that had been proven to be stage-regulated. As mentioned by the
authors, not all genes would have been identified. The DGE protocol generates
tags from the first Nla III site upstream of the poly(A) tail, and as these were only
mapped to ORFs, transcripts lacking an Nla III or transcripts with an Nla 111 site in
the 3’ UTR would not feature in the analysis (once again, procyclin transcripts slip
through the net).

By far the highest number of stage-regulated genes, 40%, was obtained using
SLT to compare long slender bloodstream forms, short stumpy bloodstream forms
and procyclic forms of a fly-transmissible strain of T b. brucei. In this study, Nilsson
etal. (2010) tested genes for significant differences in expression according to Audic
and Claverie, which takes both the total number of tags and changes in abundance
into account. According to this analysis (setting the thresholds at >2-fold change in
tags per million, P < 10°) there were 3,214 genes that were differentially
expressed, with the greatest differences between long slender forms and procyclic
forms. With hindsight, we realise that almost 200 of the changes attributed to
annotated ORFs by SLT are in fact due to coding NTs, but this does not change
the general picture of stage-regulation. By their design, neither the RNA-Seq
analysis of T. b. brucei nor the DGE analysis of T. b. gambiense identified NTs
that were stage-regulated as the analyses were limited to tags mapping to ORFs.
Since the raw data were available, the analysis of T. b. gambiense was subsequently
extended to include the 3’ UTRs and intergenic regions; this information is now
accessible at TriTrypDB as “SAGE tags”.

There is limited evidence that the site of polyadenylation or the efficiency of
RNA processing can be stage-regulated (Erondu and Donelson 1992; Flick et al.
2003), but with the exception of differential splicing of a synthetic luciferase
transcript in bloodstream and procyclic forms (Helm et al. 2008), there are no
previous reports of stage-regulated splicing. Comparison of the major SAS in three
life cycle stages (long slender bloodstream forms, short stumpy bloodstream forms
and procyclic forms) indicates that several hundred transcripts are subject to
differential splicing (Nilsson et al. 2010). For three transcripts (Tb927.1.790,
Tb11.02.2700 and Tb927.6.4240), the SLT data was validated by quantitative
RT-PCR. The significance of differential splicing in the context of parasite devel-
opment remains to be tested. It is currently not clear whether splicing itself is prone
to regulation or whether the 5’ UTRs alter RNA stability in a stage-specific manner.
The recent establishment of an in vitro trans-splicing system may prove valuable
for addressing this question (Shaked et al. 2010).

It is generally accepted that there is little regulation of transcription in
trypanosomes and that most adjustment to mRNA levels occurs post-
transcriptionally. So far, the promoters that show regulated activity through the
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life cycle are all specific for Pol I. These include the promoters for the VSG
expression sites (both active and silent) and the procyclin promoters. Nilsson and
coworkers performed SLT with bloodstream forms of T. b. brucei MITat 1.2
(VSG 221); this enabled relative transcript levels to be mapped across the active
expression site and, in the process, identified a new expression site-associated
gene, ESAG 13, which encodes a polypeptide of 96 amino acids. The VSG
expression site provides an excellent example of the interplay between promoter
activity and RNA stability. The mRNAs for the VSG mRNA and all ESAGs are
derived from the same primary transcript, yet the number of tags detected ranged
from zero for ESAG 3-1 and ESAG 8-2 to 69,000 per million for VSG 221. The
analysis of 7. b. gambiense also gives some interesting insights into VSG expres-
sion. Two-thirds of the VSG tags obtained in bloodstream forms were assigned to
3 genes (annotated as pseudogenes in the reference genome TREU927), but tags
for more than a hundred additional VSG genes were also detected at low levels
within this population. The simplest explanation is that the population is hetero-
geneous, but expression within a cell is monoallelic, as is generally accepted.
However, the authors also raise the (currently heretical) possibility that there
might be also low-level transcription of multiple VSG genes from internal sites
within a single cell (Veitch et al. 2010).

Recently, another publication by Siegel et al. (2009) mapped putative Pol II
transcription start sites across the entire genome of the same strain of trypanosomes
that they used for RNA-Seq. Two sites were found to be stage specific, one on
chromosome 7, which is only detected in bloodstream forms and one on chromo-
some 11, which is only detected in procyclic forms. When the RNA-Seq profiles of
these regions are inspected, however, there are no striking differences between
steady-state levels of RNA in the two life cycle stages. Data obtained from the
analysis of the transcriptome of T. b. gambiense, and consolidated by RNA-Seq,
SLT and microarray data from 7. b. brucei [(Kabani et al. 2009) and K. Matthews,
personal communication], suggests that there might be regions of the genome that
are coordinately regulated. Veitch and coworkers identified four clusters of genes
that were up-regulated in bloodstream forms and one in procyclic forms. All of the
bloodstream form clusters contain putative PAGs and/or ESAGs (Veitch et al.
2010). The two clusters containing PAGs are silent regions in procyclic forms
(see above). However, it is clear from the comparative RNA-Seq analysis by Siegel
et al. that steady-state RNA is derived from these regions in bloodstream forms
(Fig. 11.5); furthermore, the RNA is trans-spliced, as SLT tags are detected. Given
that members of ESAG and PAG families are part of the VSG and procyclin
transcription units, which are transcribed by Pol I in a stage-regulated fashion,
Veitch and colleagues suggest that this might also be the case for the new clusters.
This proposal is extremely tantalising, but further experiments such as nuclear run-
on analysis in the presence or absence of a-amanitin are required to clarify this. An
alternative interpretation is that PAG-like sequences silence transcription in a stage-
specific manner. It is also worth noting that some PAG-containing regions are silent
in both bloodstream and procyclic forms, but could conceivably be active in other
stages of the life cycle.
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In summary, despite the different methods used to identify stage-regulated
genes, there is a core set that is found in all cases. These can be regarded as
genes that are hard-wired for differential expression, while others may be more
susceptible to external factors such as nutrients or temperature. Some of the new
core genes encode metabolic enzymes and others are likely to code for membrane
proteins, but a substantial proportion of them do not have any annotated features.
The next important step will be to devise an intelligent series of high-throughput
screens that can provide clues about their functions.

11.11 Future Applications in the Seq Era

The major driving force behind the development of novel high-throughput sequenc-
ing technologies was to speed up genome sequencing projects and at the same time
cut costs. RNA-Seq and SLT are now sufficiently well established for T. brucei that
they are cost-effective methods to monitor transcription under a range of conditions.
Ongoing projects in various laboratories include RNA-Seq through the entire life
cycle, the identification of genes conferring drug resistance (Alsford et al. 2012) and
the transcriptome-wide determination of RNA half-lives—to list just a few examples.
In recent years, trypanosomal RNA-binding proteins (RBPs) have received increased
attention in attempts to define molecular mechanisms of post-transcriptional regula-
tion (reviewed in (Fernandez-Moya and Estévez 2010; Kramer and Carrington
2010)). There are examples of microarrays being used to analyse the effect of
RBP depletion on the transcriptome of T. brucei (Estevez 2008; Stern et al. 2009),
but in future these will be replaced by deep sequencing. The identification of mRNA
targets for RBPs is another key issue. With the advent of NGS technology, immuno-
precipitation of RBPs can be combined with high-throughput sequencing to map
RNA-protein interactions at single-nucleotide resolution [HITS-CLIP and iCLIP;
(Licatalosi et al. 2008; Konig et al. 2010)].

Regulation of mRNA stability is generally viewed as the main mechanism to
control gene expression in trypanosomatids, but translational control is also likely
to play a crucial role (Furger et al. 1997; Hehl et al. 1994; Schiirch et al. 1997,
Urwyler et al. 2005; Walrad et al. 2009). A method termed ribosome profiling, that
globally monitors translation, was recently established for S. cerevisiae. Translating
ribosomes were stalled on mRNAs by cycloheximide treatment, followed by
nuclease digestion of unprotected mRNA fragments and deep sequencing of the
remaining ribosome “footprints” (Ingolia 2010; Ingolia et al. 2009). In this manner
ribosome positions could be charted at single-codon resolution under different
nutrient conditions. The method should easily be adapted for trypanosomes and is
certain to provide valuable insights into translational control.

In addition to studies of RNA landscapes, genome-wide mapping of histone
variants, the bromodomain factor BDF3 and post-translationally modified histones
in T. brucei by chromatin immunoprecipitation and deep sequencing (ChIP-Seq) has
delivered interesting insights (Siegel et al. 2009; Wright et al. 2010). Trimethylated
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H3K4, acetylated H4K10, the histone variants H2AZ and H2BV and BDF3 are
enriched at probable RNA Pol II transcription start sites, whereas H3V and H4V
preferentially occupy presumed termination sites for RNA Pol II. Similarly, peaks for
acetylated histones H3K9/K14 and H4K5/K8/K12/K16, and trimethylated H3K4 are
enriched at divergent strand switch regions in 7. cruzi and acetylated H3K9/K14 is
localised preferentially in corresponding regions in L. major, marking potential RNA
Pol 1II transcription initiation sites in these parasites (Respuela et al. 2008; Thomas
et al. 2009). This suggests a central role for these protein factors and modifications,
and therefore for chromatin structure, in the control of transcription initiation and
termination. Furthermore, immunoprecipitation of genomic DNA fragments
containing the hyper-modified base J (B-p-glucosyl-hydroxymethyluracil) from
bloodstream form 7. brucei, followed by high-throughput sequencing, revealed an
enrichment of base J at regions flanking RNA Pol II transcription units (Cliffe et al.
2010).

NGS-based procedures have been devised to gain insights into chromatin struc-
ture and organisation and map transcriptional regulatory elements. Genome-wide
detection of DNase I hypersensitive genomic sites by DNase-Seq, for instance, has
been applied to both S. cerevisiae and human primary cells to delineate regions of
open chromatin (Boyle et al. 2008; Hesselberth et al. 2009; Song and Crawford
2010). Highly accessible chromatin locations have also been identified on a global
scale in HeLa cells starting from crosslinked chromatin which, after sonication and
size-fractionation, was analysed by deep sequencing (Sono-Seq; Auerbach et al.
2009). Nucleosome distribution across genomes is non-random and dynamic, and
nucleosome occupancy mapping has recently been achieved with unprecedented
coverage and resolution. Formaldehyde-assisted isolation of regulatory elements
(FAIRE)-Seq and MNase-assisted isolation of nucleosomes (MAINE or MNase)-
Seq represent complementary approaches to enrich for nucleosome-free and
nucleosome-bound genomic DNA, respectively, followed by high-throughput
sequencing (Giresi et al. 2007; Kaplan et al. 2009; Schones et al. 2008; Shivaswamy
et al. 2008; Zhou et al. 2011). FAIRE-Seq and MAINE-Seq have been successfully
used in combination to chart the nucleosomal landscape in Plasmodium falciparum
during the erythrocytic cycle, leading the authors to conclude that chromatin
dynamics play a more pronounced role in transcriptional regulation and life-cycle
progression than was previously envisaged. In particular, nucleosome-free tran-
scription start sites and core promoters were found to correlate with high gene
expression in asexual erythrocytic parasites, whereas transcription start sites and
promoters that were occupied by nucleosomes in these life stages were associated
with genes preferentially expressed in sexual forms of the parasite (Ponts et al.
2010a, b). Comparative investigation of chromatin structure between bloodstream
and procyclic forms of 7. brucei—mostly by electron microscopy—revealed a
higher degree of chromatin condensation (heterochromatin) in the bloodstream
form, whereas open chromatin (euchromatin) was more prevalent in procyclic
form parasites (Rout and Field 2001; Schlimme et al. 1993). Two groups have
recently shown that the active VSG expression site in 7. brucei is depleted of
nucleosomes (Figueiredo and Cross 2010; Stanne and Rudenko 2010). Accurate
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mapping of nucleosome-free regions or DNase I hypersensitive sites on a genome-
wide level, and possibly in different life cycle stages, would greatly ameliorate our
currently poor understanding of chromatin structure and dynamics in these
parasites.

Cytosine methylation is a well-known epigenetic mechanism that influences
gene regulation in many eukaryotes. Methylome analysis has recently experienced
a boost by the introduction of genome-wide analysis methods. Different approaches
have been used to chart S5-methylcytosine (SMC) positions across different
genomes. These include direct high-throughput sequencing of bisulphite-treated
DNA (MethylC-Seq or BS-Seq), digestion of genomic DNA with methyl-sensitive
restriction enzymes followed by sequencing (Methyl-Seq) and finally sequencing of
methylated DNA fragments after enrichment, by a method termed methylated DNA
immunoprecipitation sequencing (MeDIP-Seq) (Brunner et al. 2009; Cokus et al.
2008; Down et al. 2008; Lister et al. 2008, 2009). Modified bases other than base J
and its 5-hydroxymethyluracil precursor were long thought to be absent from the
DNA of T. brucei, and although the presence of SMC in T. cruzi DNA was reported
20 years ago (Rojas and Galanti 1990), it was identified in T. brucei only in 2008
(Militello et al. 2008). ChIP experiments in combination with cloning of
precipitated material and conventional Sanger sequencing allowed the authors to
identify a limited number of genomic loci containing SMC. Based on these data and
comparison of the role of SMC in other organisms, it was speculated that one
function of DNA methylation in 7. brucei might be to silence VSG expression sites.
To draw more definite conclusions, however, more comprehensive data sets are
needed.

11.12 The New Frontier: Third Generation Sequencing

The commonly used NGS platforms are based on sequencing-by-synthesis approaches
and rely on an imaging process after incorporation of fluorescently labelled
nucleotides or oligonucleotides by polymerases or ligases, or measure biolumines-
cence signals in the case of pyrosequencing. All these systems use bead-based
emulsion PCR or solid-phase amplification of immobilised DNA templates in order
to increase signal intensity for the sequencing and imaging processes that follow
(Fuller et al. 2009). Amplification-free single-molecule sequencing platforms that
reduce the potential bias introduced by the amplification step, and reach even higher
throughputs, are currently under development. One of these next-next or third genera-
tion sequencing systems (NNGS), the Helicos® Genetic Analysis System (http://
www.helicosbio.com) (Harris et al. 2008; Thompson and Steinmann 2010), has
already arrived on the market and has shown its utility in a number of studies. These
include the sequencing of a human genome, gene expression analysis of yeast and
mouse cells from minute amounts of RNA or small numbers of cells, direct sequenc-
ing of immunoprecipitated DNA and direct sequencing of RNA to circumvent any
bias associated with conversion to cDNA (Goren et al. 2010; Lipson et al. 2009;
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Ozsolak et al. 2009, 2010a, b; Pushkarev et al. 2009). The single-molecule real-time
NNGS system by Pacific Biosciences (http://www.pacificbiosciences.com), which
uses immobilised polymerases rather than immobilised DNA templates, is expected
to boost sequencing applications even further (Eid et al. 2009; Korlach et al. 2010). For
example, it was recently shown that this system could directly detect DNA methyla-
tion without the need for bisulphite conversion of cytosine residues prior to sequenc-
ing (Flusberg et al. 2010). Further platforms currently under development include
DNA nanoball sequencing by Complete Genomics (http://www.completegenomics.
com) and a number of approaches that detect specific features of the DNA bases such
as their size, electrical or magnetic properties, or monitor characteristics of the
reaction chemistry during base incorporation as the DNA strands are extended.
Examples of such are developments by Ion Torrent (http://www.iontorrent.com),
Oxford Nanopore Technologies (http://www.nanoporetech.com), ZS Genetics
(http://www.zsgenetics.com), Reveo (http://www.reveo.com) and IBM (http://www.
ibm.com) (Schadt et al. 2010; Xu et al. 2009).

An interesting and potentially very informative development is the analysis of
single cells with regard to their RNA, protein and metabolite content. High-
throughput sequencing has already been used to monitor the transcriptome of single
mouse blastomeres, and with the advent of single-molecule sequencing and other
technologies that further lower the detection limit, can be expected to become more
broadly applicable (Tang et al. 2009; Wang and Bodovitz 2010).
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