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Abstract
Capping of the pre-mRNA 5′ end by addition a monomethylated guanosine cap (m7G) is an essential
and the earliest modification in the biogenesis of mRNA. The reaction is catalyzed by three enzymes:
triphosphatase, guanylyltransferase, and (guanine N-7) methyltransferase. Whereas this modification
occurs co-transcriptionally in most eukaryotic organisms, trypanosomatid protozoa mRNAs acquire
the m7G cap by trans-splicing, which entails the transfer of the capped spliced leader (SL) from the
SL RNA to the mRNA. Intriguingly, the genomes of all trypanosomatid protozoa sequenced to date
possess two distinct proteins with the signature motifs of guanylyltransferases: TbCGM1 and the
previously characterized TbCE1. Here we provide biochemical evidence that TbCgm1 is a capping
enzyme. Whereas RNAi-induced downregulation of TbCe1 had no phenotypic consequences, we
found that TbCGM1 is essential for trypanosome viability and is required for SL RNA capping.
Furthermore, consistent with co-transcriptional addition of the m7G cap, chromatin
immunoprecipitation revealed recruitment of TbCgm1 to the SL RNA genes.

Keywords
mRNA capping; guanylyltransferase; cap 4 modification; trans-splicing; SL RNA; RNAi

1. Introduction
In all eukaryotic cells analyzed so far, including Trypanosoma brucei, addition of the m7G cap
represents the earliest event in the modification of the 5′ end of RNA polymerase II (pol II)
transcripts [1–3]. Capping occurs co-transcriptionally when the RNA has achieved a chain
length of about 30 nucleotides (nt). Formation of the m7GpppN cap entails three enzymatic
reactions [4]. The 5′ triphosphate end is first hydrolyzed by RNA 5′ triphosphatase to a 5′
diphosphate, which is then capped with GMP by RNA guanylyltransferase. Finally, the
guanosine moiety of the GpppN cap is methylated by RNA (guanine-N7) methyltransferase.
Each of the cap-forming activities is essential in budding yeast [5–7].
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Even though eukaryotes depend on the same three enzymatic reactions for m7G capping, the
physical organization of the capping apparatus is quite diverse in different organisms [4,8,9].
A two-component capping enzyme system consisting of a bifunctional triphosphatase-
guanylyltransferase polypeptide and a separate methyltransferase polypeptide is present in
metazoans and plants. In contrast, fungi and the microsporidia Encephalitozoon cuniculi have
a three component system with separate triphosphatase, guanylyltransferase and
methyltransferase polypeptides. The protozoa Plasmodium falciparum [10] and Giardia
lamblia [11] have a yeast-like machinery. Extensive mutational analysis and crystal structures
revealed that RNA guanylyltransferases are related to DNA and RNA ligases [4,8,9] and are
structurally and mechanistically conserved among all eukaryotic species and many viruses.
Guanylyltransferases catalyze the nucleotidyl transfer through a covalent enzyme-(lysyl-N)-
GMP intermediate and they are defined by a set of six conserved signature motifs [12]. On the
other hand, RNA triphosphatases fall into two mechanistically and structurally distinct
families. Triphosphatases of fungi, microsporidia, protozoa, including T. brucei, and
Chlorella virus belong to the family of metal-dependant NTP phosphohydrolases defined by
a unique active site tunnel architecture [13,14], whereas metazoan and plant triphosphatases
are part of the cysteine phosphatase superfamily [15,16]. The crystal structure of the (guanine-
N7) methyltransferase from the E. cuniculi highlighted the known biochemical specificity of
the enzyme [17] and completed the catalogue of protein structures of the three enzymes required
for m7GpppN cap formation.

In most eukaryotic organisms m7G capping is restricted to nascent pol II transcripts. In contrast,
studies in trypanosomatid protozoa have highlighted a peculiar aspect in the mode of cap
formation, because this modification is not only present on the pol II-transcribed spliced leader
(SL) RNA, but is also found on a specific subset of pol III transcripts, namely the U1, U2, and
U4 snRNAs and the U3 snoRNA. Since the most abundant pol III transcripts (tRNAs, 5S rRNA
and 7SL RNA) are not capped, this raises numerous questions about the specificity and
regulation of the capping mechanism. Furthermore, mRNA cap addition occurs by post-
transcriptional trans-splicing, which entails the transfer of the 39-nt long SL sequence,
including the cap structure, from the SL RNA to the 5′ end of all mRNAs [18–20]. The SL
RNA cap is unique to trypanosomatids and contains a hypermodified cap 4 structure, which is
derived from methylation of seven sites within the first four nucleotides of the SL RNA
resulting in the structure: m7guanosine-ppp-N6,N6,2′-O-trimethyladenosine-p-2′-O-
methyladenosine-p-2′-O-methylcytosine-p-N3,2′-O-methyluridine [21]. Recently, two 2′-O-
methyltransferases required for cap 4 biogenesis have been identified and shown to be
intriguingly similar to vaccinia virus VP39 [22–25]. In addition, the cap 4 structure in T.
brucei is specifically recognized by an unusual nuclear cap binding complex that contains three
novel and essential subunits only present in trypanosomatids [26]. Taken together these
observations underscore the uniqueness of the capping apparatus of trypanosomatid protozoa.

Our initial characterization of the enzymatic machinery involved in m7G capping in
trypanosomatids identified a polypeptide in Crithidia fasciculata and T. brucei (Ce1) with
structural and biochemical properties characteristic of GTP:RNA guanylyltransferases [27].
Whereas the carboxy-terminal half of Ce1 displays the six signature motifs characteristic of
guanylyltransferases, the amino-terminal half contains a domain of unknown function with no
resemblance to any other domain associated with capping enzymes. In the course of these
studies, we noted a second polypeptide in C. fasciculata and T. brucei extracts of approximately
116 kDa, capable of forming a covalent protein-GMP complex, which is indicative of a capping
enzyme. However, the characterization of this polypeptide was not pursued further. More
recently, a RNA triphosphatase (TbCet1) was characterized in T. brucei, which is structurally
and mechanistically related to the fungal metal-dependent phosphohydrolases [28], and
recombinant T. brucei Cmt1 was shown to be a (guanine-N7) methyltransferase [29]. In
addition, data-base mining identified a second candidate T. brucei capping enzyme, TbCgm1,
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with a predicted N-terminal guanylyltransferase domain and a C-terminal methyltransferase
domain [29]. While this manuscript was in preparation, the Ho laboratory further reported that
TbCgm1 caps the SL RNA [30].

Here, we have used RNA interference-induced down regulation, biochemical properties and
chromatin immunoprecipitation to examine the in vivo function of the two T. brucei capping
enzymes TbCe1 and TbCgm1 and how they interface with the unusual capping of both pol II
and pol III transcripts.

2. Materials and methods
2.1. Plasmids, transfections and RNAi

PCR products encompassing nt 1 - 894 of the N-terminal domain of TbCE1, and nt 180 - 1,180
of the guanylyltransferase domain of TbCGM1 were inserted in the sense and antisense
orientation separated by a stuffer fragment into plasmid pLEW100 [31] and transfected into
the procyclic T. brucei strain 29.13.6 [32], which harbors integrated genes for T7 RNA
polymerase and the tetracycline repressor. The cells were selected with phleomycin and cloned
in 96-well plates. Clonal cell lines were induced by adding tetracycline to a concentration of
10 μg/ml. A PCR-based approach [33] was used to introduce a BB2 epitope tag at the N-
terminus of TbCe1 and TbCgm1 and to replace the second allele with the blasticidin (BSR)
resistant gene.

To produce recombinant guanylyltransferase in E. coli, nt 1- 2,355 of TbCGM1, corresponding
to amino acids 1 - 785, were cloned in between the NotI and XhoI restriction sites of the T7
RNA polymerase-based expression vector pET-44a (Novagen). The lysine residue in motif I
was changed to alanine by a two-step PCR procedure and the mutation was verified by DNA
sequencing.

2.2. RNA analysis
RNA extraction and Northern blot analysis were performed as described [34]. In Figure 3B,
4B and 4C, the SL RNA was primer extended with oligonucleotide Y-21, complementary to
nt 40 to 60, and in Figure 4D SLIN22, complementary to nt 110 to 131, was used. U2, U3 and
U6 snRNAs were primed with oligonucleotide U2B-17, complementary to nt 46 to 62, U3-PE,
complementary to nt 96 to 123, and U6-22, complementary to nt 19 to 40, respectively.

Total RNA was subjected to immunoprecipitations with rabbit polyclonal antibodies against
the m7G cap (a kind gift of Dr. F. Richards) and mouse monoclonal antibodies against the
2,2,7-trimethylguanosine cap (Calbiochem). RNA samples were analyzed by primer extension.

Uninduced and TbCGM1 RNAi-induced procyclic T. brucei cells were permeabilized with
lysolecithin (L-α-lysophosphatidylcholine, palmitoyl, Sigma) and RNA was synthesized for
15 minutes in the presence of [α-32P]GTP or [α-32P]ATP as described [3,35,36]. Total RNA,
extracted with TRIZOL reagent, was separated on 6% polyacrylamide - 7M urea gels, the SL
RNA was excised and eluted in water. Tobacco acid pyrophosphatase (TAP) cleavage and
nuclease P1 digestion were done essentially as described [3] and the digestion products were
chromatographed on Avicel cellulose thin layer plates, developed with isobutyric acid/
concentrated NH4OH/H2O, 66:1:33 (v/v/v).

2.3. Other procedures
GMP binding [27] and ChIP was done as previously described [37].
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3. Results
3.1. The guanylyltransferase domain of TbCgm1 binds GMP

During a search of the T. brucei databases for additional components of the capping machinery,
we and others [29] found a predicted protein, TbCgm1, of 116,820 Da (GeneDB accession #
Tb927.7.2080) with convincing homologies to RNA (guanine-N7) methyltransferases in the
C-terminal half of the protein. Further domain and motif searches revealed that the N-terminal
half has the characteristics of a guanylyltransferase domain with the six peptide motifs that are
absolutely conserved in the superfamily of capping enzymes and DNA ligases and constitute
the active site for GMP binding and nucleotidyl transfer [4,29]. Northern blot, 5′ end RACE
and sequencing of cDNA clones established the authenticity of this gene in the T. brucei
genome and determined the structure of the mRNA 5′ end (data not shown).

The identification of a second putative guanylyltransferase domain in a eukaryotic organism
is unique. However, this finding can be rationalized by our earlier observation that T. brucei
whole cell extracts have two polypeptides of 67 and 116 kDa capable of forming a covalent
GMP-enzyme complex characteristic of capping enzymes [27]. Whereas the 67 kDa-
polypeptide (TbCe1) was shown to have a functional guanylyltransferase domain, the larger
polypeptide was not pursued further. In view of a predicted molecular weight of 117 kDa and
the presence of a putative N-terminal guanylyltransferase domain, TbCgm1 was a likely
candidate for a second GMP-binding enzyme. To test whether TbCGM1 encoded a protein
that can bind GMP in a covalent fashion, we initially expressed full-length TbCgm1 in
Escherichia coli with several different expression vectors, which did not result in the
production of sufficient quantities of recombinant protein in a soluble form to perform
enzymatic tests. Thus, we generated a construct containing the first 785 amino acids of TbCgm1
fused at the N-terminus to the E. coli NusA protein. A 142 kDa protein corresponding to the
fusion protein was detectable by SDS-PAGE in soluble extracts of IPTG-induced bacteria
(upper panel in Fig. 1, lane 2). The recombinant protein formed an SDS-stable nucleotide-
protein adduct (lower panel in Fig. 1, lane 2), which was not evident in a sample expressing
only the NusA protein (lane 1). Importantly, the protein lost the ability to bind GMP, when the
predicted catalytic lysine residue (amino acid 127) of motif I was mutated to alanine (lane 3),
providing evidence that TbCgm1 has a functional guanylyltransferase domain.

3.2. TbCgm1 is encoded by an essential gene
To begin to investigate the in vivo function of the two T. brucei polypeptides containing
guanylyltransferase domains, we used RNA interference (RNAi) to downregulate the
respective mRNAs. To do this, nt 1 - 894 of TbCE1 and nt 180 - 1,180 of TbCGM1 were
inserted in the sense and antisense orientation separated by a spacer fragment into plasmid
pLEW100 [38]. This cassette, driven by a tetracycline (tet) inducible ribosomal promoter, was
stably integrated in the non-transcribed rDNA spacer region and clonal cell lines were
established. Upon RNAi induction with tet, production of double-stranded RNA and
degradation of the target mRNA was verified by Northern blot (data not shown). In addition,
in extracts prepared from CE1-RNAi cell lines induced for 24 hr GMP-enzyme complex
formation was reduced to undetectable levels (Fig. 2A), whereas in CGM1-RNAi cell lines the
Cgm1 protein was severely decreased, albeit still detectable after 24 hr (Fig. 2B). Importantly,
the results of Figures 2A and B demonstrated the specificity of the downregulation of Ce1 or
Cgm1 by the corresponding RNAi construct. Next, we monitored cell growth over a period of
4 days (Fig. 2C). Compared to wild-type and uninduced cells, downregulation of TbCE1 had
no noticeable effect on cell viability. In fact, maintaining the induction for over 10 days did
not reveal any detectable change in growth characteristics. In contrast, monitoring cell growth
during TbCGM1 RNAi induction revealed that the growth rate declined between day 2 and day
3 and eventually the cells died (Fig. 2C), indicating that TbCGM1 is essential for viability.
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3.3. Depletion of TbCE1 or TbCGM1 does not affect capping of the U2 snRNA and U3 snoRNA
Similar to other eukaryotes, the trypanosomatid U1, U2 and U4 snRNAs and the U3 snoRNA
contain a 2,2,7-trimethylguanosine (TMG) cap [39–41]. Little is known about the sequence of
events leading to a TMG cap in trypanosomatids, but it is presumed that these RNA molecules
are initially modified by an m7G cap [42,43]. Thus, in a first set of experiments, we asked
whether TbCE1 or TbCGM1 downregulation had an effect on cap formation of the U2 snRNA
or the U3 snoRNA. TbCE1-RNAi cells were induced with tet for 8 days, RNA was prepared
and assayed by immunoprecipitation with anti-m7G and anti-TMG antibodies followed by
primer extension analysis (Fig. 3A). As expected, both U2 and U3 RNAs were affinity selected
by anti-TMG antibodies from RNA prepared from uninduced cells (Fig. 3A, lane 5), whereas
these RNAs were not detectable in the anti-m7G immunoprecipitate (lane 3). A similar result
was obtained with RNA isolated from TbCE1-RNAi cells induced for 8 days (lanes 8 and 10).
Furthermore, there was no detectable difference between uninduced TbCGM1-RNAi cells and
cells induced for 2.5 days (Fig. 4A, compare lanes 2 to 5 with lanes 7 to 10), indicating that
cap formation on the U2 snRNA and U3 snoRNA appeared normal under conditions where
TbCe1 and TbCgm1 protein amounts were limiting.

3.4. TbCgm1 is involved in SL RNA capping
We next investigated whether RNAi-induced downregulation of TbCE1 or TbCGM1 affected
cap formation of the pol II-transcribed SL RNA. RNA was prepared from TbCE1-RNAi cells
induced for 2.5 and 8 days and assayed by primer extension analysis of the SL RNA (Fig. 3B).
As shown previously [22,44] and evident in Figure 3B (lane 2), primer extension analysis at
low deoxyribonucleotide triphosphate concentrations gives rise to a characteristic primer
extension stop at the 5′ end of the SL RNA indicative of a fully-methylated cap 4 structure
(indicated as fm SL). In contrast, hypomethylated SL RNA (hm SL) prepared from cells grown
in the presence of the methylation inhibitor sinefungin, gives rise to a series of bands
characteristic of SL RNA with a partially methylated cap 4 (Fig. 3B, lane 1). TbCE1
downregulation for 8 days did not affect the accumulation or methylation status of the SL RNA,
as assayed by primer extension analysis (Fig. 3B, compare lanes 2 and 4). In contrast, following
2 and 2.5 days of induction of TbCGM1 RNAi, the accumulation of the SL RNA was reduced
to 76% and 36%, respectively, as compared to uninduced cells (Fig. 4B). In addition, a clear
defect in cap 4 formation was evident with fully-modified SL RNA reduced to 34% and 13%
at day 2 and 2.5, respectively, and a concomitant appearance of longer extension products
indicative of SL RNA carrying a hypomethylated cap 4 (lanes 4 and 5).

To address the apparent effect of TbCGM1 downregulation on the SL RNA cap formation in
more detail, we first used immunoprecipitation with anti-m7G antibodies (Fig. 4C). Whereas
the majority of the fully-modified SL RNA was affinity selected from RNA isolated from
uninduced cells (lane 3), after 2.5 days of induction the hypomethylated SL RNA was
predominantly found in the supernatant (compare lanes 5 and 6). In contrast, the small amount
of fully-modified SL RNA present after 2.5 days of induction was immunoprecipitated with
anti-m7G antibodies (lane 6). Thus, the epitope recognized by the antibody was not present in
a considerable proportion of steady-state SL RNA accumulating during downregulation of
Cgm1, suggesting a defect in the m7G cap.

Next, we turned to the analysis of newly-synthesized RNA in permeabilized T. brucei cells.
Uninduced and TbCGM1-RNAi cells induced for 1 and 2.5 days were permeabilized with
lysolecithin and incubated for 15 min with transcription cocktail containing [α-32P]GTP [35].
Using the same number of cells in the permeabilization procedure, there was no obvious
difference in total RNA synthesis in the induced cells, as compared to uninduced cells (data
not shown). The SL RNA was then gel purified and digested with tobacco acid pyrophosphatase
(TAP), which released the cap nucleotide from the SL RNA by hydrolyzing the pyrophosphate
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bond. The digestion products were separated by thin layer chromatography (TLC) and analyzed
by phosphorimaging (Fig. 5A). This treatment released 1.5% of the radioactive label in the SL
RNA from uninduced cells in the form of m7G (lane 1). This value did not change after 1 day
of TbCGM1 depletion (lane 2, 1.5%), but was reduced to 0.8% following 2.5 days of induction
(lane 3). In uninduced (lane 1) and 1 day-induced cells (lane 2) 0.8% of the radioactive label
was released by TAP in the form of GMP, indicative of a cap without the methyl group at the
N7 position of guanosine. This value increased to 1.4% in the sample isolated from cells
induced for 2.5 days (lane 3). In addition, there was a new spot (1.5% of the radioactive label)
that did not correspond to any of the available standards (labeled X1 in Fig. 5A). Even two-
dimensional TLC analysis (data not shown) failed to give us clues to the possible nature of the
X1 spot. However, the above data were in agreement with the immunoprecipitation results
with anti-m7G antibodies and further indicated that upon CGM1 silencing there was an increase
in the proportion of SL RNA bearing an unmethylated cap structure.

To further define the consequences of TbCgm1 depletion on the SL RNA cap, permeabilized
cells were labeled with [α-32P]ATP in order to monitor the status of the adenosine at position
1, i.e. the initiating nucleotide, of the SL RNA. The gel purified SL RNA was digested with
nuclease P1 (Fig. 5B) that generates 5′nucleotide monophosphates, but does not cleave
pyrophosphate bonds, i.e. it will not cleave the triphosphate bridge linking m7G to the
adenosine at position 1. As expected, in the sample prepared from uninduced cells the majority
of the label (96%) comigrated with AMP (lane 1). The next prominent spot (3%, designated
X2) did not correspond to any of the available standards, but decreased over the induction
period and was 50% less abundant after 2.5 days. P1 digestion of SL RNA labeled with
[α-32P]GTP generated an identical spot (data not shown) and therefore we speculate that this
represents a dinucleotide derived from the cap structure. In addition, 0.7% of the radioactive
label was associated with ATP, which most likely originates from the 5′ end of primary SL
transcripts. Following 1 and 2.5 days of TbCgm1 depletion the level of ATP did not change
significantly. A fourth spot was identified as ADP. Whereas SL RNA from uninduced cells
had 0.2% of the radioactivity associated with ADP, downregulation of TbCGM1 for 1 and 2.5
days resulted in a gradual increase of ADP reaching 0.5% after 2.5 days. The most likely
explanation for this result is that TbCgm1 depletion gave rise to an increase in diphosphate-
terminated RNA, i.e. capping of these transcripts was blocked after the triphosphatase step,
which removed the terminal phosphate from the primary transcript. Thus, taken together these
observations provided supporting evidence that TbCgm1 is required for capping of the SL
RNA.

3.5. Trans-splicing utilization of the SL RNA is reduced in TbCgm1-depleted cells
Since the m7G cap may be one of the determinants for utilization of the SL RNA in trans-
splicing, we examined trans-splicing activity in TbCgm1-depleted cells (Fig. 4D). In the RNA
derived from uninduced cells (lane 2), primer extension analysis produced cDNA
corresponding to full-length SL RNA, as well as a primer extension stop mapping at the 5′ end
of the SL intron, which is mostly diagnostic of Y-structures (SL RNA intron-pre-mRNA
branched intermediates that are formed during the first step of trans-splicing). Y-structures are
not detectable in cells treated with sinefungin (lane 1), a drug that blocks trans-splicing in
trypanosomes [45]. By this analysis we found that TbCGM1 silencing reduced the
accumulation of Y-structures by 35% after 2.5 days of induction (Fig. 4D, lane 5).

3.6. Recruitment of TbCgm1 to the SL RNA genes
To provide independent evidence that TbCgm1 is involved in the maturation of the SL RNA,
we monitored the in vivo association of this polypeptide with the SL RNA genes using
chromatin immunoprecipitation (ChIP). To this end, we first generated a T. brucei cell line
expressing solely an epitope-tagged version of TbCgm1. We deleted one allele by homologous
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recombination with a PCR-generated cassette encoding the blasticidin resistance gene and then
introduced an N-terminal BB2 epitope in the second allele at its original chromosomal locus.
This approach ensured that the epitope-tagged version of the protein was functional and
expressed at levels comparable to the endogenous protein. In addition, we generated a cell line
solely expressing BB2 epitope-tagged TbCe1. We have previously shown by ChIP that pol II
and the transcription factor TRF4 are recruited to the SL RNA genes [37]. Using the same
protocol, we found TbCgm1 specifically associated with the SL RNA genes (Fig. 6, lane 6),
but not with an upstream control region (lane 3). In contrast, we did not detect recruitment of
TbCe1 to the SL RNA genes (lane 12). This result corroborated our RNAi and permeable cell
experiments and further supported the conclusion that TbCgm1 plays a role in capping of the
SL RNA.

4. Discussion
Eukaryotes rely on three enzymatic reactions for the formation of the m7GpppN cap, namely
the sequential action of RNA 5′ triphosphatase, RNA guanylyltransferase and RNA (guanine-
N7) methyltransferase. Although the physical organization of the capping apparatus is quite
distinct in different taxa [4,8,9], each enzymatic activity can be assigned to a single polypeptide
or domain. In contrast, a distinct and novel genetic organization is emerging in
trypanosomatids, namely the presence of two guanylyltransferase domains: one (TbCe1) fused
to an N-terminal domain of unknown function [27] and a second (TbCgm1) to a C-terminal
(guanine-N7) methyltransferase [29,30]. In addition, there is a separate RNA triphosphatase,
which is mechanistically related to the fungal enzymes [28,46], and a separate (guanine-N7)
methyltransferase [29]. Although some of these polypeptides have been characterized
biochemically and shown to be involved in m7G capping, the challenge remains to assign in
vivo functions. Here we have a taken a first step towards this goal and analyzed the functional
consequences of TbCe1 and TbCgm1 downregulation. Surprisingly, RNAi downregulation of
Ce1 had no phenotypic consequences, precluding further investigations by this route.
Nevertheless, we do not interpret this result to mean that TbCe1 is not needed for capping in
trypanosomes. Since RNAi does not generate a “knockout”, but rather downregulates mRNA
levels, the most likely explanation is that the residual amount of TbCe1 protein was sufficient
for cell growth. Indeed, so far we have not been able to generate a “classical” TbCE1 knockout
strain, where both alleles of the gene are replaced with an antibiotic resistance marker,
indicating that the gene is likely to be essential. Nevertheless, the in vivo function of TbCe1
remains to be determined.

As shown by the presence of diagnostic motifs [29] and by our mutagenesis analysis, TbCgm1
has the hallmarks and the activity of an RNA guanylyltransferase. In contrast to the negative
results obtained with RNAi downregulation of CE1, silencing of CGM1 had severe
consequences both on cell viability and SL RNA capping: between 2 and 3 days after RNAi
induction the cells stopped growing demonstrating that Cgm1 function is essential for cell
viability. This result is similar to what has been observed in the yeast S. cerevisiae, where it
was originally shown that Ceg1, the gene encoding the capping enzyme, is essential [7]. During
the time interval when cell growth begins to slow down, we observed several anomalies with
regard to the SL RNA. First, the steady-state level of the SL RNA decreased substantially. This
effect could be due to the instability of SL RNA molecules without or with unmethylated cap
and/or could be the result of the inhibition of trans-splicing, which is likely to cause havoc in
cells. Second, there was accumulation of molecules bearing a hypomodified cap 4 structure.
The explanation for this finding most likely lies in the requirement of the m7G cap for the
biogenesis of the cap 4 structure. Indeed, in vaccinia virus the steps in the biosynthesis of the
cap must occur in a unique sequence, i.e. the modification of the nucleotide adjacent to the cap
requires that the m7G cap be in place [47]. Third, during CGM1 silencing the proportion of SL
RNA bearing a methylated cap substantially decreased, as assessed by antibody
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immunoprecipitation of steady-state SL RNA and by TAP digestion of newly–synthesized SL
RNA. Lastly, P1 digestion and TLC analysis showed that there was accumulation of newly-
synthesized SL RNA molecules with an ADP terminus. In summary, our results showed that
Cgm1 depletion results in defects in both the addition of GMP and the methylation of the N7
position of guanine. On the basis of our analyses, we propose that the guanylyltransferase
domain of TbCgm1 is responsible for adding GMP to diphosphate terminated SL RNA.
Activity assays with a recombinant protein corroborated the proposed function of this domain.
Furthermore, the observation that the relative amount of m7G cap decreased, as a consequence
of TbCgm1 depletion, with a concomitant increase of the unmethylated GMP cap, provides
evidence that this polypeptide is also required for the methylation step of the capping reaction.
So far, we have not been able to produce the putative C-terminal (guanine-N7)
methyltransferase domain in a recombinant form to test its proposed enzymatic activity. While
this manuscript was in preparation, the Ho laboratory reported that recombinant TbCgm1 is a
bifunctional capping enzyme capable of transferring GMP to the SL RNA via covalent enzyme-
GMP intermediate [30]. In addition, it was shown that TbCgm1 methylates the guanine N-7
position of GpppN-terminated RNA. Taken together, these results are in agreement with
TbCgm1 being responsible for capping of the SL RNA.

We have previously shown that SL RNA transcripts as short as 30 nucleotides are capped,
consistent with a co-transcriptional mechanism for m7G capping addition [3]. This model is
further strengthened by our ChIP experiments presented here, which revealed an in vivo
association of TbCgm1 with the SL RNA genes. What remains to be explored is how the
capping enzyme is recruited to the transcriptional machinery. Since the SL RNA genes are
transcribed by pol II [48], the mechanism is most likely similar to that described in yeast and
mammals, where there is a physical interaction of the capping enzyme with the CTD of the
largest subunit of pol II [49,50].

The presence of two guanylyltransferase domains in trypanosomatid protozoa was unexpected
and so far, to the best of our knowledge, has not been reported in any other eukaryotic organism.
It is important to bear in mind that capping in these organisms not only occurs on pol II
transcripts, namely the SL RNA, but also on a specific subset of pol III transcripts. One
attractive possibility is that TbCe1 is involved in capping of a subset of pol III transcripts. How
TbCe1 may be directed to the U1, U2, U3 and U4 snRNAs, but not to other more abundant
pol III transcripts, is at present a matter of speculation. Since pol III is common to all these
genes, other possibilities to consider are that this specificity is achieved either by a gene-
specific transcription factor(s), by RNA determinants or by a combination of both mechanisms.
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Fig. 1.
The guanylyltransferase domain of TbCgm1 binds GMP. Soluble protein lysates from bacteria
expressing the NusA protein (pET-44, lane 1), amino acids 1 - 785 of TbCgm1 fused to the
NusA protein (wt, lane 2), and a fusion protein with the indicated mutation (K127A, lane 3)
were fractionated by SDS-PAGE and stained with Coomassie blue dye (upper panel) or tested
for GMP binding (lower panel, an autoradiograph is shown). The sizes (in kilodaltons) of
marker proteins are shown on the right and the position of the NusA-TbCgm1 fusion proteins
is indicated by an arrow.
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Fig. 2.
RNAi-induced downregulation of TbCE1 and TbCGM1. (A) Two independent clonal cell lines
expressing TbCE1 dsRNA were grown in the absence (lanes 1 and 3) or presence (lanes 2 and
4) for 24 hr and total cell extracts were assayed for enzyme-GMP complex formation. (B) Same
assay as in panel (A), except that TbCGM1 was downregulated (lanes 2 and 4). (C) Cell
densities were measured 24, 48, 72, 90 and 96 hr after induction of RNAi with tetracycline in
a clonal cell line expressing double-stranded RNA for either TbCE1 or TbCGM1. Since the
growth curves of uninduced cells were essentially identical to wild-type cells (wt), they are
represented as one.
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Fig. 3.
TbCE1 downregulation by RNAi. (A) Total RNA isolated from uninduced (lanes 1–5) or
TbCE1-RNAi cells induced for 8 days (lanes 6–10) was immunoprecipitated with anti-m7G
and anti-TMG antibodies and the input (I), supernatant (S) and pellet (P) fractions were assayed
by primer extension of the U2 snRNA (U2) and U3 snoRNA (U3). (B) The TbCE1 RNAi cell
line was induced with tet for the indicated number of days (lanes 2–4) and total RNA was
assayed by primer extension with an SL intron-specific primer. The position of fully-modified
(fm SL) and hypomodified (hm SL) SL RNA is indicated. RNA isolated from sinefungin-
treated cells served as a control for hypomodified SL RNA (lane 1). A U6 snRNA-specific
primer was included in the reactions to control for RNA amounts and quality.
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Fig. 4.
TbCGM1 depletion affects SL RNA capping. (A) Total RNA isolated from uninduced (lanes
1–5) or TbGM1-RNAi cells induced for 2.5 days (lanes 6–10) was immunoprecipitated with
anti-m7G and anti-TMG antibodies and the input (I), supernatant (S) and pellet (P) fractions
were assayed by primer extension of the U2 snRNA (U2) and U3 snoRNA (U3). (B) The
TbCGM1 RNAi cell line was induced with tet for the indicated number of days (lanes 2–5) and
total RNA was assayed by primer extension with an SL intron-specific primer. The position
of fully-modified (fm SL) and hypomodified (hm SL) SL RNA is indicated. RNA isolated
from sinefungin-treated cells served as a control for hypomodified SL RNA (lane 1). A U6
snRNA-specific primer was included in the reactions to control for RNA amounts and quality.
(C) Total RNA isolated from uninduced cells (lanes 1–3) or from cells depleted of TbCgm1
for 2.5 days (lanes 4–6) was immunoprecipitated with anti-m7G antibodies and the input (I),
supernatant (S) and pellet (P) fractions were assayed by primer extension with an SL intron-
specific primer. A U6-snRNA-specific primer was included in all the reactions to control for
immunoprecipitation specificity (U6). (D) Primer extension of total RNA with an
oligonucleotide complementary to nt 110 to 131 of the SL RNA. The position of the Y-structure
intermediate (Y) and full-length SL RNA (SL) is indicated. RNA isolated from sinefungin-
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treated cells was used as a control for trans-splicing inhibition (lane 1). An oligonucleotide
complementary to the U2 snRNA was included as a loading and quality control (U2).
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Fig. 5.
Newly-synthesized RNA labeled with [α-32P]GTP or [α-32P]ATP was prepared in
permeabilized cells, the spliced leader RNA was gel purified and analyzed by tobacco acid
pyrophosphatase and P1 digestion. In both panels, the SL RNA was isolated from uninduced
cells (lane 1), or from cells depleted for TbCGM1 for 1 day (lane 2) or 2.5 days (lane 3). (A)
The cap nucleotide was visualized by digesting [α-32P]GTP-labeled SL RNA with tobacco
acid pyrophosphatase and TLC separation. The positions of nonradioactive m7Gp and Gp
markers (visualized with UV light) are indicated. (B) [α-32P]ATP-labeled SL RNA was treated
with nuclease P1 and separated by TLC. Two different exposure times are shown. The positions
of nonradioactive AMP, ADP and ATP markers (visualized with UV light) are indicated.
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Fig. 6.
TbCgm1 is recruited to the SL RNA genes in vivo. Chromatin immunoprecipitations were
performed with antibodies directed against the BB2 epitope tag present on TbCgm1 (lanes 3
and 6) or TbCe1 (lanes 9 and 12), or with no antibodies as a control (lanes 2, 5, 8 and 11). PCR
amplification of the immunoprecipitates was done with primers upstream of the SL promoter
(nt −608 to −530) or within the promoter (nt −56 to +82). Numbering is with respect to the SL
RNA transcription start site. An aliquot of the total input is also shown (lanes 1, 4, 7 and 10).
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