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Dynein light chain LC8 is highly conserved among eukaryotes and has both dynein-dependent and dynein-independent func-
tions. Interestingly, LC8 was identified as a subunit of the class I transcription factor A (CITFA), which is essential for transcrip-
tion by RNA polymerase I (Pol I) in the parasite Trypanosoma brucei. Given that LC8 has never been identified with a basal tran-
scription factor and that T. brucei relies on RNA Pol I for expressing the variant surface glycoprotein (VSG), the key protein in
antigenic variation, we investigated the CITFA-specific role of LC8. Depletion of LC8 from mammalian-infective bloodstream
trypanosomes affected cell cycle progression, reduced the abundances of rRNA and VSG mRNA, and resulted in rapid cell death.
Sedimentation analysis, coimmunoprecipitation of recombinant proteins, and bioinformatic analysis revealed an LC8 binding
site near the N terminus of the subunit CITFA2. Mutation of this site prevented the formation of a CITFA2-LC8 heterotetramer
and, in vivo, was lethal, affecting assembly of a functional CITFA complex. Gel shift assays and UV cross-linking experiments
identified CITFA2 as a promoter-binding CITFA subunit. Accordingly, silencing of LC8 or CITFA2 resulted in a loss of CITFA
from RNA Pol I promoters. Hence, we discovered an LC8 interaction that, unprecedentedly, has a basal function in
transcription.

Dynein light chain LC8 was originally discovered as a compo-
nent of the outer arm axonemal dynein in Chlamydomonas

reinhardtii (1) but was later found to be present also in cytoplas-
mic dyneins 1 and 2 (2–4). LC8 is conserved throughout eukary-
otic genomes (5). As a part of the dynein motor, LC8 is important
for fundamental cellular processes, such as tubulin minus-end-
directed intracellular transport, chromatid separation during
mitosis, and nuclear migration (6), as well as flagellum-specific
functions, namely, motility, intraflagellar transport (7), and
ciliogenesis (8, 9). While not essential in Saccharomyces cerevisiae
(10), mutation or knockdown of LC8 is embryonic lethal in ani-
mals (8, 9, 11, 12). Given that LC8 is more conserved between
species than other components of the dynein motor and that LC8
is present in organisms which lack a dynein motor, it was likely
that LC8 had nondynein functions (3, 5). LC8 has since been
shown to interact with several different proteins and to affect var-
ious cellular processes, including protein localization and stabil-
ity, transcription regulation, and apoptosis (13–15).

At physiological pH, LC8 exists almost exclusively as a dimer
(16, 17), interacting with partner proteins via two identical sites
generated at the dimer interface which bind to diverse short, linear
motifs (16, 18, 19). LC8 promotes the dimerization of its binding
partners through aligning dimerization domains present in the
partner protein (13, 20–22). While it was previously hypothesized
that LC8 functions as a linker, allowing attachment of the dynein
motor to its cargo, the emerging view is that interaction with LC8
induces dimerization, imparting new structure and function, a
view which is supported by detailed investigations of LC8 interac-
tions (23–25). In addition to this improved understanding of LC8,
interest in this molecule has grown as LC8 has been shown to have
unique and important roles in an increasing number of human
pathogens. These include viruses, such as HIV (26), Ebola (27),
and rabies (28), and the protistan parasite Toxoplasma gondii (29).

Trypanosoma brucei, a member of the early-diverging phyloge-

netic order Kinetoplastida, is a vector-borne parasite that causes
lethal disease in both humans and livestock (30). In T. brucei, LC8
was identified in mass spectrometry analysis of the flagellum (31)
and, surprisingly, as a subunit of the class I transcription factor A
(CITFA) (32, 33). As CITFA is a core promoter-binding factor
required for initiation of RNA polymerase I (Pol I)-mediated
transcription, this represents the first time that LC8 has been
found to associate with basal transcription machinery. T. brucei is
unique in that RNA Pol I not only transcribes rRNA gene (RRNA)
units as in all other organisms but also transcribes gene arrays that
encode its major cell surface proteins, namely, the variant surface
glycoprotein, or VSG, in the mammalian-infective bloodstream
form (BF) and procyclin in the insect-stage procyclic form (PF)
(34). This production of functional mRNA by RNA Pol I is
possible in T. brucei due to a unique mRNA processing
mechanism, called spliced leader (SL) trans splicing, which caps
mRNA posttranscriptionally by an RNA Pol II-independent pro-
cess (35–37). By densely covering the cell in �10 million copies of
the same VSG protein, T. brucei is able to shield invariant proteins
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from antibody recognition (38). The source of this massive pro-
tein expression is a single VSG gene located in one of �15 blood-
stream expression sites (BESs) that are monoallelically expressed
(39). Antigenic variation of VSG, which occurs by switching to the
expression of another VSG gene, drawn from a large repertoire in
the trypanosome genome, allows an infection to be maintained
(40, 41). The importance of VSG to T. brucei is highlighted by the
fact that RNA interference (RNAi) targeting VSG mRNA rapidly
halted BF culture growth in the absence of immunological pres-
sure and led to the clearance of trypanosomes from infected mice
(42).

While it was previously shown that the CITFA complex, con-
sisting of subunits CITFA1 to CITFA7 and LC8, is essential to
RNA Pol I-mediated transcription and binds the BES promoter in
purified form (32), the specific role of individual complex mem-
bers, including knowledge of the LC8 binding partner, has re-
mained unclear. Furthermore, given that all CITFA subunits ex-
cept LC8 are conserved only among kinetoplastids and are
without recognizable sequence motifs, that LC8 has never been
implicated in the basal process of transcription initiation, and that
LC8 has not been studied in a kinetoplastid organism, we set out to
understand the specific role of LC8 in RNA Pol I-mediated tran-
scription.

Kinetoplastids encode two distinct LC8 proteins, only one of
which was found to be associated with CITFA. We found that this
LC8, previously termed DYNLL1 (32, 33), is essential for cell via-
bility in culture and that RNAi-mediated silencing of the gene led
to defects in both cell cycle and transcription by RNA Pol I. To
understand LC8’s specific role in the latter, we identified an LC8
binding site near the N terminus of the essential CITFA2 subunit.
Mutation of this site was lethal to trypanosomes, preventing the
incorporation of this subunit into the CITFA complex. Moreover,
we show that CITFA2 directly interacts with BES promoter DNA
and is required for the CITFA complex to bind to the BES pro-
moter in vivo, functions that crucially depend on the CITFA2-LC8
interaction. These data revealed an essential role for LC8 in T.
brucei and the first evidence that LC8 is required for the formation
of a transcription preinitiation complex (PIC) in any organism.

MATERIALS AND METHODS
DNAs and cell lines. pT7-LC8-stl, for conditional silencing of LC8 genes
(GeneDB and TriTrypDB [www.genedb.org and www.tritrypdb.org, re-
spectively] accession numbers Tb927.11.18680 and Tb11.0845), was gen-
erated by inserting portions of the LC8 coding region and its adjacent 3=
untranslated region (UTR), nucleotides �97 to �602 relative to the trans-
lation initiation codon, into the pT7-stl vector (32) in a sense-stuffer-
antisense arrangement, according to a previously published protocol
(43). Transfection of SacII-linearized pT7-LC8-stl into single-marker BF
(smBF) cells (44) generated smLC8 cells. pPURO-PTP-CITFA3 was gen-
erated by inserting 644 bp of the CITFA3 coding region (position 4 to
position 647) into the NotI and ApaI sites of vector pN-PURO-PTP (45),
which contains the sequence of the composite PTP tag, consisting of a
tandem protein A domain (ProtA), a tobacco etch virus cleavage site, and
a protein C (ProtC) epitope. pPURO-PTP-CITFA3, along with the previ-
ously described pCITFA7-PTP-NEO, pCITFA4-PTP-NEO (33), and
pPURO-PTP-CITFA2 (32), was used to fuse the sequence of the compos-
ite PTP tag to endogenous alleles. Similarly, the gene-silencing vectors
pT7-PTP-stl (46) and pT7-CITFA2-stl (32), along with accompanying
cell lines, were described previously. smC2-PTP cells allow the condi-
tional silencing of CITFA2 through targeting of the PTP tag coding
sequence and were generated in two steps. Starting with a previously pub-
lished smPTP cell line (46), which conditionally expresses double-

stranded RNA (dsRNA) targeting the PTP tag sequence, we first used
site-directed integration of SphI-linearized pPURO-PTP-CITFA2 into
one CITFA2 allele to fuse the PTP tag sequence to the 5= end of the CITFA2
coding region. In a second step, the remaining CITFA2 allele was replaced
by a PCR product in which 100 bp of CITFA2 gene flanks surrounded the
hygromycin phosphotransferase coding sequence. In order to condition-
ally express exogenous transgenes of CITFA2, pT7-trans was developed.
Instead of a stem-loop construct, we inserted into pT7-stl a PCR product
which contained (5= to 3=) 490 bp of the intergenic region between HSP70
genes 2 and 3, NdeI and NotI restriction sites, a hemagglutinin (HA) tag
sequence ending with a stop codon, and 741 bp of the �/�-tubulin inter-
genic region. pT7-CITFA2-HA was generated from pT7-trans through
insertion of the full coding sequence of CITFA2 using NdeI and NotI
restriction sites. pT7-NDel-HA was generated similarly, except that bases
�4 through �31, corresponding to N-terminal amino acids 2 through
10 of CITFA2 (PEVGTQVYW), were deleted (NDel) by PCR. pT7-
3Amut-HA was generated using a CITFA2 insert which had bases �16
through �24 (ACTCAAGTT, coding for amino acids TQV) replaced with
GCCGCGGCA, which coded for a three-alanine substitution (3Amut).
Transfection of these three plasmids, after linearization by EcoRV, into
smC2-PTP cells generated cell lines smC2-PTP-CITFA2-HA, smC2-PTP-
NDel-HA, and smC2-PTP-3Amut-HA. Transfection of these same plas-
mids into wild-type single-marker cells resulted in cell lines smC2-
CITFA2-HA, smC2-NDel-HA, and smC2-3Amut-HA.

DNAs and recombinant protein. To generate recombinant proteins
for pulldown assays and sucrose gradients, seven different recombinant
protein expression plasmids were created. pCITFA2-PTH, which allowed
the expression of full-length wild-type recombinant CITFA2 (rCITFA2),
was produced by inserting the full coding sequence of CITFA2 into the
expression vector pET100/D-TOPO (Invitrogen) using NdeI and NotI
restriction sites, as previously described (32). This resulted in rCITFA2,
which had fused to its C terminus a ProtC epitope, followed by a thrombin
cleavage site and a 6�His tag. Four additional plasmids were produced
which differed only in the lengths of the integrated CITFA2 sequences:
pCITFA2-N-PTH contains the sequence for only the N-terminal half of
CITFA2 (bases �1 to �624), while pCITFA2-C-PTH codes for the C-ter-
minal half (bases �621 to �1263). pCITFA2-N1/4-PTH, coding for the
N-terminal quarter of CITFA2, contained bases �1 to �303, while
pCITFA2-N2/4-PTH, coding for the second quarter, contained bases
�289 to �624. p3Amut-PTH, however, uniquely coded for mutated full-
length rCITFA2 that contained the same triple-alanine mutation as de-
tailed above for pT7-C2-3Amut. These vectors were transformed into
BL21 Escherichia coli, and protein expression was induced for 15 min to 1
h at 37°C by the addition of 1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG). Shorter incubations were required for plasmids which included
the C terminus of CITFA2 as its expression appears to be toxic to E. coli
(data not shown). Recombinant LC8 was generated by placing the entire
LC8 coding sequence downstream of the glutathione S-transferase (GST)
sequence in the pGEX-4T-2 vector (GE Healthcare) using BamHI and
NotI restriction sites. Recombinant GST-LC8 was expressed in BL21 E.
coli and purified by glutathione affinity chromatography (GE Healthcare)
according to the manufacturer’s recommendations. Thrombin digest and
elution were then performed such that, in all assays, LC8 was used as an
untagged, recombinant protein (rLC8).

Generation of a purified anti-LC8 antibody. Immune serum against
LC8 was generated by immunization of Sprague-Dawley rats with rGST-
LC8, according to a standard protocol (47). rGST-LC8-specific antibodies
were purified from serum by blot-immobilized antigen, as previously de-
tailed (46). In contrast to immune serum, the purified antibody did not
detect a nonspecific band present in E. coli that comigrated with throm-
bin-digested LC8 (data not shown).

Protein analysis. Immunoblot detections were performed using poly-
clonal antibodies directed against CITFA2 (32), CITFA6, CITFA7 (33),
and TFIIB (47). The PTP tag was detected with a monoclonal anti-ProtC
antibody (Roche), while HA-tagged proteins were detected with a rat
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monoclonal anti-HA antibody (Roche). Extract preparation and tandem
affinity purifications of PTP-tagged CITFA2, CITFA4, and CITFA7 were
conducted according to a standard protocol (45). Crude bacterial lysates
of rCITFA2-PTH-expressing BL21 E. coli, used in protein pulldown assays
with rLC8, were prepared as follows: after protein expression was induced
with 1 mM IPTG for 30 min at 37°C, bacterial cultures were pelleted, and
0.2 g of the cell pellet was resuspended in 4 ml of HisTALON xTractor
buffer (Clontech). Benzonase (250 units; Sigma), 400 ng of lysozyme, and
250 �l of a protease inhibitor solution, prepared by resuspending 1 tablet
of protease inhibitor (Roche) in 1 ml of H2O, were then added. Following
a 10-min incubation with shaking at 4°C, the mixture was centrifuged at
3,200 � g for 30 min at 4°C. The supernatant was taken and used as the
crude bacterial lysate. For the pulldown assays, rCITFA2-PTH was puri-
fied from 100 �l of the crude lysate using 20 �l of equilibrated TALON
metal affinity resin (Clontech), according to the manufacturer’s specifi-
cations. A 40-�l binding reaction mixture containing the CITFA2-PTH-
conjugated TALON resin, 100 mM KCl, 20 mM potassium glutamate, 20
mM HEPES-KOH (pH 7.7), 3 mM MgCl2, 100 ng/�l bovine serum albu-
min (BSA), 150 mM sucrose, 2.5 �l of the protease inhibitor solution, and
100 ng of rLC8 was incubated at 27°C for 1 h, with shaking. The resin was
washed seven times with a buffer containing 400 mM KCl, 20 mM potas-
sium glutamate, 20 mM HEPES-KOH (pH 7.7), 3 mM MgCl2, 10 ng/�l
BSA, 0.5 mM dithiothreitol (DTT), and 0.1% Tween 20. Proteins were
eluted using HisTALON elution buffer (Clontech) and investigated by
immunoblotting. To analyze rCITFA2-rLC8 interactions by sedimenta-
tion, 500 ng of purified rLC8 was mixed with 200 �l of rCITFA2-PTH-
containing crude bacterial lysates and incubated for 30 min at 27°C. The
binding reaction was then loaded onto a 4-ml, 10 to 40% linear sucrose
gradient, ultracentrifuged, and fractionated from top to bottom, as pre-
viously described (32). Coimmunoprecipitations (co-IPs) of CITFA2
were performed using trypanosome extract, as previously described (48).
UV cross-linking and electrophoretic mobility shift assays (EMSAs) of
a radiolabeled BES promoter probe and purified CITFA, both visual-
ized by autoradiography, were conducted as previously detailed (32).
Secondary structure analysis was carried out using PredictProtein
(www.predictprotein.org/) (49).

RNA analysis. To analyze the effect of LC8 silencing on transcription
by RNA Pol I, total RNA was prepared by the hot-phenol method, as
described previously (46). For the analysis of rRNA, total RNA was sepa-
rated in Reliant precast 1.25% SeaKem Gold agarose RNA gels (Lonza),
and rRNA was detected by ethidium bromide staining. For semiquantita-
tive reverse transcription-PCR (RT-PCR) analysis, total RNA was reverse
transcribed with Superscript reverse transcriptase II (Invitrogen) using an
oligo(dT) primer. Semiquantitative PCR was performed using cycle num-
bers that were empirically determined to be within the linear amplifica-
tion range for each primer pair; 5=-GATAAGCTTACGCGTTTCAACAT
TGAGAAGGATATTGC-3= and 5=-GATTCTAGACTCGAGTCTTTGA
CTCATCCGTGCTGG-3= were used to amplify the LC8 coding
sequence and 3=UTR. Primers amplifying �-tubulin and VSG2 sequences
were published previously (33).

ChIP. CITFA2-HA and CITFA3 promoter occupancy were analyzed
by chromatin immunoprecipitation (ChIP) assays, as described previ-
ously (46), using monoclonal rat anti-HA antibody (Roche) and purified
polyclonal anti-CITFA3 antibody, respectively. Negative-control precip-
itations were carried out using affinity beads not bound to antibody.
Chromatin was sonicated until fragments averaged 200 to 400 bp in
length. The precipitated DNA was analyzed by quantitative PCR (qPCR)
using consensus primers for the slightly varying copies of the RRNA and
BES promoters and a primer pair for the �/�-tubulin intergenic region,
which were specified previously (33, 46). The percent immunoprecipi-
tated DNA (percent IP) was calculated relative to the input material and
corrected by subtracting the percent IP of the negative-control ChIP. Each
ChIP experiment was independently carried out three to four times, and
statistical analyses were performed using percent IP averages. Compari-
sons between corrected percent precipitations of noninduced and in-

duced cells were performed using Student’s t test. Prior to the application
of the t test, an F test was performed to ensure that the assumption of equal
variance between groups was not violated. If the F test indicated that the
difference in variation was significant, then the t test was performed with
the more conservative assumption of unequal variance. An unpaired,
two-tailed test was used in all cases.

Microscopy. To visualize changes in cell morphology and DNA con-
tent upon LC8 silencing, BFs were incubated with 4,6-diamidino-2-phe-
nylindole (DAPI) at a final concentration of 2 ng/�l for 45 min and im-
aged using a Zeiss AxioVert 200 microscope and Zeiss Axiovision, version
4.6.3.0, software, as described previously (46). For quantification of the
percentage of cells which were multiflagellated, multikinetoplastid, or
multinucleated, cells were scored as abnormal if they met any one of the
following criteria: �3 kinetoplasts, �3 nuclei, �3 flagella, or more nuclei
than kinetoplasts. A total of 150 cells were scored from both the nonin-
duced and induced populations.

Flow cytometry. In order to assess changes in the size and DNA con-
tent of a large number of cells upon LC8 silencing, flow cytometry exper-
iments were performed. Noninduced and 1-day-induced smLC8 cultures
were stained with propidium iodide and counted using an LSR II flow
cytometer (BD Biosciences), according to a previously described protocol
(50). Thirty thousand cells were counted in each experiment, in triplicate,
for each induction state, and ungated data were visualized using the
FlowJo software package (Treestar, Inc.).

RESULTS
LC8 is essential for T. brucei viability, cytokinesis, and RNA Pol
I-mediated transcription. A survey of kinetoplastid genome da-
tabases revealed conservation of two distinct LC8 genes. One en-
codes an LC8 protein that is closely related to both human
DYNLL1 and DYNLL2 (�82% and 88% identity and similarity,
respectively; the accession number for the T. brucei gene is
Tb927.11.18680 at www.TritrypDB.org [51] or www.GeneDB.org
[52]) and was previously termed DYNLL1 (32). A second LC8 is
also present, yet this gene (GeneDB or TriTrypDB accession num-
ber Tb927.11.320) is more divergent from LC8 genes in other
eukaryotes (�61% and 85% identity and similarity, respectively,
to human DYNLL) (see also Fig. S1 in the supplemental material).
Since a phylogenetic analysis did not reveal that these two LC8
proteins resemble the DYNLL1 and DYNLL2 dichotomy found in
chordates (see Fig. S1C), we propose to rename Tb927.11.18680
LC8 and name Tb927.11.320 LC8DV (where DV is for divergent).
Trypsin-derived peptides of these two proteins are different ex-
cept for a 4-amino-acid-long peptide (see Fig. S1A). Since previ-
ous mass spectrometric analyses of purified CITFA consistently
identified LC8 but never LC8DV-derived peptides (32, 33), it is
highly unlikely that LC8DV is a subunit of the transcription factor
complex. We therefore concentrated our analysis on LC8.

To investigate the importance of LC8 to BFs, we reduced its
expression by RNAi, using a conditional gene-silencing system
which expressed double-stranded RNA (dsRNA) targeting both
the LC8 coding region and 3= UTR upon addition of doxycycline
(44). In three different clonal cell lines, derived from smBF cells
and termed smLC8 lines, culture growth arrested within 1 day,
and the majority of cells were lost by 2 days of induction (Fig. 1A).
By 3 days, no living cells could be identified by microscopic exam-
ination. RNA monitoring revealed that doxycycline induction re-
sulted in a clear decline of LC8 mRNA abundance after 1 day,
while the levels of LC8DV and �-tubulin mRNA were unaffected,
confirming that the knockdown was specific to LC8 (Fig. 1B). To
evaluate whether this rapid-death phenotype would allow us to
detect effects on transcription by RNA Pol I, we measured levels of

T. brucei LC8 Facilitates Transcription by RNA Pol I

January 2016 Volume 36 Number 1 mcb.asm.org 97Molecular and Cellular Biology

http://www.predictprotein.org/
http://www.TritrypDB.org
http://www.GeneDB.org
http://mcb.asm.org


VSG mRNA derived from the active VSG2 gene and of rRNA.
While the VSG2 mRNA level dropped considerably after 1 day of
induction, the rRNA level decreased only modestly in the same
experiment, possibly due to greater stability of rRNA (Fig. 1B).
For LC8 protein analysis, we generated a rat immune serum
against recombinant LC8 with an N-terminal GST tag that was
expressed and purified from E. coli (see Fig. S2 in the supplemental
material). Immunoblot monitoring of LC8-silenced cells showed
a specific reduction in LC8 protein, while CITFA6 and TFIIB, an
RNA Pol II-specific transcription factor, were either increased or
unchanged during this short period (Fig. 1C), confirming the
specificity of the knockdown. These data demonstrated that LC8 is
essential for trypanosome viability, and they indicated that LC8 is
also important, though perhaps indirectly, for transcription by
RNA Pol I.

Since smBF cells and their derivatives have a doubling time of
approximately 7 h in our hands (Fig. 1A, �dox), propidium io-
dide staining, which allows the quantification of the DNA content
of individual cells, revealed a rapidly progressing second pheno-

type. After only 1 day of induction, the per-cell DNA content of
induced cells had approximately tripled versus levels in nonin-
duced cells, as revealed by flow cytometry of propidium iodide-
stained cultures (Fig. 1D). Specifically, while noninduced cells
demonstrated a curve with strong peaks representing cells with
normal 2C and 4C DNA contents, induced cultures had smaller
2C and 4C peaks, with the majority of cells displaying polyploidy
(8C). This result was confirmed by DAPI fluorescence micros-
copy, which demonstrated that the majority of cells in culture
(64%, n 	 150) had increased in size and were multiflagellated,
multikinetoplastid, and multinucleated (Fig. 1E), a phenotype
that was observed in only 2 out of 150 noninduced cells. The
increase in size was confirmed by flow cytometry of noninduced
and LC8-silenced trypanosomes (see Fig. S3 in the supplemental
material). This phenotype is not likely due to the loss of LC8 from
the CITFA complex as previously published knockdowns of other
CITFA subunits failed to result in a similar phenotype (32, 33, 46,
53). Similarly, this phenotype does not resemble the precytokine-
sis defect in trypanosomes in which VSG is silenced since those
cells did not become polyploid or increase in size (42). This phe-
notype would be consistent, however, with a role for LC8 in cell
cycle progression, which has been reported previously in other
organisms (14, 54).

LC8 binds to the N terminus of CITFA2. In order to investi-
gate the CITFA-specific role of LC8, we needed to determine
LC8’s binding partner within the CITFA complex since disrupting
this interaction would likely only interfere with LC8’s RNA Pol
I-related function. To first verify that LC8 is a bona fide subunit of
the CITFA complex, we PTP tagged the subunit CITFA3 at its N
terminus in PF trypanosomes, tandem affinity purified the pro-
tein from crude extract, and visualized the final eluate by SDS-
PAGE and protein staining. The banding pattern was consistent
with previous tandem affinity purifications of CITFA, in which
CITFA2, CITFA6, or CITFA7 was tagged (32, 33), and showed a
single, clearly detectable band in the 10-kDa size range containing,
as analyzed by liquid chromatography-tandem mass spectrome-
try, LC8 (Fig. 2A). After LC8’s stable association with the CITFA
complex was thus demonstrated, we sought to determine its bind-
ing partner within the complex. While LC8 binding sites are con-
served from yeast to humans (5), a survey did not unambiguously
reveal such a site in CITFA subunit sequences (data not shown).
Previous sedimentation analyses of CITFA in 10 to 40% linear
sucrose gradients, which were fractionated from top to bottom,
consistently revealed a sedimentation peak of the CITFA complex
in fractions 12 to 14 (32, 33). However, we recently discovered that
CITFA2, in contrast to CITFA7 and other subunits, exhibited a
narrower peak and was abundant only in fractions 13 and 14,
possibly indicating the existence of CITFA complexes with par-
tially different compositions (33). To compare the sedimentation
profile of LC8 with the profiles of CITFA2 and CITFA7, we sedi-
mented the purified complex through a linear sucrose gradient
and detected these three proteins in individual fractions by immu-
noblotting with specific antibodies (Fig. 2B). While CITFA7’s sed-
imentation peak spanned fractions 12 to 14, the peaks of CITFA2
and LC8 were restricted to fractions 13 and 14, suggesting that
CITFA2 may be the binding partner of LC8.

To directly test this, we generated in E. coli recombinant
CITFA2 with a C-terminal composite PTH tag containing a ProtC
epitope, a thrombin cleavage site, and six histidine residues
(6�His). Incubating purified CITFA2-PTH, immobilized on

FIG 1 LC8 silencing has pleiotropic effects on BF trypanosomes. (A) Growth
curve analysis of a representative clonal smLC8 BF cell line in the absence
(�dox) and presence (�dox) of the LC8 knockdown-inducing compound
doxycycline. (B) Total RNA prepared from noninduced (ni) and 1-day-in-
duced cells was reverse transcribed with oligo(dT) and analyzed by semiquan-
titative PCR using LC8-, �-tubulin-, and VSG2-specific oligonucleotides.
rRNA was detected by ethidium bromide staining of total RNA. (C) Whole-
cell lysates of noninduced and 1- or 2-day-induced cells were analyzed by
immunoblotting using LC8- or CITFA6-specific antibodies or, as a loading
control, TFIIB-specific antibodies. (D) Flow cytometry analysis, without gat-
ing, of noninduced (blue) and 1-day-induced cultures (red). Propidium io-
dide staining intensity (x axis), which measures DNA content per cell, and cell
counts (y axis) from one representative experiment are shown. K, thousands.
(E) Indirect fluorescence microscopy of noninduced and 1-day-induced cells.
Representative single cells from each culture were imaged using both phase-
contrast and DAPI fluorescence. Small and large areas of DAPI intensity rep-
resent kinetoplasts and nuclei, respectively. Scale bars, 10 �m.
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FIG 2 LC8 binds to the N terminus of CITFA2, promoting its dimerization. (A) The final eluate of a PTP-CITFA3 (P-CITFA3) tandem affinity purification (TAP
eluate) was separated on an SDS-polyacrylamide (10 to 20%) gradient gel and stained with Coomassie blue. (B) Sedimentation of tandem affinity-purified CITFA
by ultracentrifugation in a 10 to 40% linear sucrose gradient. Fractions, taken from top to bottom, were separated by SDS-PAGE and immunoblotted for specific
detection of CITFA2, CITFA7, and LC8. CITFA7-P is so noted due to the presence of ProtC, which remains following tobacco etch virus protease cleavage.
Arrows highlight the relative absence of CITFA2 and LC8 in fraction 12. Taq DNA polymerase (95 kDa), IgG (150 kDa), and apoferritin (444 kDa) were analyzed
for molecular mass comparison (arrowheads). (C) Pulldown of recombinant, full-length (amino acid residues 1 to 422), wild-type CITFA2 with a C-terminal
PTH tag, consisting of ProtC, a thrombin cleavage site (TCS), and a terminal 6�His tag, in the presence of recombinant LC8. Crude extract (input, Inp),
supernatant (S), and precipitate (P) were analyzed in relative amounts of 1:1:8 by immunoblotting, using ProtC- and LC8-specific antibodies. A negative-control
pulldown assay was conducted in the absence of CITFA2 (bottom panel). (D) Corresponding experiments with CITFA2-PTH fragments which are specified by
residue numbers. (E) Alignment of the N-terminal CITFA2 sequences from Trypanosoma brucei brucei strain 427 (Tb427) (accession numbers are listed in Table
S1 in the supplemental material), Trypanosoma congolense (Tcon), Trypanosoma vivax (Tv), Trypanosoma cruzi (Tc), Trypanosoma grayi (Tgr), Trypanosoma
rangeli (Tran), Leishmania tarentolae (Lta), Leishmania mexicana (Lmx), Leishmania major (Lm), Leishmania infantum (Li), and Leishmania donovani (Ldon).
Positions with more than 50% identity or similarity are highlighted in black or gray, respectively. The proposed LC8 binding site is marked below the alignment
(asterisks), while the two mutants used for further investigation, NDel and 3Amut, are indicated above. (F) Pulldown assay of full-length rCITFA2-PTH carrying
the 3Amut mutation (r3Amut-PTH). (G) Sucrose gradient sedimentation of rCITFA2-PTH alone, LC8 alone, or the two in combination, following coincubation
(bottom two panels). Arrows indicate a cosedimentation peak in fraction 10 that was not present when either protein was analyzed on its own. Asterisks identify
a truncated form of rCITFA2-PTH.
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beads, with purified LC8, after removal of the GST tag, coprecipi-
tated LC8 in a CITFA2-PTH-dependent manner, strongly indicat-
ing a direct interaction between these two proteins (Fig. 2C). In
order to confirm this result and to better specify the site of inter-
action, we repeated this pulldown experiment using recombinant
protein portions of CITFA2. Precipitation of the N-terminal half
of CITFA2, comprising amino acids 1 to 208, effectively precipi-
tated LC8 from solution, while precipitation of the C-terminal
half did not (Fig. 2D). We further divided the N-terminal half of
CITFA2 and again found that the most-N-terminal portion, resi-
dues 1 to 101, precipitated LC8, while the second quarter of
CITFA2 failed to precipitate LC8. We then attempted to identify
the LC8 binding site within this reduced region of CITFA2 accord-
ing to a previous study using motifs validated in other organisms
(15) and another using a directed-evolution approach to quanti-
tatively determine the affinity preferences of the LC8 binding site
(18). In both of these publications, the LC8 binding site almost
always contained a central glutamine (Q), with threonine (T) or
valine (V) in the �1 and �1 positions. Three amino acids, threo-
nine-glutamine-valine, at the N terminus of CITFA2 (amino acids
6 to 8) were identified as the likeliest site of interaction and are
almost completely conserved among kinetoplastid CITFA2 se-
quences (Fig. 2E). In the course of this study two mutations of
CITFA2 were pursued: an N-terminal deletion of amino acids 2 to
10 (NDel) and a replacement of amino acids 6 to 8 with alanines
(3Amut). Precipitation of full-length recombinant 3Amut-PTH
failed to precipitate LC8 from solution, confirming that LC8 binds
CITFA2 via this N-terminal sequence (Fig. 2F).

LC8 binding promotes CITFA2 dimerization. In other sys-
tems it was shown that LC8, acting as a dimer, binds to disordered
regions of proteins, stabilizing their structures and allowing areas
present in the binding partner, such as coiled-coil domains, to
promote dimerization, thereby resulting in the formation of a
heterotetramer (15, 20, 23). While secondary-structure prediction
software identified the N terminus of CITFA2 as unstructured,
no domains known to promote protein dimerization were recog-
nized (data not shown). In order to investigate the possibility that
LC8 binding induces dimerization of CITFA2, we performed
sucrose gradient sedimentation of purified recombinant LC8 and
crude bacterial lysate containing recombinant CITFA2-PTH.
CITFA2-PTH, by itself, was found to peak in gradient fraction 7,
which would be consistent with it existing as a monomer of 50 kDa
(Fig. 2G), while the 20-kDa LC8 dimer was found at the top of the
gradient. When we added excess amounts of LC8 to the bacterial
lysate and allowed CITFA2-PTH and LC8 to interact before gra-
dient sedimentation, however, both proteins exhibited a peak in
fractions 9 and 10, consistent in size with a complex containing a
120-kDa CITFA2/LC8 heterotetramer. Serendipitously, when
CITFA2-PTH was expressed in E. coli, immunoblotting against
the C-terminal ProtC tag detected its full-length form and a trun-
cated form which is missing approximately 5 kDa (Fig. 2G, aster-
isks). This putative N-terminal truncation was not shifted upon
addition of LC8, indicating that LC8 cannot form a heterote-
tramer with the truncated CITFA2. These results strongly indicate
that LC8 promotes the dimerization of CITFA2 by interacting
with its N-terminal domain.

The CITFA2-LC8 interaction is essential for cell viability and
RNA Pol I-mediated transcription. In order to assess the impor-
tance of the CITFA2-LC8 interaction, we established BF cell lines
in which doxycycline triggers both silencing of endogenous

CITFA2 and expression of an RNAi-resistant CITFA2 transgene.
In T. brucei, effective gene silencing via the RNAi pathway requires
strong expression of an �500-bp-long dsRNA (43). We recently
showed that targeting the heterologous PTP tag coding sequence
effectively interfered with mRNAs carrying the PTP sequence,
while having no deleterious off-target effect in BFs (46). The
smPTP cell line, a derivative of the established smBF cell line for
gene knockdowns (44), constitutively expresses the tetracycline
(TET) repressor and T7 RNA Pol, and, upon induction, PTP
dsRNA from a TET-controlled T7 promoter (46). To apply this
system to CITFA2, we replaced one CITFA2 allele in smPTP cells
by hygromycin phosphotransferase and inserted the PURO-PTP-
CITFA2 plasmid into the second CITFA2 allele to obtain cell line
smC2-PTP (Fig. 3A, left panel). As expected, induction of PTP
dsRNA led to a loss of cell viability over 3 days of induction (Fig.
3A, middle panel), which matched previously performed CITFA2-
silencing experiments that targeted the CITFA2 coding sequence
(32). Immunoblotting of whole-cell lysates confirmed that CITFA2
was exclusively expressed as a PTP fusion and that depletion of
PTP-CITFA2 was nearly complete after 1 day of induction (Fig.
3A, right panel). We next generated three CITFA2 rescue con-
structs which differed only in respect to the LC8 binding site (Fig.
3B). The constructs contained the complete wild-type, 3Amut, or
NDel coding region with an HA tag sequence at the 3= end
(CITFA2-HA) and were under the control of a TET-regulated T7
promoter (note that due to SL trans splicing, trypanosomes can
utilize T7 Pol for the effective production of functional mRNA
[55]). The constructs were transfected into smC2-PTP cells and
targeted to the ribosomal spacer region, a silent genomic locus
commonly used for integration of exogenous plasmid constructs.
As expected, the expression of wild-type CITFA2-HA almost com-
pletely rescued the growth defect which resulted from PTP-
CITFA2 silencing (Fig. 3B, left panel). In contrast, neither the
3Amut nor NDel construct was able to rescue the knockdown of
PTP-CITFA2 (Fig. 3B, middle and right panels). RNA analysis
confirmed the reduction in PTP-CITFA2 mRNA in all three cell
lines and the simultaneous expression of the HA-tagged trans-
genes (Fig. 3C). Furthermore, and consistent with the failed rescue
of the PTP-CITFA2 knockdown by both mutant CITFA2-HA
genes, RNA Pol I-derived rRNA and VSG2 mRNA transcripts
were strongly reduced in induced cells, while such defects were
absent in the wild-type rescue line (Fig. 3C). Immunoblot moni-
toring confirmed the knockdown of PTP-CITFA2 after 24 h of
induction and the expression of the three different rescue trans-
genes within 8 h (Fig. 3D). While the wild-type transgene was
stably expressed, mutant transgene-derived CITFA2 was only
transiently detectable, and the mutant levels dropped substan-
tially after 8 h of induction (Fig. 3D, arrows). This cannot be due
to a decline in transgene mRNA as it was found to be well ex-
pressed at 48 h postinduction (Fig. 3C). Given that the decline in
mutant CITFA2 levels coincided with the RNAi-mediated decline
of PTP-tagged CITFA2, we hypothesize that wild-type CITFA2
might be stabilizing mutant CITFA2 through weak direct interac-
tion. This would be consistent with the view that LC8 drives
dimerization of proteins which already have a propensity toward
dimerization (20). In summary, the lethality of mutating the LC8
binding site in CITFA2 in conjunction with the specific decline of
rRNA and VSG2 transcripts in these rescue experiments strongly
indicated that the interaction between LC8 and CITFA2 is essen-
tial for RNA Pol I-mediated transcription and BF viability in cul-
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ture, notwithstanding the instability of the mutant transgene-de-
rived CITFA2.

Mutant CITFA2 does not bind promoter DNA or interact
with other CITFA subunits. We sought to obviate the problem of
mutant instability by generating a cell line in which mutant
CITFA2-HA and wild-type CITFA2 were expressed simultane-
ously. We transfected our same three CITFA2-HA transgene con-

structs into BF cells that contained two wild-type CITFA2 alleles,
generating cell lines C2-WT-HA, C2-NDel-HA, and C2-3Amut-
HA. Immunoblot monitoring revealed that both wild-type and
NDel CITFA2-HA were able to achieve long-term, high-level
expression in the presence of wild-type CITFA2, while 3Amut
CITFA2-HA, though durably expressed, never reached an equal
protein level (Fig. 4A). This expression profile was consistent in

FIG 3 Mutation of the LC8 binding site is lethal. (A) Schematic of the CITFA2 locus (left; not to scale) in BF cell line smC2-PTP in which one allele has been replaced
with a hygromycin resistance cassette (HYG), while the remaining allele has been fused to the PTP tag sequence by integration of pPURO-PTP-CITFA2, which harbors
a puromycin resistance cassette (PURO). Gray rectangles indicate gene flanks with essential RNA processing signals. Doxycycline-induced expression of PTP dsRNA
specifically targets PTP-CITFA2 mRNA. An smC2-PTP culture growth curve in the presence (�dox) and absence (�dox) of doxycycline is shown (middle). Immu-
noblot monitoring of the CITFA2 knockdown using both anti-CITFA2 and anti-PTP antibodies, with TFIIB serving as a loading control, was performed (right). Note
that the absence of an �55-kDa band in anti-CITFA2 antibody probing confirms exclusive expression of PTP-tagged CITFA2 in smC2-PTP cells. (B) At top is a
schematic depiction (not to scale) of the construct that harbored the CITFA2-HA transgene and was targeted to the silent RRNA intergenic region to conditionally express
RNAi-resistant CITFA2-HA mRNA and to rescue the PTP-CITFA2 knockdown. Culture growth curves of representative smC2-PTP cell lines whose PTP-targeted
CITFA2 knockdown was rescued with wild-type (WT), 3Amut, or NDel CITFA2-HA expression are shown below. BLE, phleomycin resistance cassette. (C) RNA analysis
of the rescue cell lines after either no induction (ni) or induction with 2 days of doxycycline treatment. (D) Immunoblotting of PTP-CITFA2 and CITFA2-HA proteins
during a time course of doxycycline-induced PTP-CITFA2 knockdown (KD) and CITFA2-HA expression, with TFIIB serving as a loading control. Arrows indicate
coreductions of 3Amut and NDel CITFA2-HA proteins with PTP-CITFA2 in the corresponding cell lines.
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two to four cell lines obtained with each construct. The low ex-
pression of the 3Amut protein could be due to a disruption in the
secondary structure of CITFA2 causing instability, as the three
alanine residues would strongly promote the formation of an
�-helix (56) in a region predicted to form a �-strand.

Given that CITFA is a promoter-binding transcription factor,
we sought to determine if the well-expressed NDel mutant was
recruited to promoter DNA. ChIP using anti-HA antibody, spe-
cific for the transgene-derived CITFA2-HA, revealed that while
wild-type CITFA2-HA was present at both the RRNA and BES
promoters, NDel CITFA2-HA was not (Fig. 4B). This lack of pro-
moter binding could be the result of either a loss of DNA binding
by a complete CITFA complex or a lack of assembly of the mutant
CITFA2 into the CITFA complex. To differentiate between these
two possibilities, we immunoprecipitated both the wild-type and
NDel CITFA2-HA proteins and analyzed for co-IP of other
CITFA subunits (Fig. 4C). Precipitation of the wild-type protein
resulted in the co-IP of LC8, CITFA6, and CITFA7, verifying that
the introduced CITFA2-HA had assembled with other CITFA
subunits. NDel CITFA2-HA, however, failed to co-IP any of these
proteins, showing that the lack of promoter binding by the mutant
was due to a lack of stable association with other CITFA subunits.
To confirm this result and further investigate the assembly status
of both wild-type and mutant CITFA2, we performed sucrose gra-

dient sedimentation of BF extract. While wild-type CITFA2-HA
had its major sedimentation peak in fractions 12 to 15, which
coincided with the peak of CITFA6, both the 3Amut and NDel
proteins peaked in fractions 6 and 7 and lacked a peak in fractions
12 to 15 (Fig. 4D). This result confirms that CITFA2 must bind
LC8 for CITFA complex assembly. Given that sedimentation in
fractions 6 and 7 would be consistent with a 50-kDa protein, it also
appears likely that CITFA2 exists as a monomer in the absence of
LC8 binding in our extracts. Note that wild-type CITFA2-HA has
a minor peak in fractions 8 and 9, likely representing a CITFA2
dimer and/or a CITFA2-LC8 heterotetramer.

CITFA2 directly contacts BES promoter DNA and is required
for promoter binding of CITFA in vivo. CITFA2 was shown to be
of crucial importance to the initiation of transcription by RNA Pol
I from the RRNA, BES, and procyclin promoters, both in vivo and
in vitro (32). However, its specific function in the complex has not
been determined. Early UV cross-linking of partially purified
CITFA and radiolabeled BES promoter DNA resulted in a major
labeled protein band of �50 kDa (32), which is the approximate
size of CITFA subunits 1 to 3. Accordingly, depletion of CITFA1 in
BFs caused a loss of CITFA3 occupancy of the RRNA and BES
promoters, indicating that CITFA1 is important for the transcrip-
tion factor’s ability to bind to RNA Pol I promoters (46). The BES
promoter extends only to position �67 relative to the transcrip-

FIG 4 Mutation of the LC8 binding site prevents recruitment of CITFA2 to promoters and its assembly into the CITFA complex. (A) Comparison of constitutive
wild-type (WT), NDel, or 3Amut CITFA-HA expression in individual BF cell lines by immunoblotting, with TFIIB serving as a loading control. (B) Anti-HA
ChIP assays in cell lines constitutively expressing wild-type or NDel CITFA2-HA. Precipitated DNA was analyzed using primer pairs which amplified the
consensus BES promoter (BES prom), the consensus RRNA promoter (RRNA prom), and the �/�-tubulin intergenic region. Error bars represent one standard
deviation, with asterisks indicating a Student’s t test P value of 
0.05. (C) Anti-HA coimmunoprecipitation with the same cell lines. Blots monitoring wild-type
(WT) or NDel CITFA2-HA immunoprecipitation were probed to detect the coimmunoprecipitation of LC8, CITFA6, CITFA7, and, as a loading control, TFIIB.
Note that IgG light chain (IgG l.c.) was detected at the top of the CITFA6 immunoblot. (D) Sucrose gradient sedimentation of whole-cell extracts, prepared from
cell lines that constitutively express wild-type (WT), NDel, or 3Amut CITFA2-HA cell lines, was analyzed by immunoblotting fractions 4 to 20 using either
anti-HA or anti-CITFA6 immune serum.
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tion initiation site (TIS) and harbors two distinct sequence ele-
ments (57, 58), both of which are required for efficient binding of
CITFA to the BES promoter (32). The two elements are separated
by 25 bp, indicating that more than one CITFA subunit mediates
DNA binding. Thus, to determine a potential DNA-binding role
of CITFA2, we first used the sucrose gradient fractions of the pu-
rified CITFA complex (Fig. 2A) for a gel shift assay with an 82-bp-
long radiolabeled BES promoter probe. Consistent with the near
absence of CITFA2 and LC8 from fraction 12 and their sedimen-
tation peaks in fractions 13 and 14, fraction 12 shifted the pro-
moter only faintly (Fig. 5A, arrow), while a strong shift signal was
observed in fractions 13 and 14, indicating that CITFA2 and LC8
are important for the ability of CITFA to bind the BES promoter.

To better understand which CITFA subunits directly contact
BES promoter DNA, we performed UV cross-linking using tandem
affinity-purified CITFA from PFs that expressed PTP-CITFA7 (33).
Cross-linking this high-purity eluate and a radiolabeled BES pro-
moter revealed two specific protein bands in the 50- to 60-kDa
range and a third band of �40 kDa (Fig. 5B, lane 3). Since the last
band was likely CITFA4, given that no other CITFA subunit is 40
kDa, we repeated the experiment with a PF cell line that expressed
CITFA4-PTP. After tandem affinity purification of a PTP-tagged
protein, an �4 kDa portion of the tag (ProtC) remains on the
purified protein. Accordingly, in the CITFA4-PTP purification, the
40-kDa band shifted up (Fig. 5B, lane 2, CITFA4-P), unequivocally
identifying CITFA4 as a direct contactor of promoter DNA. Likewise,
using purified CITFA containing a PTP-tagged CITFA2 resulted in a
shift of the uppermost cross-linked band, identifying CITFA2 as hav-
ing direct DNA contact (Fig. 5B, lane 4, P-CITFA2). Since we have
been unable to verify functional PTP tagging of CITFA1, we repeated
this experiment with PTP-tagged CITFA3. A failure of tagged
CITFA3 to increase the size of any of the three bands (data not shown)
makes it likely that CITFA1 is the third direct contactor of promoter
DNA within the CITFA complex.

To confirm the importance of CITFA2 to CITFA promoter
binding in vivo, we analyzed CITFA occupancy at the RRNA and
BES promoters in noninduced BFs and in BFs in which CITFA2
was silenced for 2 days. Since CITFA2 depletion did not affect
the abundance of CITFA3 (Fig. 5C, inset) and since absence of
CITFA2 does not appear to disrupt the CITFA complex (Fig.
2A, fraction 12) (33), we performed ChIP using a purified,
ChIP-grade polyclonal anti-CITFA3 antibody (46). Consistent
with CITFA2 being a promoter-binding protein, CITFA3 occu-
pancy of BES promoters was completely lost upon CITFA2 de-
pletion (Fig. 5C). Although the CITFA3 occupancy of RRNA
promoters was significantly reduced in the same experiments,
CITFA3 association with RRNA promoters remained substantial.
This might be due to structural differences between the RRNA and
BES promoters. In contrast to the short BES promoter, the RRNA
promoter extends to position �257 relative to the TIS, harboring
four distinct promoter domains (59, 60). Thus, it is possible that
additional factors present at the RRNA promoter interact with
CITFA and stabilize it in the absence of CITFA2. In either case,
these data clearly demonstrate that CITFA2 is important for
CITFA binding to both the RRNA and BES promoters.

LC8 depletion affects CITFA occupancy of RRNA and BES
promoters. Finally, to verify that the recruitment failure of the
CITFA2 NDel mutant to RNA Pol I promoters is due to a loss of
the CITFA2-LC8 interaction, we analyzed whether LC8 silencing
affected CITFA occupancy of RRNA and BES promoters. Using

the same cell line as that used in the experiment shown in Fig. 1, we
found a highly significant reduction in binding of CITFA3 to the
BES promoter, despite the fact that LC8 silencing limited the anal-
ysis to 1 day of induction (Fig. 6). According to our observation
that CITFA2 is less critical for CITFA3 occupancy of the RRNA

FIG 5 CITFA2 directly contacts the BES promoter and is required for CITFA
to bind to RNA Pol I promoters in vivo. (A) Sucrose gradient fractions of
purified CITFA, shown in Fig. 2A, were used in an EMSA with a radiolabeled
BES promoter that was visualized by autoradiography. Fraction 12, which
contains minimal LC8 and CITFA2 and an abundance of other CITFA sub-
units, barely binds to the probe (arrow), while fractions 13 and 14, which
contain an abundance of all CITFA subunits, effectively bound the promoter
probe. (B) UV cross-linking analysis using tandem affinity-purified CITFA
with radiolabeled BES promoter. After DNA digest, proteins were separated by
SDS-PAGE and visualized by autoradiography. On the right, tagged and un-
tagged CITFA subunits are identified. As explained in the text, the band that
did not shift is putatively CITFA1 (put. CITFA1). (C) Anti-CITFA3 ChIP assay
in an smCITFA2 cell line which was either not induced or in which PTP-
CITFA2 was silenced for 2 days. *, P 
 0.05; **, P 
0.01.
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promoter (Fig. 5C), LC8 depletion affected RRNA promoter pre-
cipitation only modestly (Fig. 6). These results are consistent with
the CITFA2-LC8 interaction being crucial for CITFA function,
and they verify LC8’s important role in multifunctional RNA Pol
I transcription in T. brucei.

DISCUSSION

Here, we have shown that LC8 has at least two essential functions
in T. brucei, namely, in cell cycle progression and, as part of
CITFA, in RNA Pol I transcription, which was the focus of this
investigation. We found that LC8 directly interacts with the N
terminus of CITFA2, requiring a conserved N-terminal TQV mo-
tif for binding. Sedimentation of recombinant CITFA2-LC8 com-
plexes indicated that LC8 binding promotes the dimerization of
CITFA2, resulting in a CITFA2-LC8 heterotetramer. Silencing of
endogenous CITFA2 in conjunction with the expression of RNAi-
resistant wild-type and mutant CITFA2 transgenes revealed that
the CITFA2-LC8 interaction is essential for trypanosome viability
in culture. Since CITFA2 with a mutated LC8 binding site could
not be stably expressed in the absence of endogenous CITFA2, we
expressed mutant CITFA2 in parallel to endogenous CITFA2 to
analyze the specific function of the CITFA2-LC8 interaction in the
RNA Pol I system. We found that CITFA2 is unable to bind pro-

moter DNA or assemble with other CITFA subunits to form a
complete CITFA complex in the absence of the CITFA2-LC8 in-
teraction. Following up on a previous report which suggested a
role for CITFA2 in promoter binding by CITFA (32), we found
that CITFA2, CITFA4, and, likely, CITFA1 directly contact pro-
moter DNA. Accordingly, CITFA2 silencing led to a defect in both
RRNA and BES promoter binding of CITFA3, a result which was
verified for the BES promoter by silencing LC8. These data suggest
a model (Fig. 7) in which trypanosome LC8, by forming a dimer as
in other organisms (16, 17), binds to the N termini of two CITFA2
molecules, promoting or stabilizing their dimerization. Since
CITFA2 and LC8 remain stably associated with the CITFA com-
plex after tandem affinity purification and sucrose gradient sedi-
mentation, even at 400 mM KCl (Fig. 2A) (32, 33; also data not
shown), it is likely that the full assembly of CITFA occurs inde-
pendent of DNA. Finally, by contacting DNA directly through its
CITFA2, CITFA4, and CITFA1 subunits, the transcription factor
complex binds with high affinity to both elements of the BES
promoter, which, in turn, leads to RNA Pol I recruitment and
transcription initiation. Although we cannot exclude the possibil-
ity that CITFA2 dimerization leads to dimerization of the whole
CITFA complex, the sedimentation profile of purified CITFA ar-
gues against this possibility. Consistent with an overall mass of
CITFA of 323 kDa, which assumes a CITFA2-LC8 heterotetramer
and monomers for all other subunits, full CITFA sedimented in
between the 150- and 444-kDa size markers (Fig. 2A).

Our data and model are consistent with the view that LC8,
rather than functioning as a linker between two different proteins,
instead promotes homodimerization, thereby imparting new
function (13, 20, 23, 61). Is LC8 essential for CITFA2 dimeriza-
tion, or does it stabilize a CITFA2 dimer that has already formed?
Sedimentation analysis of recombinant CITFA2 and LC8 pro-
teins (Fig. 2F) and of extracts containing the NDel and 3Amut
CITFA2-HA proteins (Fig. 4D) suggested that in the absence of
LC8, CITFA2 cannot form a dimer. However, when endogenous,
wild-type CITFA2 was depleted in trypanosomes, then the NDel
and 3Amut CITFA2 proteins were concomitantly lost (Fig. 3D),
whereas the same proteins could be constitutively expressed in the
presence of wild-type CITFA2 (Fig. 4B). This stabilization of mu-
tant CITFA2 by the wild-type protein suggests some degree of
CITFA2 interaction in the absence of LC8. This finding is consis-
tent with the demonstrated function of LC8 in structuring and
stabilizing dimers of the human dynein intermediate chain (25,

FIG 6 LC8 is required for recruitment of CITFA to the BES promoter. Anti-
CITFA3 ChIP in smLC8 BFs without induction (ni) and after 1 day of LC8
silencing. Precipitated DNA was analyzed using the primer pairs previously
noted. ***, P 
 0.001.

FIG 7 Model of the CITFA2-LC8 interaction and function for BES promoter transcription. Formation of a CITFA2-LC8 heterotetramer is a prerequisite for its
assembly into the CITFA complex. While a stable partial CITFA complex is formed without CITFA2-LC8, only a fully assembled CITFA complex that includes
CITFA2 and LC8 is able to bind promoter DNA. The BES promoter, with its two sequence blocks essential for CITFA binding (yellow), is shown here along with
the TIS. Please note that, for ease of visualization and understanding, LC8’s site of interaction with CITFA2 was not shown at its dimer interface, where it actually
occurs. Promoter-bound CITFA is able, either directly or indirectly, to recruit RNA Pol I and enable transcription initiation.
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62; reviewed in references 13 and 20), the Drosophila RNA-bind-
ing protein Swallow (24, 63), the human motor protein myosin Va
(21, 22), and the yeast nucleoporin Nup159 (64, 65).

Given that some of LC8’s nondynein binding partners, such as
the human transcriptional repressor TRPS1 (66), estrogen recep-
tor (67), and the NF-�B inhibitor I�B� (68), are involved in tran-
scriptional regulation and since proper B cell maturation was re-
cently demonstrated to directly depend on the DYNLL1 expression
level (69), it is worth considering if LC8 might be regulating mul-
tifunctional RNA Pol I transcription in T. brucei. In accordance
with this notion, our results indicated that depletion of CITFA2
(Fig. 5C) or LC8 (Fig. 6) affected CITFA3 occupancy of the BES
promoter more than that of the RRNA promoter, indicating that
LC8 may have a specific role in BES transcription. However,
CITFA2 was shown in vitro and in vivo to be essential for RNA Pol
I transcription initiating at the RRNA, procyclin gene, and BES
promoters (32). In addition, the LC8 binding site within CITFA2
is at least partially conserved among all kinetoplastids (Fig. 2D),
including those which do not display antigenic variation and are
not known to utilize RNA Pol I for pre-mRNA synthesis, suggest-
ing that if LC8 does have a regulatory role in RNA Pol I transcrip-
tion, it is likely a general one. Nevertheless, the CITFA2-LC8 het-
erotetramer appears to have a crucial role in activating the CITFA
complex. As previously determined, CITFA2 in BFs is expressed at
about a 5-fold lower level than CITFA7, indicating that the ma-
jority of CITFA complexes in a trypanosome are inactive, requir-
ing binding of the CITFA2-LC8 heterotetramer for activation (32,
33). Thus, it is possible that formation of a productive CITFA2-
LC8 heterotetramer is quantitatively controlled in the cell. It has
been shown in other systems that phosphorylation of either LC8
or its binding partner can alter their interaction, ranging from
minor changes in kinetics to a complete elimination of binding
(70–72). This regulatory phosphorylation occurs at S88 in human
LC8, which is conserved as S89 in the genus Trypanosoma (see Fig.
S1B in the supplemental material), allowing for such a regulation
to exist. Furthermore, phosphorylation of CITFA2 at amino acid
T6, one of the conserved residues in the LC8 binding motif, could
also be used as a means to block LC8 binding, as is the case in
Nek9, a kinase involved in mitotic progression (72).

Moreover, recent evidence suggests that CITFA is directly in-
volved in the regulation of monoallelic VSG expression, which
takes place outside the nucleolus in the so-called expression site
body, or ESB (73, 74). ChIP assays consistently demonstrated that
CITFA occupancy of the active BES promoter was several times
higher than that of a silent BES promoter (53). Furthermore, the
CITFA complex remained localized to the nucleolus and the ESB
after depletion of CITFA1, which caused CITFA to dissociate from
the RRNA and BES promoters (46). These results raised the pos-
sibility that sequestration of CITFA to the nucleolus and the ESB
may be the trypanosomes’ means to restrict productive RNA Pol I
transcription to these compartments (75). Since LC8 has been
implicated in subnuclear and subcellular localization of many of
its binding partners (20), sequestration or spatially controlled for-
mation of CITFA2-LC8 may be a mechanism for localizing CITFA
function.

The RNA Pol I systems have long been known to be species
specific (76). This is likely as a consequence of rapid evolutionary
divergence, which is possible because this polymerase is recruited
to only a single type of promoter. Nevertheless, conserved from
yeast to humans, RRNA promoters have a bipartite structure with

a TIS-proximal core promoter and an upstream control/promoter
element that is �100 to 150 bp upstream of the TIS. The trypano-
some BES promoter appears to comprise only the core promoter
because it extends only to position �67 relative to the TIS, and
both short promoter elements are required to bind CITFA. This
makes it likely that CITFA is the functional homolog of the core
promoter binding selectivity factor 1 (SL1) in humans (known as
TIF1B in mouse) and the core factor (CF) in yeast. SL1 consists of
the TATA-binding protein (TBP) and at least four TBP-associated
factors termed TAF1A to TAF1D (77), whereas CF comprises the
subunits RRN6, RRN7, and RRN11, which are weakly conserved
orthologs of TAF1A to TAF1C (78). While it remains to be deter-
mined whether CITFA subunits represent highly divergent or-
thologs of TAFs, the lack of TBP and the essential role of the highly
conserved LC8 for CITFA assembly and PIC formation clearly
distinguish the trypanosome factor from its mammalian and yeast
counterparts. Moreover, to our knowledge, LC8 has not been im-
plicated in PIC formation of any of the three nuclear RNA Pols in
any system so far.

In summary, this work is the first investigation of LC8 in a
kinetoplastid organism and reveals a novel use of LC8 in the basal
process of transcription initiation by RNA Pol I. It confirms the
results from studies in other organisms regarding LC8’s binding
motif and its role in protein dimerization, demonstrating that this
function of LC8 is of ancient evolutionary origin.
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