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ABSTRACT

Trypanosomes are protistan parasites that diverged
early in evolution from most eukaryotes. Their
streamlined genomes are packed with arrays of
tandemly linked genes that are transcribed poly-
cistronically by RNA polymerase (pol) II. Individual
mRNAs are processed from pre-mRNA by spliced
leader (SL) trans splicing and polyadenylation. While
there is no strong evidence that general transcription
factors are needed for transcription initiation at these
gene arrays, a RNA pol II transcription pre-initiation
complex (PIC) is formed on promoters of SLRNA
genes, which encode the small nuclear SL RNA, the
SL donor in trans splicing. The factors that form the
PIC are extremely divergent orthologues of the small
nuclear RNA-activating complex, TBP, TFIIA, TFIIB,
TFIIH, TFIIE and Mediator. Here, we functionally char-
acterized a heterodimeric complex of unannotated,
nuclear proteins that interacts with RNA pol II and
is essential for PIC formation, SL RNA synthesis in
vivo, SLRNA transcription in vitro, and parasite vi-
ability. These functional attributes suggest that the
factor represents TFIIF although the amino acid se-
quences are too divergent to firmly make this conclu-
sion. This work strongly indicates that early-diverged
trypanosomes have orthologues of each and every
general transcription factor, requiring them for the
synthesis of SL RNA.

INTRODUCTION

In eukaryotes, RNA pol II core promoters direct the forma-
tion of the transcription pre-initiation complex (PIC) which

comprises the general transcription factors TFIID, TFIIA,
TFIIB, TFIIE, TFIIF, TFIIH and the polymerase. In addi-
tion, the large Mediator complex has an important role in
PIC formation and stability (1). In a first step, core promot-
ers of protein coding genes are recognized and bound by
TFIID which consists of the TATA-binding protein (TBP)
and several TBP-associated factors whereas promoters of
small RNA genes are contacted by a different DNA binding
factor, namely the small nuclear RNA-activating protein
complex or SNAPc (2,3). Overall, PIC formation is highly
conserved and the structures of the core PIC in the yeast
Saccharomyces cerevisiae and in humans are nearly identi-
cal (4).

The protist Trypanosoma brucei is a lethal parasite of hu-
mans in sub-Saharan Africa and a member of the phylo-
genetic family Trypanosomatidae which harbors other im-
portant parasites such as Trypanosoma cruzi and Leishma-
nia spp. (5). Trypanosomatids diverged very early in evo-
lution from most eukaryotes and they express their genes
in an unusual manner. Their protein coding genes are ar-
ranged in long dense tandem arrays which are transcribed
polycistronically by RNA polymerase (pol) II, and individ-
ual mRNA molecules are processed from pre-mRNA by
spliced leader (SL) trans splicing and polyadenylation (6,7).
In trans splicing, the capped 5/ portion of the small nuclear
SL RNA, the SL or mini-exon, is fused to the 5/ end of ev-
ery mRNA. Since SL RNA is consumed in the process, try-
panosome viability crucially depends on strong and contin-
uous SL RNA production. T. brucei harbors approximately
100 tandem SLRNA gene copies on chromosome 9 whose
expression ensures sustained gene expression in the para-
site. While trypanosome genes of small cytoplasmic and nu-
clear RNAs are transcribed by RNA pol III (8,9), SLRNAs
are transcribed by RNA pol II (10). However, in contrast to
protein coding gene arrays, SLRNAs are transcribed mono-
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cistronically. Each gene copy has its own promoter that re-
cruits RNA pol II to a distinct transcription initiation site.
Conversely, transcription of protein coding gene arrays ap-
pears to start at multiple positions over broad regions ei-
ther in divergent strand switch regions in which gene arrays
are arranged head-to-head or in non-divergent regions up-
stream of an array (11,12).

Trypanosomes form a PIC at the SLRNA promoter
(13,14). Identification of the general transcription factors,
however, proved to be difficult because their amino acid se-
quences are extremely divergent from those of their eukary-
otic counterparts - genome annotation merely identified
TBP [published and previously referred to as TBP-related
factor 4 (15)] and the two TFIIH helicases Xeroderma pig-
mentosum B (XPB) and XPD (16). Identification of other
factors and subunits relied predominantly on biochemical
and genetic methods. Consistent with SLRNA encoding
a small nuclear RNA, the first transcription factor puri-
fied and characterized was a trimeric SNAPc that formed
a larger complex with TBP, the small subunit of TFIIA
(TFIIA2), and a sixth protein, originally termed TFIIA1,
whose orthologous status remains uncertain (17,18). This
breakthrough was followed by the identification of try-
panosome TFIIB (19,20) and the biochemical characteri-
zation of TFIIH. Unlike human and yeast TFIIH, which
consists of a core of seven subunits and a trimeric cyclin-
dependent kinase 7 (CDK7; in yeast Kin28) complex, try-
panosome TFIIH comprised a full core complex but was
not associated with a kinase (21–23). Instead, the complex
was stably associated with two other proteins which likely
represent the heterodimeric TFIIE (23). Finally, a TFIIH-
associated complex of nine subunits was discovered that ex-
hibited no motif or sequence conservation that could re-
veal its identity. However, molecular structure analysis of
the purified complex by electron microscopy (EM) and its
functional role in stabilizing the PIC, identified the fac-
tor as the trypanosome Mediator complex MED-T which
structurally resembles the head module of the much larger
Mediator complex of other eukaryotes (24). As shown by
gene knockdowns, in vitro transcription assays and chro-
matin precipitation (ChIP) analyses, these factors assemble
at the SLRNA promoter and are indispensable for SLRNA
transcription and trypanosome viability. It is not known
whether any of these factors is required for transcription of
protein coding genes.

The missing general transcription factor in trypanosomes
is TFIIF. Eukaryotic TFIIF is a heterodimer (mammals)
or trimer (yeast) that binds tightly to RNA pol II which is
recruited to the PIC as a RNA pol II-TFIIF complex by
TFIIB (25,26). Two distinct roles in transcription initiation
have been associated with TFIIF. Firstly, TFIIF is critical
for the formation of a stable PIC, in particular for recruit-
ment, retention and positioning of TFIIB, and may func-
tion in initial transcriptional steps such as open complex
formation, determination of the correct transcription initi-
ation site and promoter escape of RNA pol II (27–30). Sec-
ondly, by recruiting and stimulating the phosphatase FCP1,
yeast TFIIF is involved in dephosphorylation of the CTD of
the largest RNA pol II subunit RPB1 during the transcrip-
tion cycle (31). Conserved from yeast to humans this CTD
harbors 26–52 repeats of the heptad motif YSPTSPS. Phos-

phorylation and dephosphorylation of this motif regulate
the transcription cycle (32,33). The CTD in trypanosomes
does not contain the heptad or other repetitive motifs and
a CDK7 ortholog seems to be missing in these organisms
(34). On the other hand, the CTD was shown to be essential
for RNA pol II transcription in vivo (35,36), 17 phospho-
sites were identified within the CTD (37), and evidence ob-
tained in the related organism Trypanosoma cruzi suggested
that RNA pol II association with chromatin requires the
CTD to be phosphorylated (38).

Here, tandem affinity purification of T. brucei RNA pol
II revealed for the first time all twelve subunits (RPB1–12),
several proteins that are known to associate with the enzyme
as well as four proteins of unknown function. We show that
two of the latter form a heterodimeric complex which local-
izes to the nucleus, occupies the SLRNA promoter, and is
essential for trypanosome viability and SLRNA transcrip-
tion. Moreover, depletion of this complex significantly de-
creased the presence of TFIIB at the SLRNA promoter, in-
dicating that the complex is important for stable PIC for-
mation. While all these attributes are in accordance with
the complex being trypanosome TFIIF, the amino acid se-
quences have no resemblance to TFIIF subunit sequences of
other eukaryotes. Accordingly, we termed the complex ten-
tatively TFIIF-like or TFL. Since we additionally provide
structure modeling evidence that the trypanosome TFIIH
subunit TSP2 is potentially the homolog of TFIIE�, this re-
port strongly indicates that trypanosomatids possess a full
set of RNA pol II general transcription factors.

MATERIALS AND METHODS

DNA

pRPB9-PTP-NEO was generated by inserting 383 bp of
the C-terminal RPB9 coding region (position 17 to posi-
tion 399 relative to the translation initiation codon) into
the pC-PTP-NEO tagging construct (39), using ApaI and
NotI restriction sites (please note that the PTP tag consists
of a protein C epitope [ProtC], a tobacco etch virus [TEV]
protease site, and a tandem protein A domain [ProtA]). By
introducing the silent T174G mutation, a unique restric-
tion site for AflII was engineered into the cloned RPB9 se-
quence. pTFL1-PTP-NEO and pTFL2-PTP-NEO were ob-
tained correspondingly, introducing 460 bp of TFL1 (posi-
tion 1101–1560) and 1002 bp of TFL2 (position 241 to po-
sition 1242) coding region into pC-PTP-NEO, respectively.
For TFL1 gene silencing 330 bp of the 3/ UTR sequence
(position 1564 to position 1893) were integrated in a stem-
loop arrangement into the pT7-stl vector (40) to obtain
plasmid T7-TFL1-stl. pT7-TFL2-stl for TFL2 silencing was
obtained accordingly, integrating the coding region from
nucleotide position 363 to position 863. For the expres-
sion of N-terminal glutathione-S-transferase (GST)-TFL2
fusion protein in Escherichia coli, the complete coding re-
gion of TFL2 was cloned into pGEX-6p-1 (GE Healthcare)
using the vector’s BamHI and EcoRI restriction sites to gen-
erate plasmid GST-TFL2. pGPEET-trm and pSLins19, the
template constructs for in vitro transcription assays, have
been described in detail previously (41,42).
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Trypanosomes

Culturing and stable transfection of procyclic T. brucei bru-
cei strain 427 wild-type cells and the genetically modified
cell line 29–13 (43) were carried out as described previ-
ously (44). Transfected cells were cloned by limiting dilu-
tion. Cell line TbRPB9ee was generated by targeted inser-
tion of AflII-linearized pRPB9-PTP-NEO into one RPB9
allele and by knocking out the remaining wild-type allele
with a PCR product of the hygromycin phosphotransferase
coding sequence surrounded by 100 bp of RPB9 5/ and
3/ gene flanks. Cell line TbT2PTPee was generated accord-
ingly with SmaI-linearized pTFL2-PTP-NEO and a corre-
sponding hygromycin resistance-promoting PCR product.
Procyclic cells that express TFL1-PTP were generated by
transfecting BbS1-linearized pTFL1-PTP-Neo. For condi-
tional TFL1 and TFL2 silencing experiments, pT7-TFL1-
stl and pT7-TFL2-stl were linearized with SacII and EcoRV,
respectively, transfected into 29–13 cells and targeted for in-
tegration into the transcriptionally silent spacer region of
the rRNA gene locus. Transfected cells were selected with
phleomycin. The concentrations of selecting antibiotics in
medium was 40 �g/ml of G418, 40 �g/ml of hygromycin
and 2.5 �g/ml of phleomycin. For each transfection, correct
DNA integration was confirmed by PCR of genomic DNA
with at least one oligonucleotide hybridizing outside of the
transfected nucleotide sequence. Conditional gene silencing
experiments were performed by incubating trypanosomes
with medium containing 2 �g/ml of doxycycline. Culture
growth was monitored by a Z1 Coulter Particle Counter
(Beckman Coulter), and cells were diluted daily to a den-
sity of 2 × 106 cells/ml.

RNA analysis

To compare RNA amounts between uninduced and gene-
silenced trypanosomes, total RNA was prepared from 108

cells using the Trizol reagent (ThermoFisher Scientific) and
reverse-transcribed with SuperScript II (ThermoFisher Sci-
entific) and random hexamer or Oligo (dT)20 primers both
according to the manufacturer’s protocol. cDNA sequences
were then subjected to semi-quantitative and quantitative
PCR (qPCR). For each semi-quantitative PCR, the num-
ber of cycles for the linear amplification range was deter-
mined empirically. qPCR reactions were carried out with
the SsoFast EvaGreen Supermix (Biorad) on a CFX96 cy-
cler (Biorad). Suitability of each oligonucleotide pair was
determined by standard agarose gel electrophoresis, melting
curve analysis, and a standard curve obtained from serial di-
lutions of DNA samples whose coefficient of determination
(R2) needed to be in the range of 0.98–1.0. Relative abun-
dances of SL RNA and U2 snRNA were assayed by primer
extension of total RNA using 5/-P32-endlabeled oligonu-
cleotides SL PE and U2f. Sequences of oligonucleotides
that were used in qPCR and primer extension are listed in
Supplementary Table S1.

Newly synthesized RNA was labeled in lysolecithin-
permeablized, procyclic cells (45), by incubating these cells
with transcription cocktail (20 mM HEPES–KOH, pH 7.7,
20 mM potassium L-glutamate, 3 mM MgCl2, 1 mM dithio-
threitol (DTT), 25 mM creatine phosphate, 0.6 mg/ml crea-
tine kinase, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM

CTP, 1 mM GTP, 2 mM ATP, 5 �M UTP and 100 �Ci of
[�-32P]UTP [3000Ci/mol]) for 8 min at 28◦C. Total RNA
from these reactions was separated electrophoretically in
6% acrylamide/50% urea gels, and labeled RNA visualized
through autoradiography.

Tandem affinity purification and sedimentation analysis

Preparation of extract and tandem affinity purification of
PTP-tagged RPB9 and TFL1 was carried out exactly as
described previously (39). Purified proteins were separated
on denaturing SDS-10 to 20% polyacrylamide gradient gels
(Biorad) and visualized by staining with either SYPRO
Ruby (Biorad) or Gelcode Coomassie blue (Thermo Fisher
Scientific) according to manufacturers’ specifications. For
protein identification, individual protein bands were excised
from the gel or, for a complete analysis of an eluate, the
whole gel lane was divided up into seven pieces. Proteins
were digested with trypsin, eluted from gel pieces and sub-
jected to liquid chromatography–tandem mass spectrom-
etry (LC/MS/MS) at the Keck Biotechnology Resource
Laboratory of Yale University.

For sedimentation analysis, a complete final eluate of
a standard PTP tandem affinity purification was vacuum-
concentrated from a volume of 1.8 ml to a volume of ∼0.6
ml, dialyzed overnight against E-80 buffer (150 mM su-
crose, 20 mM HEPES–KOH, pH7.7, 20 mM potassium L-
glutamate, 3 mM MgCl2, 80 mM KCl, 0.2 mM EDTA, 0.5
mM EGTA, 0.1% Tween20) at 4◦C and further concen-
trated to a volume of 0.2 ml in an Amicon Ultra 0.5 ml cen-
trifugal filter device (Millipore Sigma). The eluate was then
loaded onto a linear 3.8 ml 10–40% sucrose gradient in E-
80 buffer and sedimented by ultra-centrifugation at 41,000
rpm in a Beckman SW55Ti rotor for 19 h at 4◦C. The gra-
dient was fractionated in twenty 0.2 ml aliquots from top to
bottom. Proteins from 0.1 ml of each fraction were collected
by hydrophobic Strataclean resin (Stratagene) and analyzed
by denaturing SDS-PAGE while the remaining material was
used for co-immunoprecipitation (IP) and in in vitro tran-
scription assays (see below).

Antibodies, immunoblotting and co-IPs

To raise an anti-TFL2 immune serum in rats, we trans-
formed the BL21 strain of Escherichia coli with pGST-
TFL2 and purified recombinant TFL2-GST from BL21 ex-
tract by glutathione affinity chromatography (GE Health-
care) following the manufacturer’s protocol. The recombi-
nant protein was then used to immunize Sprague-Dawley
rats as described previously (20) and according to an animal
use protocol that was approved by the UConn Health Insti-
tutional Animal Care and Use Committee (Public Health
Service [PHS] assurance number A3471-01) and in accor-
dance with the PHS Policy for the Humane Care and Use
of Vertebrate Animals and the Guide for the Care and Use
of Laboratory Animals.

For immunoblot analyses, proteins were separated by
SDS-PAGE, electroblotted onto PVDF membrane and de-
tected with the following antibodies. PTP-tagged proteins
were recognized by the ProtA-specific Peroxidase Anti-
Peroxidase (PAP) reagent (ThermoFisher Scientific) or by
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the mouse anti-ProtC monoclonal antibody HPC4 (Roche).
Trypanosome TFL2 was detected with rat anti-TFL2 im-
mune serum (this study), RPB1 with an equivalent im-
mune serum (46), and � tubulin with a commercially
available mouse monoclonal anti-[human] � tubulin anti-
body (Millipore Sigma). Primary antibodies/sera were di-
luted 1:2,000 except for the anti-� tubulin antibody which
was diluted 1:200,000. As secondary antibodies we used
peroxidase-conjugated goat anti-mouse IgG antibody (Mil-
lipore Sigma) at 1:6,000 dilution and goat anti-rat IgG an-
tibody (ThermoFisher Scientific) at 1:8,000 dilution. Blots
were developed using the BM chemiluminescence blotting
substrate (Roche) according to the manufacturer’s specifi-
cations.

To precipitate TFL1-PTP from trypanosome extract, 25
�l of pelleted IgG beads (GE Healthcare), which bind to
ProtA of the PTP tag, were equilibrated in TET150 buffer
(150 mM NaCl, 20 mM Tris–HCl, pH 8.0, 3 mM MgCl2,
0.1% Tween20), mixed into extract and incubated on ice for
30 min. After washing the beads six times with TET150,
proteins were eluted by incubating the beads for 30 min at
28◦C in TET150 buffer containing 0.5 mM EDTA, 0.1 mM
DTT, and 20 units of AcTEV protease (ThermoFisher Sci-
entific). IP of untagged TFL2 from fraction 9 of the sucrose
gradient was carried out basically as described above with
antibodies from the anti-TFL2 immune serum immobilized
on protein G Sepharose (GE Healthcare). Precipitated pro-
teins were eluted twice with 0.2 mM glycine–HCl, pH2.0,
immediately followed by pH neutralization with one tenth
volume of 1 M Tris–HCl, pH 8.0.

In vitro transcription

Preparation of transcriptionally active extracts and in vitro
transcription reactions were essentially performed as de-
scribed previously except that the volume of extract was re-
duced (44). Briefly, trypanosomes were broken with a glass
douncer and nuclear proteins extracted into the soluble
fraction by adding 1/10 volume of extraction buffer (150
sucrose, 20 mM HEPES–KOH, pH 7.7, 1500 mM KCl, 3
mM MgCl2) to the suspension. After reducing the KCl con-
centration to ∼100 mM by dilution, and concentrating the
extract about fourfold with a 10K centrifugal filter (Sigma
Millipore), extracts were obtained with a protein concen-
tration of ∼25 �g/�l. Transcription reactions were carried
out in a volume of 40 �l for 1 h at 27◦C and contained 6
�l of extract, 20 mM HEPES–KOH, pH 7.7, 20 mM potas-
sium L-glutamate, 20 mM KCl, 3 mM MgCl2, 0.5 mM of
each nucleoside triphosphate, 20 mM creatine phosphate,
0.48 mg/ml creatine kinase, 2.5% polyethylene glycol, 0.2
mM EDTA, 0.5 mM EGTA, 4 mM DTT, 10 �g/ml apro-
tinin, 10 �g/ml leupeptin, 12.5 �g/ml empty vector DNA,
20 �g/ml GPEET-trm template and 7.5 �g/ml SLins19
template. In reactions with immune serum, 6 �l of extract
were pre-incubated with 1 �l of serum for 30 min on ice
before reactions were started. TFL2-PTP was depleted or
mock-depleted from extract by IgG or protein G affin-
ity chromatography in which 600 �l of extract was mixed
with 50 �l of pelleted, E buffer-equilibrated beads. After
rotating the mixtures for 1 h at 4◦C, extracts were sep-
arated from beads by centrifugation and directly used in

transcription reactions. SLins19 transcription was recon-
stituted in reactions with TFL2-PTP-depleted extract by
adding 2 or 4 �l of sucrose gradient fraction 9. Transcrip-
tion reactions were generally stopped by adding the Tri-
zol reagent to prepare total RNA. SLins19 and GPEET-
trm transcripts carry unique oligonucleotide tags and were
analyzed in these RNA preparations by primer extension
of 5′-32P-endlabeled, tag-complementary oligonucleotides
SL Tag and Tag PE, respectively.

Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed as described previously
(21,22). Briefly, 108 procyclic trypanosomes were fixed in
1% formaldehyde for 20 min and chromatin of these cells
was fragmented with a Bioruptor sonicator (Diagenode) to
an average DNA length of ∼500 bp by 25 sonication cycles
(30 s on/30 s off) at high settings. TFL2-PTP-crosslinked
chromatin was precipitated with a ChIP-grade, rabbit poly-
clonal anti-ProtA antibody (Sigma) that was immobilized
on protein A beads whereas chromatin fragments contain-
ing untagged TFIIB were precipitated with rat anti-TFIIB
immune serum (20) immobilized on protein G beads. In
anti-TFL2-PTP ChIP assays we carried out negative con-
trol precipitations with a comparable nonspecific rabbit im-
mune serum. For these assays we calculated the percentage
of precipitated DNA relative to input DNA, standardiz-
ing the data by subtraction of the percent IP of the nega-
tive control. For anti-TFIIB ChIP assays, we omitted the
negative control precipitation and, instead, used PicoGreen
(ThermoFisher Scientific) to quantify the concentrations of
DNA prepared from input and precipitated chromatin sam-
ples, enabling us to quantify by qPCR the fold enrichment
of SLRNA promoter DNA in precipitated DNA relative to
that of the � tubulin coding region which served as a nega-
tive control in qPCR.

Microscopy

The cellular localization of TFL1-PTP and TFL2-PTP was
determined by indirect fluorescence microscopy using a rab-
bit polyclonal anti-ProtA antibody (Sigma) at 1:40,000 dilu-
tion followed with the Alexa 594 conjugated secondary an-
tibody (ThermoFisher Scientific) at 1:400 dilution as previ-
ously published (47). DNA was stained with 4,6-diamidino-
2-phenylindole (DAPI) at a final concentration of 2 �g/ml.
Images were acquired on laser scanning confocal micro-
scope (LSM780, Carl Zeiss) with a 63× 1.4 numerical aper-
ture and oil immersion objective using ZEN software and
processed with ZEN lite software (Carl Zeiss).

Homology modeling

Homology models of the C-terminal domain of TFL1
(residues 464–520; Tb927.11.1040) and the N-terminal do-
main of TSP2 (residues 108–227; Tb11.01.5700) were gen-
erated using the PHYRE 2 protein structure prediction
server (48). The amino-acid sequences of these domains un-
derwent secondary structure prediction; the outputs were
aligned and scored against the PHYRE database to produce
a tertiary homology model ensemble. From this ensemble,
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the top scoring PHYRE homology model was used as a rep-
resentative domain structure for both proteins. For TFL1,
the highest confidence model (95% of residues modeled at
> 72% confidence) was based on the NMR structure of
the DNA-binding domain of human RAP30 (49) (protein
data bank identifier [PDB ID]: 2BBY) and the crystal struc-
ture of the C-terminal domain of human RAP74 (50) (PDB
ID: 1I27). For TSP2, the highest confidence model (75%
of residues modeled at >68% confidence) was based on
the high-resolution cryo-EM structure of the yeast TFIIE�
subunit (26) (PDB ID: 5YFW).

RESULTS

Re-visiting RNA pol II tandem affinity purification (TAP)

Conserved from yeast to humans, RNA pol II consists
of subunits RPB1–12 and is known to be associated with
TFIIB, TFIIF and several transcription elongation fac-
tors such as SPT5, SPT6, TFIIS, and FACT (facilitates
chromatin transcription). In previous purifications of RNA
pol II from T. brucei and the related organism Leishmania
major, the original TAP tag (51) was fused to the RNA pol
II-specific subunits RPB4 (52), RPB9 (N-terminal tag) (53),
or RPB2 (54). In these studies, TAP revealed most but not
all of the RNA pol II subunits as well as several additional
proteins among which only the FACT subunit SPT16 was
a known transcription factor. Since we had modified the
TAP procedure based on the composite PTP tag (39), we
revisited RNA pol II purification in the hope to identify
new transcription-relevant proteins. For the purification we
fused the PTP tag C-terminally to RPB9 (RPB9-PTP) and
generated the clonal procyclic cell line TbR9PTPee, which
exclusively expressed RPB9-PTP and no untagged RPB9,
by two consecutive transfections. In a first step, we inte-
grated plasmid RPB9-PTP-NEO into one RPB9 allele, fus-
ing the PTP sequence to the RPB9 coding sequence, and, in
a second transfection of a PCR amplification product that
comprised the hygromycin phosphotransferase (HYG) cod-
ing region surrounded by RPB9 gene flanks, we eliminated
the remaining wild-type allele (Figure 1A). Since RPB9 is an
essential gene in T. brucei (53) and TbR9PTPee cells exhib-
ited only a mild proliferation defect (Supplementary Figure
S1), we concluded that C-terminally tagged RPB9 was func-
tional.

Immunoblot monitoring of the purification showed that
IgG affinity chromatography (IgG binds to ProtA), TEV
protease cleavage and anti-ProtC immunoaffinity chro-
matography of RPB9-PTP was efficient (Figure 1B). Anal-
ysis of the final eluate by SDS-PAGE revealed more dis-
tinct protein bands than in previous RNA pol II purifica-
tions. In particular, two prominent bands of ∼55 kDa and
∼60 kDa were not seen before. To identify the proteins, in-
dividual bands were excised, trypsin-digested and analyzed
by LC/MS/MS (Figure 1C). In addition, we analyzed the
complete eluate of a comparable purification in the same
way (Table 1). In a later repeat of the experiment, the pro-
tein banding pattern was largely the same, except that the
strength of the 55/60 kDa bands could not be reproduced
(Supplementary Figure S2). This difference was most likely
due to variation of the salt concentration in extracts (see
below). Nonetheless, for the first time, all twelve subunits

Table 1. Mass spectrometric identification of RPB9-PTP co-purified
proteins

List of RPB9-PTP co-purified proteins that were identified by a minimum
of two unique peptides and a protein score greater than 100. Ranking is ac-
cording to protein score. RNA pol II subunits, proteins expected to be as-
sociated with the polymerase, and un-annotated proteins are highlighted in
yellow, green and blue, respectively; put., putative. Bold lettering indicates
proteins that were identified in both purification experiments. Proteins in
the bottom part of the list were identified only in the second purification.
Standard contaminants of trypanosome protein purifications such as �/�
tubulin, translation elongation factor, retrotransposon hot spot proteins,
low scoring ribosomal proteins, and standard chaperones were eliminated
from the list.
1Annotation is either from www.TriTrypDB.org or according to bioinfor-
matic analysis (marked by asterisks). Functional assignments in parenthe-
ses have been added for clarity.
2These proteins were identified in both experiments albeit once with a non-
significant expect value.
3RPB10 (71 aa) was not discovered in the first experiment because the gene
had not been annotated yet; it was annotated in the latest version of the
TriTrypDB database.

were biochemically identified as part of an isolated RNA
pol II complex. Since trypanosomes possess two RPB10
paralogs, detection of RPB10 in the eluate confirmed that
this paralog and not RPB10z (Tb927.3.1250) is a subunit of
RNA pol II (55). Among the known general transcription
factors, TFIIB consistently co-purified with the polymerase
with high protein scores, raising the possibility that, in ad-
dition to its known essential role in SLRNA transcription,
it is important for gene array transcription as well.

Besides RNA pol II subunits and TFIIB we identified
known and newly annotated transcription elongation fac-
tors. The minor band of ∼100 kDa contained the elonga-
tion factor SPT5, which is conserved among eubacteria, ar-
chaea and eukaryotes and which, by binding to the poly-
merase, increases its processivity by closing the DNA bind-
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Figure 1. Tandem affinity purification of RNA pol II via RPB9-PTP. (A) Schematic depiction (not to scale) of a wild-type RPB9 allele (open box) and
the two modified RPB9 alleles in TbR9PTPee trypanosomes. In this cell line, one RPB9 allele was knocked out by a hygromycin phosphotransferase gene
(HYG, striped box) and integration of plasmid RPB9-PTP-NEO into the second allele fused the PTP sequence (black box) to the RPB9 coding region and
added a neomycin phosphotransferase gene (NEO; striped box). Smaller gray boxes indicate gene flanks for RNA processing signals and checkered boxes
depict RPB9 sequences encoded in the plasmid. (B) Immunoblot monitoring of RPB9-PTP tandem affinity purification, detecting the tagged protein with
the monoclonal anti-ProtC antibody HPC4 in extract (Inp), flowthrough of IgG affinity chromatography (FT-IgG), TEV protease eluate, flowthrough
of anti-ProtC immunoaffinity chromatography (FT-ProtC) and the final eluate (Elu). x-Values indicate relative amounts analyzed (Please note that TEV
protease, cleaving off ProtA, reduces RPB9-PTP to RPB9-P, which corresponds to molecular mass reduction of ∼20 kDa). Marker sizes in kDa are
indicated on the left. (C) RPB9-PTP co-purified proteins (Elu) and, for comparison, proteins of extract (Inp) and the TEV eluate were separated on a
10–20% SDS polyacrylamide gradient gel and stained with Coomassie blue. Individual protein bands were excised and proteins identified by LC/MS/MS
as indicated on the right. (D) Predicted secondary-structure elements and homology model for the C-terminal winged-helix DNA-binding motif of TFL1.
Top, secondary-structure assignments predicted by PHYRE 2 are shown as cyan cylinders (� helices) and arrows (� strands). Bottom, ribbon diagram of
top scoring PHYRE homology model of the C-terminal domain of TFL1 (left), and supposition of TFL1 (cyan) with the C-terminal WH DNA-binding
domain of human RAP30 (PDB ID: 2BBY) (pink; middle) and RAP74 (PDB ID: 1I27) (magenta; right).

ing channel (56). The previously characterized TFIIS2–
1 (57) and the histone chaperone SPT6 are also proteins
which likely contribute to transcription elongation. We also
identified all three trypanosome subunits of the conserved
PAF (polymerase associated factor) complex (58) which in
yeast and humans associates with RNA pol II, facilitates
transcription elongation through chromatin, and interacts
with transcription-relevant proteins (59). Interestingly, in
trypanosomes, interaction of the PAF complex with RNA
pol II could not be established previously which suggested
a transcription-independent role of the factor in the expres-
sion of many genes (58). However, detection of all three sub-
units as RPB9-PTP-copurifying proteins (Table 1) strongly

indicated that the trypanosome PAF complex does have a
transcriptional role as its counterpart in other eukaryotes.

The proteins of the 55 and 60 kDa bands appear to be TFIIF
proteins

The proteins of the 60 kDa and 55 kDa bands were
identified as products of genes Tb927.11.1040 and
Tb927.11.15580, respectively. While the proteins are well
conserved among trypanosomatid organisms (Supplemen-
tary Figure S3), they have no sequence similarity to proteins
of other eukaryotes. However, the facts that both proteins
co-purified in seemingly stoichiometric amounts (Figure
1C), that, in other eukaryotes, TFIIB binds to RNA pol
II that is associated with TFIIF and TFIIB was readily
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detectable in our RPB9-PTP purifications, and that ex-
treme sequence divergence is a hallmark of all trypanosome
RNA pol II general transcription factors (14), made us
speculate that these two proteins form the heterodimeric
TFIIF complex of trypanosomes. We therefore tentatively
named these proteins TFL1 (Tb927.11.1040) and TFL2
(Tb927.11.15580).

Since multiple sequence alignments of TFIIF subunits
from model organisms and TFL1 and TFL2 from several
trypanosomatids did not reveal convincing sequence simi-
larities (data not shown), we employed homology modeling
to explore the possibility that TFL1 and TFL2 are struc-
turally related to TFIIF subunits. Using the PHYRE 2 pro-
tein folding recognition server we were able to generate a
homology model for TFL1. Intriguingly, the highest confi-
dence model generated (95% of residues modeled at >72%
confidence) is located in the extreme C-terminal region of
the protein (residues 464–520) and unequivocally reminis-
cent of the classic ‘winged’ helix (WH) domain of helix-
turn-helix DNA-binding proteins (Figure 1D). This model
adopts a compact, �/� mixed fold consisting of four �-
helices and an antiparallel three-stranded � sheet that forms
the ‘wing’. Mammalian TFIIF is an �/� hetero-oligomer
of RAP74 and RAP30 subunits, both of which contain a
highly-conserved C-terminal WH domain despite limited
sequence similarity (49,50). Correspondingly, the homology
model of the WH domain of TFL1 can be superimposed
onto those of RAP74 and RAP30 with a root mean square
deviation of 3.6 and 2.3 Å, respectively, for the 70 core C�
atoms, although TFL1 and these two proteins share only
∼23% sequence identity. The WH domains of RAP74 and
RAP30 have been reported to participate in DNA bind-
ing (60–62). Interestingly, the calculated electrostatic poten-
tial on the surface of the WH domain of TFL1 flanking
the �-helix H3 is largely positive, suggesting that this pu-
tative recognition helix can interact with the major groove
of DNA, in a mode similar to that of RAP30, but signif-
icantly different from RAP74 (Supplementary Figure S4).
Thus, the homology model of the WH domain of TFL1 sug-
gested that TFL1 appears to be functionally more related to
RAP30 than to RAP74.

TFL1 and TFL2 are essential for parasite viability and SL
RNA synthesis in vivo

If TFL1 and TFL2 are indeed orthologues of TFIIF sub-
units, they should be important for SLRNA gene transcrip-
tion since TFIIF is a critical factor for PIC formation (63).
To test this, we generated clonal cell lines for conditional
TFL1 and TFL2 silencing. For each gene we generated a
construct in which a doxycycline-inducible T7 promoter
drives the expression of a hairpin RNA that, via the RNA
interference pathway, targets the mRNA of the respective
gene. Each construct was integrated into the transcription-
ally silent rRNA gene spacer region of procyclic 29–13
trypanosomes which constitutively express T7 RNA poly-
merase and the tetracycline repressor (43). For each gene
knockdown, we generated two independently derived clonal
cell lines. Addition of doxycycline to these cells invariably
stopped culture growth after the second day of induction
and, subsequently, led to a strong reduction of the cell num-

Figure 2. Silencing of TFL1 or TFL2 was lethal and reduced SL RNA
abundance. (A) Cumulative culture growth curves were obtained for TFL1
and TFL2 silencing in the absence and presence of doxycycline (dox), the
gene knockdown-inducing small molecule. For each knockdown, two in-
dependently derived cell lines were investigated. (B) Analysis of total RNA
from one cell line for each knockdown in uninduced state (0) and after 3
days of doxycycline induction. TFL1 and TFL2 and, as a control, � tubulin
(ATUB) mRNAs were analyzed by reverse transcription (RT) of oligo-dT
and semi-quantitative PCR. To confirm equal RNA content, rRNA was
visualized by ethidium bromide staining after agarose gel electrophoresis.
Numbers on the right were derived from RT-qPCR assays and specify the
percentage of the targeted mRNA that remained relative to ATUB RNA
in gene-silenced cells. (C) Relative abundances of SL RNA and U2 snRNA
in total RNA of uninduced and 1, 2, and 3 days TFL-silenced cells were de-
termined by primer extension assays, using a SL RNA- and a U2 snRNA-
specific primer in the same reactions. Numbers on the bottom were de-
termined by densitometry and specify the strength of the SL RNA signal
normalized by the U2 snRNA signal for each lane. The value in uninduced
cells was arbitrarily set to 100. The numbers represent the average of two in-
dependent experiments. (D) Lysates of uninduced cells and of cells in which
either TFL1 or TFL2 was silenced (KD) for 3 days were immunoblotted,
detecting phosphorylated (pRPB1) and unphosphorylated RPB1.

ber (Figure 2A), indicating that both genes are essential for
procyclic trypanosome viability in culture. We carried out
RNA analysis for one of the clonal cell lines for each gene.
Semi-quantitative reverse transcription (RT)–PCR analysis
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of total RNA prepared from uninduced cells and from cells
in which TFL1 or TFL2 was silenced for three days showed
a specific decline of the target mRNA whereas the abun-
dances of the non-targeted partner mRNA, the � tubulin
(ATUB) mRNA or rRNA remained unaffected (Figure 2B).
RT-quantitative (q)PCR revealed that, relative to ATUB
mRNA, 30% of TFL1 mRNA and 13% of TFL2 mRNA
remained three days after inducing the gene knockdowns.

To determine the effect of gene silencing on steady-state
SL RNA abundance, we carried out a primer extension as-
say with two oligonucleotides that are complementary to SL
RNA and U2 snRNA. Detection of the latter served as a
control since U2 snRNA in trypanosomes is synthesized by
RNA pol III. Relative to U2 snRNA, SL RNA abundance
was reduced to 73% and 63% (day 2) and to 44% and 30%
(day 3) of the uninduced level in TFL1- and TFL2-silenced
trypanosomes, respectively (Figure 2C). These specific de-
clines of SL RNA were in agreement with potential roles of
TFL1 and TFL2 in SLRNA transcription.

We also wanted to know whether the knockdown of ei-
ther gene would affect the phosphorylation status of RPB1.
If TFL1 and TFL2 were TFIIF subunits, it was possi-
ble that depleting either protein would prevent the recruit-
ment of an FCP1 phosphatase to RNA pol II and result in
an increase in phosphorylated RPB1. In SDS-PAGE, try-
panosome RPB1 is typically present in two major bands (see
Figure 1C) of which the slower migrating band is phospho-
rylated RPB1 and the faster migrating band is unphospho-
rylated RPB1 (46). Using an anti-CTD antibody we found
that silencing of either TFL1 or TFL2 did not detectably
affect RPB1 phosphorylation, suggesting that the two pro-
teins are not involved in recruiting FCP1 phosphatase to
RNA pol II (Figure 2D).

If the TFL1 and TFL2 genes indeed encode factors for
SLRNA transcription, their silencing should affect SL RNA
synthesis. To test this, we employed a permeable cell system
in which uptake and incorporation of radiolabeled UTP
into newly synthesized RNA is efficient (45). We perme-
abilized uninduced cells and cells in which TFL1 or TFL2
were silenced for 2 or 3 days and radiolabeled newly syn-
thesized RNA for eight minutes which is well within the
15–20 min time span of linear RNA synthesis this system
supports (45). In this system, the signal of newly synthe-
sized SL RNA is strong enough that it can be visualized
as a prominent band of ∼140 nt after separation of total
RNA by denaturing PAGE (Figure 3). In addition, tRNA
signals can be seen around the 76 nt mark whereas signals of
pre-mRNA and pre-rRNA are apparent on top of the gel.
Knocking down either gene resulted in a decline of SL RNA
relative to the tRNA signal. Consistent with the more effi-
cient knockdown, reduction of newly synthesized SL RNA
was strongest when TFL2 was silenced. After two days, the
SL RNA signal was reduced to 57% and, after 3 days, only
25% of SL RNA synthesis seen in uninduced cells remained.
These numbers are in close agreement with those observed
upon silencing the genes of the basal transcription factors
TFIIB (20), TFIIH (21), and Mediator (24). Although the
SL RNA signal was only reduced by 42% on day 3 of TFL1
silencing, this result did support the notion that both pro-
teins are important for SLRNA transcription.

Figure 3. TFL1 and TFL2 silencing affects SL RNA synthesis. Newly syn-
thesized RNA was labeled with [32P-�]UTP in permeabilized procyclic try-
panosomes, which were uninduced or gene-silenced for 2 or 3 days, ex-
tracted, separated on a 50% urea-6% polyacrylamide gel, and visualized by
autoradiography. Numbers on the bottom refer to relative SL RNA signal
strengths normalized by the corresponding tRNA signals as determined
by densitometry. The numbers represent the average of two independent
experiments. On the left, pBR322-MspI marker sizes are indicated.

TFL1 and TFL2 form a heterodimeric complex

Another prediction for TFL1 and 2 being TFIIF subunits
is that they form a complex and directly interact with each
other. As a tool to investigate such a complex we generated
rat immune serum against full-length recombinant TFL2
that was N-terminally tagged with GST and expressed in
and purified from E. coli (Supplementary Figure S5). With
this immune serum at hand, we first confirmed that TFL2
and RNA pol II interact with each other by reciprocal co-
IP (Supplementary Figure S6A). Moreover, we could show
that TFL2 co-precipitation with RPB9-PTP is salt sensitive
and largely disrupted in extracts that contain ∼300 mM KCl
(Supplementary Figure S6B). This result strongly indicated
that variation of the salt concentration in extracts used
for RPB9-PTP tandem affinity purification accounted for
the different amounts of TFL co-purification we observed
(compare Figure 1C with Supplementary Figure S2B), and
it suggested that the purification shown in Figure 1C re-
flects the true interaction of RNA pol II and TFL in cells.
Also, the salt sensitivity of the RNA pol II-TFL interac-
tion is consistent with dissociation of mammalian TFIIF
subunits from RNA pol II in a buffer containing 200 mM
NaCl (64) and may be the reason why the two TFL proteins
were not detected in previous RNA pol II characterizations.
First evidence that the two proteins form a complex came
from determining TFL2 abundance in TFL-silenced cells.
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As expected, the TFL2 protein level was strongly reduced
in the TFL2 knockdown, but it was similarly affected when
the partner gene TFL1 was silenced (Figure 4A), suggest-
ing that TFL2 is only stable when assembled with TFL1 in
a complex. Next, by targeted integration of plasmid TFL1-
PTP-NEO, we generated a clonal procyclic cell line, that
expressed TFL1 with a C-terminal PTP tag (TFL1-PTP),
and conducted a co-precipitation experiment. IgG beads,
which bind the tandem ProtA domain of the PTP tag, effec-
tively precipitated TFL1-PTP and untagged TFL2 but not
� tubulin, demonstrating interaction of TFL1 and TFL2
in extract (Figure 4B). To isolate a TFL1-TFL2 complex,
we tandem affinity-purified TFL1-PTP from extract. Im-
munoblot monitoring of the procedure showed efficient pu-
rification of TFL1-P (please note that TFL1-PTP is reduced
to TFL1-P in the TEV protease step of the purification)
and co-purification of TFL2 (Figure 4C). Subsequent sedi-
mentation of the final eluate in a linear sucrose gradient re-
vealed co-sedimentation of two proteins with sizes that cor-
responded to TFL1-P and TFL2 with a peak in fractions
8–10. Immunoblotting of the gel confirmed that the lower
band was TFL2 (Figure 4D). Furthermore, mass spectro-
metric analysis identified the minor protein band of ∼27
kDa, seen in fractions 7 and 8, as a degradation product of
TFL1 and no other protein was detected. A heterodimeric
TFL1-P/TFL2 complex has a calculated molecular mass of
106 kDa which, according to our sedimentation markers,
should sediment around fraction 9. Since immunoprecipi-
tation of TFL2 from this fraction, using the polyclonal im-
mune serum, clearly co-precipitated TFL1-P (Figure 4E),
we concluded that both TFL proteins directly interact with
each other, forming a heterodimeric TFL complex.

In solution, human TFIIF appears to form a heterote-
tramer with two RAP74 and two RAP30 subunits (65). A
corresponding TFL complex would have a molecular mass
of ∼210 kDa and sediment around fraction 13. The com-
plex is clearly detectable in fraction 13 but there is no sedi-
mentation peak in this region (Figure 4E), suggesting that,
after tandem affinity purification, the majority of TFL is in
the form of a heterodimer and only a minor amount of the
purified complex may be in the form of a heterotetramer.

TFL is important for SLRNA transcription in vitro

To provide further evidence for TFL’s role in SLRNA
transcription, we employed an in vitro system which sup-
ports correctly initiated transcription of an oligonucleotide-
tagged SLRNA promoter template (SLins19) and of the
similarly tagged control template GPEET-trm that recruits
RNA pol I (41,44). First, employing the same strategy as
for TbR9PTPee cells outlined in Figure 1A, we generated
a procyclic cell line that exclusively expressed TFL2-PTP
and no untagged TFL2. Anti-TFL2 immunoblotting of ex-
tract from these TbT2PTPee cells confirmed replacement
of endogenous untagged TFL2 by a band that was ∼20
kDa larger due to the PTP tag (Supplementary Figure S5).
Next we prepared transcriptionally active extract from these
cells and depleted TFL2-PTP by IgG affinity chromatog-
raphy or, in parallel, mock-treated the extract with protein
G beads (Figure 5A). Detection of RPB1 in these extracts
indicated that RNA pol II was not detectably co-depleted

by TFL2-PTP removal. Carrying out co-transcription as-
says of SLins19 and GPEET-trm templates in mock-treated
and TFL2-PTP-depleted extracts, we saw strong and spe-
cific reduction of the SLins19 transcription signal (Figure
5B). This signal could be partially reconstituted in a dose-
dependent manner by adding back TFL from fraction 8 of
the linear sucrose gradient shown in Figure 4D (Figure 5B).
In a separate approach, we analyzed whether anti-TFL2 an-
tibodies, by binding to TFL2, had an inhibitory effect on
SLins19 transcription. Since we raised the anti-TFL2 im-
mune serum in two rats we pre-incubated transcription ex-
tract with [pre-]immune serum from each rat before car-
rying out transcription reactions. As shown in Figure 5C,
adding pre-immune serum from either rat to extract resulted
in clear SLins19 and GPEET-trm transcriptional signals.
As predicted, the SLins19 signal, but not the GPEET-trm
signal, was strongly reduced or abolished when the corre-
sponding immune serum derived from rat 1 or 2 was added.
Together, these results demonstrated TFL’s important func-
tion in SLRNA transcription.

TFL1-PTP and TFL2-PTP are localized in the nucleus and
TFL2-PTP occupies the SLRNA promoter

To determine the cellular localization of TFL1 and TFL2,
we performed indirect anti-ProtA immunofluorescence mi-
croscopy with cells that expressed either TFL1-PTP or
TFL2-PTP. Trypanosomes have two stainable DNA bod-
ies, namely the nucleus and the kinetoplast which con-
sists of catenated DNA of the trypanosome’s single mi-
tochondrion. Trypanosomes in G1 phase of the cell cycle
possess one kinetoplast and one nucleus (1K1N), whereas
trypanosomes at the end of S-phase and postmitotic try-
panosomes are 2K1N and 2K2N cells, respectively (66). In-
dependent of the cell cycle stage, both TFL subunits were
concentrated in the nucleus (Figure 6A, Supplementary
Figure S7). In most images, the TFL proteins were localized
in one or two major spots around the nucleolus, a nuclear
area of less stain, with diffuse staining around these spots.
The spots are reminiscent of the so-called SL ribonucleo-
protein (RNP) factory in which SLRNAs are transcribed
and SL RNPs are assembled (7). Thus, this result suggested
that TFL is predominantly localized at SLRNAs, the only
genes in trypanosomes known to form a RNA pol II PIC.

To test this directly, we performed chromatin im-
munoprecipitation (ChIP) analysis of TFL2-PTP using
TbT2PTPee cells, because PTP-tagged proteins can be ef-
fectively precipitated by a commercially available, ChIP-
grade rabbit anti-ProtA antibody [see e.g. (24)]. Anti-TFL2-
PTP ChIP revealed efficient precipitation of the SLRNA
promoter region when compared to a negative control pre-
cipitation with a non-specific rabbit immune serum whereas
the silent SLRNA intergenic region, the � tubulin coding re-
gion, the RNA pol III-recruiting U2 snRNA promoter and
the RNA pol I-specific GPEET procyclin promoter did not
reveal detectable precipitation over the control in these as-
says (Figure 6B). qPCR analysis of three independent ex-
periments confirmed this result, revealing statistical signif-
icance for TFL2-PTP occupancy of the SLRNA promoter
(Figure 6C). Hence, TFL appeared to be part of the SLRNA
PIC.

Downloaded from https://academic.oup.com/nar/article-abstract/46/4/1695/4658835
by University of Verona user
on 10 April 2018



1704 Nucleic Acids Research, 2018, Vol. 46, No. 4

Figure 4. TFL1 and TFL2 form a complex. (A) Lysates of uninduced cells and of cells in which TFL2 or TFL1 was knocked down (KD) for 3 days
were immunoblotted and probed with anti-TFL2 immune serum and, as a loading control, with an anti-� tubulin (� tub) antibody. (B) Schematic on the
left shows integration of plasmid TFL1-PTP-NEO into the TFL1 locus which fused the PTP tag sequence to the 3′ end of the TFL1 coding region. The
immunoblot on the right shows TFL1-PTP, TFL2 and � tubulin in extract (Ext), supernatant (Sn) and precipitate of a TFL1-PTP pull-down with IgG
beads. x-Values specify relative amounts loaded. (C) Immunoblot monitoring of TFL1-PTP tandem affinity purification with the HPC4 antibody analogous
to RPB9-PTP purification of Figure 1B. Detection of TFL2 on the same blot showed efficient co-purification of this protein. (D) The final eluate of a TFL1-
PTP tandem affinity purification was sedimented through a 10–40% linear sucrose gradient by ultracentrifugation, and the gradient fractionated into 20
aliquots from top to bottom. Proteins from fractions 6–20 were separated by SDS-PAGE and stained with SYPRO Ruby. As sedimentation markers with
known molecular masses, Taq DNA polymerase (94 kDa), mouse IgG (150 kDa, 6.6S), apoferritin (444 kDa, 17S), and thyroglobulin (650 kDa, 19S) were
co-analyzed. After gel destaining, proteins were immunoblotted and probed with anti-TFL2 immune serum (i. blot.). (E) TFL2 was immunoprecipitated
from fraction 9 of the sucrose gradient and detected with anti-TFL2 immune serum. Coprecipitation of TFL1-P was analyzed on the same blot with anti-
ProtC antibody. Coomassie blue-stained aprotinin which was added to fraction 9 prior to precipitation served as a negative control. In both immunoblot
panels, co-eluted IgG heavy chain (IgG h.c.) was detected.

TFL2 is important for PIC formation at the SLRNA pro-
moter

Eukaryotic TFIIF has several distinct functions in PIC as-
sembly and stability, being particularly important for re-
cruitment and/or retention of TFIIB (25,63). Our own
studies of trypanosome PIC formation had shown that Me-
diator depletion caused a loss of TFIIB occupancy of the
SLRNA promoter, indicating that stable integration of try-
panosome TFIIB into the PIC depends on other factors
as well (24). Thus, if TFL did represent the trypanosome
TFIIF, we expected TFL depletion to reduce TFIIB oc-
cupancy of the SLRNA promoter. To test this, we con-
ducted anti-TFIIB ChIP in uninduced cells and in procylic
cells in which TFL2 was silenced for 3 days, using a rat
anti-T. brucei TFIIB immune serum that previously allowed
us to detect significant TFIIB occupancy changes of the
SLRNA promoter in Mediator depletions (24). Conduct-
ing four independent experiments, this immune serum en-

riched the SLRNA promoter on average 21.2-fold over in-
put in uninduced cells (Figure 7). This value dropped sig-
nificantly to 5.8-fold when TFL2 was silenced for 3 days,
strongly indicating that PIC formation became impaired in
TFL-depleted cells and that TFL is indispensable for TFIIB
recruitment to and/or retention at the SLRNA promoter.
Thus, TFL is apparently required for PIC formation in try-
panosomes as is true for TFIIF in other eukaryotes.

DISCUSSION

Does TFL represent the trypanosome TFIIF?

Here we have re-visited isolation and proteomic analysis of
T. brucei RNA pol II, identifying for the first time all twelve
subunits of the complex. While RPB1 to RPB12 were con-
served enough to be unequivocally identified bioinformat-
ically (67), not all of them were shown to be part of the
enzyme complex in previous trypanosomatid RNA pol II
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Figure 5. TFL is essential for SLRNA transcription in vitro. (A) Im-
munoblot of extract from TbT2PTPee trypanosomes that was untreated
(extract), mock-treated or TFL2-PTP-depleted (depl), detecting TFL2-
PTP, � tubulin (� tub) and RNA pol II subunit RPB1 with specific an-
tibodies. (B) Cotranscription of the SLRNA promoter template SLins19
and the RNA pol I-transcribed template GPEET-trm in mock-treated and
TFL2-PTP-depleted extract. The latter reaction was reconstituted with 2
and 4 �l of sucrose gradient fraction 8 shown in Figure 4D. GPEET-trm
and SLins19 RNA were detected by primer extension reactions using radi-
olabeled oligonucleotides that specifically hybridized to these RNAs. Ex-
tension products were separated on 50% urea/6% polyacrylamide gels and
visualized by autoradiography. The correct length of the extension prod-
ucts verified correctly initiated transcription. Numbers at the bottom show
the relative SLins19 signal strengths normalized by those of the GPEET-
trm signals as determined by densitometry. The signal in mock-treated ex-
tract was arbitrarily set to 100. The pBR322-MspI marker lane on the left
was derived from the same gel. (C) Cotranscription reactions were carried
out in extract that was either mixed with pre-immune serum or anti-TFL2
immune serum derived from two different rats.

characterizations (52–54). In addition, several proteins co-
purified with the enzyme, most of which were homologs of
known RNA pol II-interacting proteins such as transcrip-
tion elongation factors SPT5, SPT6, TFIIS2-1 and the PAF
complex, as well as the CTD phosphatase RPAP2/Rtr1 and
TFIIB. Two proteins with unknown function co-purified
with RPB9 in seemingly stoichiometric amounts, suggest-
ing that they form a heterodimeric complex and represent
the missing general transcription factor TFIIF. According
to the known functions of eukaryotic TFIIF, we confirmed
that both proteins form a complex which interacts with
RNA pol II, that the complex is essential for parasite vi-
ability in culture, occupies the SLRNA promoter, is indis-
pensable for SLRNA transcription in vivo and in vitro, and
required for stable association of TFIIB with the SLRNA
promoter. In addition, we were able to identify a putative
WH domain in the C-terminal region of TFL1 that has
been identified in both RAP74 and RAP30 orthologues.
However, multiple sequence alignments of TFIIF subunits
from model organisms and of trypanosomatid TFL pro-

teins did not uncover meaningful sequence similarities. Fur-
thermore, yeast and human TFIIF subunits have been ex-
tensively characterized and several distinct functional and
structural domains have been described including sigma
factor-homologous regions, WH DNA binding domains,
dimerization domains and a charged and an acidic region
(25,26). Except for the above mentioned putative WH do-
main in TFL1, we could not recognize these domains in the
two TFL proteins. Finally, TFL appears to be not involved
in dephosphorylation of the CTD because TFL1 and TFL2
silencing did not lead to an increase in phosphorylated
RPB1 and tandem affinity purification of TFL2-PTP did
not unequivocally co-purify a FCP1 phosphatase (A.S. &
A.G., unpublished data) despite the fact that trypanosomes
possess an expanded family of FCP1 phosphatases (68).
Hence, if these FCP1 enzymes are involved in CTD dephos-
phorylation they may be recruited to RNA pol II in a TFL-
independent manner. Alternatively, CTD dephosphoryla-
tion may be mainly mediated by RPAP2/Rtr1, which con-
sistently co-purified with RNA pol II, whereas FCP1 en-
zymes may serve RNA pol II-independent functions. This
was demonstrated for the FCP1 paralogue TbPIP39 which
is targeted to the glycosome, a peroxisome-like organelle
for glycolysis, and involved in life cycle regulation (69).
Taken together, a firm conclusion of TFL being the try-
panosome TFIIF will depend on further studies that func-
tionally characterize the domain arrangement of TFL1 and
TFL2 and/or solve the structure of the TFL complex.

The PIC of trypanosomatids

Although the amino acid sequences of trypanosomatid
general transcription factors are extremely divergent from
those of their eukaryotic counterparts, there is now strong
evidence that trypanosomes and their relatives possess a
complete set of RNA pol II general transcription factors.
TBP and the TFIIH helicases XPB and XPD were suffi-
ciently conserved to be identified in silico (15,16). The se-
quence of TFIIB was less conserved but functional stud-
ies and the crystal structure of its C-terminal domain
confirmed the identity of this pivotal transcription factor
(17,18,70). The trimeric SNAPc, TFIIA2, and the remain-
ing TFIIH core subunits could only be identified by mul-
tiple sequence alignments or by highly conserved sequence
motifs once the respective protein complexes were isolated
and characterized (17,18,22,23). Two TFIIH subunits, how-
ever, did not exhibit any sequence similarity and, therefore,
were tentatively termed trypanosomatid-specific proteins 1
and 2 (TSP1 and 2). We have previously argued that these
proteins represent trypanosome TFIIE – they are essential
for RNA pol II-mediated SLRNA transcription, like TFIIE
they interact with TFIIH subunit XPB, and trypanoso-
matid TSP2s, as all known TFIIE� orthologues, harbor an
invariant internal C2C2 zinc-finger motif (23). Here we sub-
jected the TSP sequences to the PHYRE 2 server and re-
ceived as top homology hits for TSP2 three TFIIE� pro-
teins (PDB Ids: 5FYW, 5IY9, 5FMF). The homology re-
gion comprised TSP2’s N-terminal region which, in TFIIE�
proteins, is composed of an extended WH domain followed
by a Zn ribbon domain (26,71,72). Since the secondary
structure prediction of this TSP2 region matched that of the
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Figure 6. TFL is localized in the nucleus and occupies the SLRNA promoter in vivo. (A) Localization of TFL1-PTP or TFL2-PTP (red) in procyclic
trypanosomes. DNA was stained with DAPI (blue) showing nuclei and smaller kinetoplasts. The nucleolus can be recognized within a nucleus as a spherical
structure of low DNA density. White bars in left panels represent 5 �m. (B) Anti-TFL2-PTP ChIP assay using a polyclonal anti-ProtA antibody (IP) and,
in a control precipitation, a comparable nonspecific immune serum (ctrl IP). DNA from total chromatin (input) and precipitated DNA was analyzed by
semi-quantitative PCR, amplifying the SLRNA promoter (SL prom), part of the SLRNA intergenic region (SL int), a fragment of the � tubulin coding
region (ATUB), the GPEET procyclin promoter (GPEET prom), and the U2 snRNA gene promoter (U2 prom). (C) Corresponding qPCR analysis from
three independent experiments. For each region amplified the percent precipitation was calculated and the values corrected by the corresponding values of
the control precipitations. The difference in TFL2-PTP occupancy between the SLRNA promoter and the other amplified regions was statistically analyzed
by paired two-tailed student’s t-tests.

yeast TFIIE� orthologue TFA1, and the TSP2 N-terminal
half could be folded into extended WH and Zn ribbon do-
mains (Supplementary Figure S8), we provide further evi-
dence that TSP2 is indeed the orthologue of the TFIIE�.
Consequently, characterization of TFL strongly indicates
that trypanosomes possess orthologues of each and every
RNA pol II general transcription factor including SNAPc
and Mediator.

Is PIC formation required beyond SLRNA transcription?

Trypanosomes and related organisms process all pre-
mRNA by SL trans splicing, having mRNA 5/ ends de-

termined by SL addition and not, as in other eukaryotes,
by transcription initiation. Initiating transcription at con-
crete sites may therefore not be as important for protein
coding gene arrays as for SLRNA genes or protein coding
genes in other eukaryotes. Accordingly, RNA-seq of cDNA
libraries enriched for 5/-triphosphate RNA ends revealed
broad regions of transcription initiation in front of gene ar-
rays (11,12). These transcription initiation regions are en-
riched in euchromatic histone marks, namely the histone
variants H2AZ and H2BV, and the histone modifications
H3K4m3, H4K10ac and H3ac (73–75). Since there is ev-
idence in trypanosomes that RNA pol II transcription of
reporter genes occurred efficiently in the absence of iden-
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Figure 7. TFL2 is important for TFIIB recruitment to and retention at the
SLRNA promoter. Anti-TFIIB ChIP assays were carried out with chro-
matin prepared from uninduced cells or cells in which TFL2 was silenced
for three days. On the left, semi-quantitative PCR of the SLRNA promoter
and part of the tubulin coding region in DNA prepared from total chro-
matin (input) and precipitate (IP). On the right, corresponding qPCR anal-
ysis from four independent experiments in which the TFIIB occupancy of
the SLRNA promoter was normalized by that of the ATUB occupancy and
the fold enrichment over input was calculated. The difference in TFIIB oc-
cupancy between uninduced and TFL2-silenced cells was statistically ana-
lyzed by an unpaired, two-tailed Student’s t-test assuming equal variance.

tifiable core promoters (76,77), it was proposed that a per-
missive chromatin structure is sufficient for initiating tran-
scription of protein coding gene arrays (12). If so, PIC for-
mation in trypanosomatids may be restricted to SLRNA
genes. On the other hand, there are two observations which
suggest that general transcription factors do play a role in
gene array transcription. ChIP-chip experiments in Leish-
mania major detected occupancy peaks of the SNAPc sub-
unit SNAP1 (aka SNAP50) and of TBP in transcription ini-
tiation regions (75), and TFIIB silencing in procyclic T. bru-
cei reduced synthesis of � tubulin and HSP70 RNA but not
that of GPEET procyclin RNA which is mediated by RNA
pol I (20). Since these transcription initiation regions appar-
ently function only within their chromosomal context (12)
and not in vitro or in episomal plasmids, it will require in vivo
experiments that can discriminate between primary effects
on gene transcription and secondary effects of SL RNA de-
pletion on mRNA processing to firmly establish whether
general transcription factors are required for protein gene
transcription in trypanosomes.

CONCLUSION

This report provides strong evidence for an essential het-
erodimeric TFIIF homolog in trypanosomes and strength-
ens the hypothesis that the two TFIIH-associated subunits
TSP1 and TSP2 represent trypanosome TFIIE. Conse-
quently, early-diverged trypanosomes and their trypanoso-
matid relatives appear to possess orthologs of each and
every RNA pol II general transcription factor including
SNAPc and the Mediator complex MED-T. Each one of
these factors is extremely divergent in amino acid sequence
from their eukaryotic counterparts but essential for SLRNA
transcription and trypanosome viability, and, together, they
comprise an astonishingly extensive set of 29 proteins so far.
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