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Summary

RACK1 is a WD-repeat protein that forms signal com-
plexes at appropriate locations in the cell. RACK1
homologues are core components of ribosomes from
yeast, plants and mammals. In contrast, a cryo-EM
analysis of trypanosome ribosomes failed to detect
RACK1, thus eliminating an important translational
regulatory mechanism. Here we report that TbRACK1
from Trypanosoma brucei associates with eukaryotic
translation elongation factor-1a (eEF1A) as deter-
mined by tandem MS of TAP-TbRACK1 affinity
eluates, co-sedimentation in a sucrose gradient, and
co-precipitation assays. Consistent with these obser-
vations, sucrose gradient purified 80S monosomes
and translating polysomes each contained TbRACK1.
When RNAi was used to deplete cells of TbRACK1, a
shift in the polysome profile was observed, while the
phosphorylation of a ribosomal protein increased.
Under these conditions, cell growth became hyper-
sensitive to the translational inhibitor anisomycin.
The kinetoplasts and nuclei were misaligned in the
postmitotic cells, resulting in partial cleavage furrow
ingression during cytokinesis. Overall, these findings
identify eEF1A as a novel TbRACK1 binding partner
and establish TbRACK1 as a component of the trypa-
nosome translational apparatus. The synergy
between anisomycin and TbRACK1 RNAi suggests
that continued translation is required for complete
ingression of the cleavage furrow.

Introduction

Selective changes in protein composition accompany both
the cell cycle and complex life cycle of Trypanosoma
brucei. The mechanisms that account for these changes
are only partially understood (Reviewed in Clayton, 2002;
Campbell et al., 2003; Clayton and Shapira, 2007).
Because trypanosome genes are organized as long
cotranscribed polycistronic units, transcriptional control is
not likely to play a major role in differential gene expres-
sion. Trypanosomes therefore rely on a combination of
post-transcriptional control, translational control and pro-
teolysis to alter steady-state levels of proteins in the cell.
Considerable attention has been directed towards regula-
tory events that affect mRNA abundance. In this regard,
mRNA processing rates and mRNA stability are important
(Clayton and Shapira, 2007). A growing number of studies
also demonstrate a change in protein abundance with
minimal change in mRNA levels. This situation has been
demonstrated for individual proteins and by genome-wide
analyses that compare transciptome and proteome data
sets (Gale et al., 1994; Saas et al., 2000; Avila et al., 2001;
Akopyants et al., 2004; Brems et al., 2005; McNicoll et al.,
2006; Mayho et al., 2006; Cohen-Freue et al., 2007;
Nardelli et al., 2007). Collectively, these data underscore
the importance of either translational or post-translational
control in trypanosomatids.

The present study seeks to improve our understanding
of signal events that might regulate the translation process
in T. brucei. The study focuses on the trypanosome homo-
logue of mammalian RACK1 (TbRACK1). RACK1 was
initially identified as a signal anchor protein for protein
kinase C and its targets (Ron et al., 1994). Since its initial
discovery, the list of interacting proteins has grown consid-
erably. It is now evident that RACK1 forms productive
interactions with several kinases (Chang et al., 1998;
McLeod et al., 2000; Stebbins and Mochly Rosen, 2001;
Yaka et al., 2002), phosphatases (Mourton et al., 2001;
Kiely et al., 2008), ion channels (Patterson et al., 2004;
Onishi et al., 2006; Isacson et al., 2007), signal proteins
(Koehler and Moran, 2001; Chen et al., 2005; Bolger et al.,
2006; Hu et al., 2006; Zeller et al., 2007), receptors
(Liliental and Chang, 1998) and proteins involved in gene
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expression (Chicurel et al., 1998; Angenstein et al., 2002;
Ceci et al., 2003; Shor et al., 2003; Baum et al., 2004;
Fomenkov et al., 2004; Gavin et al., 2006; Okano et al.,
2006; Zhang et al., 2006). More recently, RACK1 has been
identified as a new member of the eukaryotic translation
machinery (Nilsson et al., 2004). Mass-spectroscopy
studies identified RACK1 among the ribosomal proteins
from S. cerevisiae (Link et al., 1999), Arabidopsis (Gia-
valisco et al., 2005) and humans (Yu et al., 2005). Cryo-
electron microscopy localized RACK1 to the 40S head
region near the mRNA exit pore where it makes direct
contact with ribosomal RNA (Sengupta et al., 2004). The
mRNA for mammalian RACK1 even shares the same
control elements with other ribosomal transcripts; allowing
them to be translationally controlled in a concerted way by
signals involving PI3 kinase and mTOR (Loreni et al.,
2005).Although one study with yeast suggests that RACK1
is found nowhere else in the cell except on ribosomes
(Gerbasi et al., 2004), other studies with S. cerevisae,
S. pombe and human cells indicate that RACK1 is found in
both ribosomal and non-ribosomal fractions (Ceci et al.,
2003; Shor et al., 2003; Baum et al., 2004; Zeller et al.,
2007). The persistence of RACK1 on ribosomes under high
salt conditions (Inada et al., 2002), the presence of RACK1
at a 1:1 ratio with other ribosomal proteins (Link et al.,
1999) and its confirmed presence at high occupancy on
isolated ribosomes by cryo-EM (Sengupta et al., 2004)
indicate that most ribosomes in the cell contain RACK1.

RACK1 is important for ribosome function. Although not
essential for cell viability, its deletion causes an increase
in 40S and 60S subunits, a decrease in 80S subunits and
formation of stalled initiation complexes, indicating a
defect in the initiation step of translation (Chantrel et al.,
1998). RACK1 has been shown to recruit activated
protein kinase C to the ribosome and, through phospho-
rylation of eukaryotic initiation factor 6 (eIF6), allow the
formation of a functional 80S complex (Ceci et al., 2003).
RACK1 also affects the phosphorylation of other transla-
tion initiation factors, including eIF2a, eIF2Ø, eIF4A and
the ribosome associated complex RAC (Valerius et al.,
2007). Although RACK1 can repress global translation
rates (Gerbasi et al., 2004), it also regulates the transla-
tion of specific transcripts. For example, polysomes pre-
pared from yeast that have been depleted of RACK1
contain a reduced level of the L25 transcript and lower
levels of the L25 protein. No other mRNA analysed in the
study was affected (Shor et al., 2003). When differential
gel electrophoresis was used to measure protein levels in
cells depleted of RACK1, It was shown that 27 proteins
of 1500 were selectively upregulated and 3 proteins
were significantly downregulated (Gerbasi et al., 2004).
Because RACK1 also interacts with some membrane
bound receptors (Liliental and Chang, 1998), it has been
proposed that RACK1 may promote the docking of

ribosomes to sites where local translation is required
(Chicurel et al., 1998; Cox et al., 2003). In this regard,
RACK1 may be critical for positional translation within the
cell. Because no homologues of RACK1 have been iden-
tified in prokaryotes, it is likely that RACK1 performs
eukaryotic-specific regulatory roles (Dresios et al., 2006).

In trypanosomes, a precise function for TbRACK1 has
yet to be determined. Early studies indicated that the level
of TbRACK1 transcripts became elevated as growth rates
slowed. G0 arrested stumpy cells had a higher level of
TbRACK1 mRNA than was found in rapidly dividing blood-
stream form (BF) or procyclic form (PF) stages (Matthews
and Gull, 1998). TbRACK1 mRNAalso became elevated in
cells undergoing apoptosis-like death (Welburn and
Murphy, 1998). In Leishmania, disruption of the locus for
LmRACK1 altered parasite viability and virulence (Kelly
et al., 2003). Although TbRACK1 and LmRACK1 have
each been associated with cell growth and/or infectivity, the
pathways they regulate are unknown. We have shown that
depletion of TbRACK1 with RNA interference (RNAi) gen-
erates cells that cannot complete cytokinesis. The cells
contain several partial cleavage furrows, multiple nuclei
and multiple flagella (Rothberg et al., 2006). This observa-
tion has led us to propose that TbRACK1 contributes
towards the regulation of the final stage of mitosis (Roth-
berg et al., 2006). A similar observation was made in
C. elegans where knockdown of RACK1 by RNAi gener-
ated defects in cleavage furrow ingression (Skop et al.,
2004). However, the pathways RACK1 may use to affect
cytokinesis or cell growth have not been identified. The
spatial organization of TbRACK1 does not provide any
clues about how it functions. It is found in both particulate
and supernatant fractions, along the nuclear envelope, but
is not associated with the cleavage furrow, ER or with the
mitochondrion (Rothberg et al., 2006). A cytoplasmic dis-
tribution has also been reported for Crithidia CfRACK1
(Taladriz et al., 1999) and CPC2/RACK1 in S. pombe
(McLeod et al., 2000). The following study develops the
hypothesis that TbRACK1 recruits signal components to
the ribosome and plays a role in the differential expression
of trypanosome genes. The regulation of specific proteins
may account for the correlation between TbRACK1 levels
and cell growth and explain its ability to modulate cytoki-
nesis. Although the hypothesis builds upon considerable
precedence in other eukaryotic systems, it is complicated
by current models of the trypanosome ribosome. The
organization of the trypanosome ribosome was best delin-
eated by a cryo-EM analysis of 80S monosomes from
T. cruzi (Gao et al., 2005). Surprisingly, TcRACK1 was
conspicuously absent, and the authors concluded that
trypanosome ribosomes are fundamentally different from
those in other eukaryotes. Here we test whether the
absence of ribosomal RACK1 is a distinguishing feature of
the trypanosome translation machinery. We demonstrate
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that TbRACK1 is found in protein complexes that contain
eukaryotic elongation factor-1A(eEF1A), and is present on
monosomes and translating polysomes from T. brucei and
T. cruzi. TbRACK1 dissociates from ribosomes under con-
ditions of high salt or with low amounts of deoxycholate.
When RNAi is used to deplete the cellular content of
TbRACK1, the polysome profile changes in a manner that
is consistent with stalled translation initiation. Additionally,
a 30 kDa ribosomal protein becomes hyperphosphory-
lated on a Thr residue. As further evidence of a disruption
in ribosome function, the growth of TbRACK1 deficient
cells becomes hypersensitive to the translational inhibitor
anisomysin. At subtoxic doses, anisomycin augments the
effects of TbRACK1 RNAi by greatly increasing the per-
centage of cells exhibiting a cytokinesis defect. Other
aspects of cell cycle progression appear to be unaffected,
including nuclear division, flagellar assembly and motility.
Collectively, these data demonstrate that TbRACK1 is a
functional component of the trypanosome ribosome and
demonstrate that cytokinesis is selectively inhibited when
translation is disrupted.

Results

TbRACK1 associates with eEF1A

We have previously shown that cells become arrested
midway through cytokinesis when RNAi is used to deplete
the cellular content of TbRACK1 (Rothberg et al., 2006).
To understand the mechanisms of growth arrest, the
TbRACK1 binding partners were sought. A Tandem Affin-
ity Purification Tag (TAP-Tag) (Rigaut et al., 1999) was
fused to the 5′ end of full-length TbRACK1 and the con-
struct was cloned into the constitutive expression vector
pTSA.Hyg2 (Sommer et al., 1992). A PF cell line was
established that stably expressed the TAP-TbRACK1
construct. Western blot with anti-TbRACK1 antibodies
recognized both the endogenous TbRACK1 (34 kDa) and
the larger TAP-TbRACK1 (55.5 kDa). A crude cellular
fractionation revealed that, similar to the endogenous
protein, the TAP-TbRACK1 was present in each of the
pellet and supernatant fractions (Fig. 1A). A low speed
supernatant fraction (14 000 g) was further fractionated
on sucrose gradients and endogenous TbRACK1 comi-
grated with TAP-TbRACK1 (Fig. 1C). Proteins that bound
to TAP-TbRACK1 were initially separated on an immuno-
globulin affinity column and released with TEV protease
(Fig. 1B; TEV eluate lane). The protealytically cleaved
TAP-TbRACK1 (40 kDa) was detected in the elution frac-
tion but not the native TbRACK1 (34 kDa). These data
indicate that endogenous TbRACK1 does not form dimers
with the TAP-TbRACK1. The TAP-TbRACK1 was then
bound to a calmodulin-Sepharose affinity column, washed
until no more protein was detected (Ca2+ wash lane) and

eluted with EGTA. The cleaved TAP-TbRACK1 was
detected by Western blot as a 40 kDa band. When this
final elution fraction was evaluated for proteins by Coo-
massie stain, three predominant bands at 54, 50 and
40 kDa were consistently observed in three separate
preparations (Fig. 1B). Each band was excised and analy-
sed by tandem MS. The 54 kDa band corresponded to
b-tubulin (13 fragments), while the 40 kDa band corre-
sponded to TEV-cut TAP-TbRACK1 (9 fragments). The
50 kDa band was heterogeneous and contained four pro-
teins of ~50 kDa including a-tubulin (11 fragments),
b-tubulin (9 fragments), eEF1A (5 fragments) and protea-
some regulatory ATPase subunit 5 (RPT5; 2 fragments).

Here we focus on the association between TbRACK1
and eEF1A because interactome analyses from
S. cerevisiae or C. elegans had not previously identified
this pair and because their association has implications
towards translational regulation. The TAP-TbRACK1 has
the potential to misidentify binding partners because it
may interact through the tag region, fold inappropriately or
traffic to the wrong location in the cell. We employed
sucrose gradient centrifugation to verify that protein com-
plexes containing eEF1A also contained TbRACK1
(Fig. 1C). A monoclonal antibody against trypanosome
eEF1A was used (Kaur and Ruben, 1994), and it recog-
nized a protein of 50 kDa that comigrated throughout the
gradient with TbRACK1 and TAP-TbRACK1. A smaller
fragment cross-reacted with the antibody, and its distribu-
tion was limited to the top fractions of the gradient. To
establish whether TbRACK1 was in a complex with
eEF1A, wild-type PF cells (derived from AnTat1.1 BF)
were gently lysed and the cell homogenate was immuno-
precipitated with rabbit antibodies against TbRACK1
(Fig. 2A; upper panel). Specific coprecipiation of eEF1A
was observed. For the reciprocal immunoprecipitation,
29-13 PF were transformed with AU1 epitope tagged
eEF1A. The anti-AU1 beads immunoprecipitated
TbRACK1 in cells transformed with the AU1-eEF1A con-
struct (Fig. 2A, middle panel), but not in parental 29-13
cells (Fig. 2A, lower panel). To test whether the binding
between TbRACK1 and eEF1A was direct, native eEF1A
was purified from trypanosome homogenates (Fig. 2C)
and incubated with recombinant (His)6-TbRACK1 from
E. coli. Reciprocal pull-down assays were performed with
the purified proteins (Fig. 2B). Anti-TbRACK1 or Ni-NTA
agarose each precipitated native eEF1A, but only when
(His)6-TbRACK1 was present in the reaction (upper and
middle panels). Conversely, anti-eEF1A precipitated
(His)6-TbRACK1 only when native eEF1A was present in
the reaction (lower panel). Because previous interactome
studies from S. cerevisiae or C. elegans did not identify
RACK1 and eEF1A as direct binding partners, we
assessed whether recombinant eEF1A retains the ability
to bind TbRACK1. When protein interactions were evalu-
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ated either by bacterial two-hybrid, or by immunoprecipi-
tation of purified recombinant proteins, no direct binding
was observed (Fig. 3A and B). Therefore, only native
eEF1A was able to bind recombinant TbRACK1.

TbRACK1 associates with trypanosome monosomes

The appearance of eEF1A among the TbRACK1 binding
partners caused us to re-evaluate the current structural
model of the trypanosome ribosome. This model was
generated from an elegant cryo-EM examination of puri-
fied monosomes from T. cruzi (Gao et al., 2005). The
analysis revealed fundamental differences between ribo-
somes from trypanosomes and those from a range of

eukaryotes, including yeast, plants and humans. Notable
among the differences was the absence of TcRACK1.
Here we use different methods to determine whether
TbRACK1 associates with trypanosome ribosomes. If this
association occurs, then TbRACK1 has the potential to
regulate translation through the recruitment of signal
proteins. If this association does not occur, then the try-
panosome ribosome is fundamentally different due to the
absence of TbRACK1.

To test this hypothesis, 80S monosomes were prepared
from log phase cells using a modification of previously
described procedures (Brecht and Parson, 1998;
Rodríguez-Gabriel et al., 2000). In this procedure, ribo-
somes were centrifuged through a sucrose cushion prior

Fig. 1. The identification of TAP-TbRACK1 binding partners.
A. Expression of TAP-TbRACK1 and its distribution in cultured PF. A cloned PF cell line was produced that constitutively expressed the
TAP-Tag fused to the amino terminus of TbRACK1. Cells were fractionated by centrifugation and each fraction was suspended in the original
homogenate volume. Proteins were separated on a 12% polyacrylamide gel and analysed by Western blot with rabbit anti-TbRACK1 to
evaluate the relative abundance of TAP-TbRACK1 (55.5 kDa) compared with endogenous TbRACK1 (34 kDa).
B. Affinity purification of TAP-TbRACK1 and its associated proteins. In the left panel, Western blot with rabbit anti-TbRACK1 is used to identify
TAP-TbRACK1 and endogenous TbRACK1 during the affinity purification steps. The TEV-protease eluted proteins from the IgG-Sepharose
beads, while the Ca2+ wash and pooled EGTA eluates were from the calmodulin-Sepharose beads. A new band at 40 kDa was generated by
the TEV-protease cleavage of the TAP-TbRACK1. The right panel is the Coomassie-stained gel of the EGTA eluate. The three predominant
bands were excised and each band was analysed by LC MS/MS. Proteins that comprised each band are listed.
C. TbRACK1, TAP-TbRACK1 and eEF1A cosediment on sucrose gradients. About 109 log phase cells were disrupted with glass beads
followed by the addition of 1.2% (v/v) Triton X-100. The 14 000 g supernatant was applied to a 12 ml linear sucrose gradient (15–50%) and
centrifuged for 2.5 h at 170 000 g (avg). Fractions (0.5 ml each) were collected and proteins were precipitated with methanol/chloroform. Each
fraction was separated by SDS-PAGE on 12% acrylamide gels, and probed with rabbit anti-TbRACK1 (upper panel) or with mouse anti-eEF1A
(lower panel).
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and then fractionated on a 5–25% linear sucrose gradient
(Fig. 4A). Fractions from the sucrose gradient were
assessed for specific proteins by Western blot analysis
(Fig. 4A). The monosome peak was identified with anti-

bodies against TcP0 (Skeiky et al., 1993). TcP0 belongs to
the P-protein family. P-proteins form a long stalk on the
60S subunit of eukaryotic ribosomes. A protein interaction
map of the T. cruzi P-proteins has been determined (Ayub

Fig. 2. TbRACK1 and eEF1A are binding partners.
A. TbRACK1 associates with eEF1A in cell homogenates. Upper panel: Wild-type PF (AnTat1.1) were gently lysed, and the 10 000 g
supernatant fraction was used for immunoprecipitation pull-downs. Each tube was incubated with combinations of cell homogenates, rabbit
anti-TbRACK1 and protein A beads, as indicated. Western blot analysis was with mouse anti-eEF1A. In each panel, the input is shown in the
left lane. Middle panel: 29-13 PF cells were transformed with AU1-eEF1A in pLEW100. After 3 days induction with 1 mg ml-1 tetracycline, cell
homogenates were precipitated with anti-AU1 beads and the pull-down of TbRACK1 was monitored. Lower panel: Homogenates of parental
29-13 cells were precipitated with anti-AU1 beads and the pull-down of TbRACK1 was monitored.
B. Purified native eEF1A and (His)6-TbRACK1 coimmunoprecipitate. Reactions contained different combinations of purified native eEF1A
(10 mg) and recombinant (His)6-TbRACK1 (8 mg), as indicated. Anti-TbRACK1 pulled down eEF1A only when (His)6-TbRACK1 was present in
the assay (upper panel). Ni-NTA pulled down eEF1A only when (His)6-TbRACK1 was present in the assay (middle panel). Anti-eEF1A pulled
down (His)6-TbRACK1 only when eEF1A was present in the assay (lower panel). The antibody heavy chain (hc) is visible in the pull-down with
anti-eEF1A (lower panel). The input is shown in the left lanes.
C. Purification of native eEF1A from trypanosome homogenates. Coomassie-stained gel of the eEF1A purification. Individual lanes contain the
100 K supernatant; DE-52 flow through; calmodulin-Sepharose flow through; final wash; and EGTA eluate from the calmodulin-Sepharose
column. Adjacent panel is the Western blot of the final eluate.
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et al., 2005). Antibodies against TcP0 demonstrated that
the large protein peak in our chromatogram was com-
prised of trypanosome monosomes. TbRACK1 was also
found in the same monosome peak. It is not likely that
TbRACK1 is in association with contaminating material.
Membrane bound compartments were eliminated when

Fig. 3. Bacterially expressed recombinant eEF1A does not
interact with TbRACK1.
A. eEF1A and TbRACK1 fail to interact by bacterial two-hybrid.
BactrioMatch II validation reporter competent cells (Stratagene)
were co-transformed with bait and prey, and then plated on
non-selective M9+ plates. Ten colonies from the M9+ non-selective
plates were suspended in liquid culture and re-plated onto either:
M9+ medium; M9+ with 5 mM 3-AT; or M9+ with 5 mM 3-AT and
12.5 mg ml-1 streptomycin. For the sake of space, only four colonies
are shown. Control plasmids were purchased from Stratagene, and
consisted of bait (pBT-LGF2) and prey (pTRG-GAL1 1P).
B. Bacterially expressed recombinant (His)6-eEF1A does not
interact with recombinant (His)6-TbRACK1. Binding assays
contained combinations of 8 mg (His)6-TbRACK1 and 8 mg
(His)6-eEF1A, as indicated. Immunoprecipitation was with
anti-TbRACK1 and proteins in the pull-down were detected with
anti-His6 antibodies. eEF1A is not pulled down by these
procedures. The input is in the left lane.

Fig. 4. TbRACK1 is a component of trypanosome monosomes,
and can be released with high concentrations of NaCl or 0.2%
deoxycholate.
A. Purification of monosomes from wild-type PF. Monosomes were
partially purified through a step gradient of 20%/40% sucrose, and
separated on a linear gradient of 5–25% sucrose. The OD254 was
continuously recorded and 0.5 ml fractions were collected. Proteins
in each fraction were precipitated by methanol/chloroform and
separated by SDS-PAGE. Western blot was used to detect
TbRACK1, TcP0 or a-tubulin.
B. The crude ribosome fraction was incubated with 0.7 M NaCl for
30 min prior to loading on the sucrose gradient.
C. The crude ribosome fraction was incubated with 0.2%
deoxycholate for 45 min prior to loading on the sucrose gradient.
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the sample was centrifuged through a high-density
sucrose cushion, while the absence of a-tubulin indicates
that cytoskeletal contamination is also absent. The inter-
action between TbRACK1 and monosomes was disrupted
with 0.7 M NaCl (Fig. 4B). This result is consistent with the
situation in S. pombe, where RACK1 also releases from
the ribosome in the presence of high salt concentrations
(Shor et al., 2003). Finally, when treated with 0.2% deoxy-
cholate the 80S monosome became unstable (Fig. 4C). It
divided into its 40S and 60S components. TbRACK1 was
released to the top of the gradient and the remaining 80S
monosome fraction was devoid of TbRACK1. Some of the
TbRACK1 remained associated with the 40S subunit.

TbRACK1 binds to ribosomes while they are actively
engaged in translation

We sought to determine if TbRACK1 remains associated
with ribosomes while they are involved in translation. To
accomplish this goal, polysomes were stabilized with
100 mg ml-1 cyclohexamide and isolated on sucrose
gradients. When the gradients were harvested, a classic
polysome profile was observed (Fig. 5A). The 60S ribo-
somal marker protein TcP0 was in the monosome and
polysome fractions. TbRACK1 had a similar distribution to
TcP0 and also was found in non-ribosomal fractions at the
top of the sucrose gradient. Tubulin did not extend far into
the gradient, precluding the possibility that the distribution
of TbRACK1 in the polysome fraction was dependent
upon its association with cytoskeletal elements. To further
verify that TbRACK1 was associated with polysomes, the
mRNA thread holding the polysome together was cut with
RNAse (Fig. 5B). Following this treatment, the polysome
pattern was disrupted and both TcP0 and TbRACK1
shifted towards the top of the gradient. The distribution of
tubulin was unchanged. Altogether, these data demon-

strate that TbRACK1 associates with monosomes and
stays with the ribosomes when they assemble into
actively translating polysomes.

TbRACK1 binds to polysomes from BF of T. brucei and
epimastigotes of T. cruzi

So far, we report that TbRACK1 associates with mono-
somes and polysomes from PF trypanosomes. During the
transformation process from insect to mammalian host,
changes in gene expression occur. Here we evaluate
whether the association of TbRACK1 with polysomes is
developmentally regulated. TbZFP3 is an example of a
protein that is found in polysome fractions from PF but is
absent from polysomes of BF (Paterou et al., 2006). Poly-
some fractions from BF strain M110 also contain
TbRACK1 (Fig. S1). Our results differ from those obtained
with T. cruzi monosomes. This may result from fundamen-
tal differences between ribosomes from T. cruzi and
T. brucei or reflect differences in methods. To resolve this
issue, polysomes were analysed from epimastigotes of
T. cruzi. Our antibody reagents were suitable for this
analysis, as they recognized a single band from whole-
cell homogenates of either T. brucei or T. cruzi (Fig. 6A).
Both TcP0 and TcRACK1 were components of the poly-
some fractions (Fig. 6B). These proteins shifted their dis-
tribution when polysomes were disrupted with RNAse
(Fig. 6C). Therefore, RACK1 homologues are found in
association with polysomes from PF and BF of T. brucei,
and epimastigotes of T. cruzi.

Depletion of TbRACK1 by RNAi alters properties of
trypanosome polysomes

To determine whether the association of TbRACK1 with
ribosomes has functional consequences, RNAi was used

Fig. 5. Identification of TbRACK1 in
polysome preparations from PF.
A. Polysomes were harvested from a 15–50%
linear sucrose gradient. The OD254 was
continuously recorded and 0.5 ml fractions
were collected. Proteins in each fraction were
precipitated by methanol/chloroform and
separated by SDS-PAGE. Western blot was
used to detect TbRACK1, TcP0 or a-tubulin.
B. Polysomes were incubated with
0.5 mg ml-1 RNase A for 30 min prior to
separation on the 15–50% linear sucrose
gradient.
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to deplete PF of TbRACK1. Cells were stably transformed
with plasmid pZJM containing 503 bp of TbRACK1
between dually opposed T7 promoters, as described by
us previously (Rothberg et al., 2006). Western blot
revealed that protein levels of TbRACK1 decreased over
a 4 day period following induction of RNAi with 1 mg ml-1

tetracycline (Fig. 7B). Polysomes were prepared from
1 ¥ 109 PF (Fig. 7A). Without the induction of RNAi (-Tet),
the polysome profile was similar to that produced by wild-
type PF in which the height of the 80S monosome peak
was two- to threefold higher than the polysome peaks
(compare Figs. 5A and 7A). When TbRACK1 was
depleted by RNAi (+Tet), polysomes still formed but the
relative height of the 80S monosome peak was consis-
tently larger and the number of polysome peaks was
consistently reduced (Fig. 7A). A similar result was
obtained in yeast following downregulation of the transla-
tion initiation factor eIF3-p39 (Naranda et al., 1997). The
inefficient translation initiation resulted in an accumulation
of 80S monosomes, while completion of the elongation
step, led to fewer polysome peaks. Because yeast
RACK1 affects the phosphorylation state of several initia-
tion factors (Valerius et al., 2007), we purified ribosomes
from control and TbRACK1-depleted cells (Fig. 7B). The

gel lanes were standardized to contain the same amount
of the 60S ribosomal marker TcP0. After induction of RNAi
with tetracycline, the amount of ribosome-associated
TbRACK1 is greatly reduced. Under these conditions,
antibodies against phosphothreonine consistently
detected a protein of around 30 kDa that became hyper-
phosphorylated (Fig. 7B). Antibodies against phospho-
serine or phosphotyrosine did not detect any changes
(data not shown). The increased phosphorylation state of
the 30 kDa protein might occur if TbRACK1 inhibits kinase
activity, or if TbRACK1 is required to recruit a phos-
phatase to the ribosome.

The translation inhibitor anisomycin works synergistically
with TbRACK1 RNAi to arrest cell growth and generate
the distinctive cytokinesis phenotype

Anisomycin is an inhibitor of the transpeptidylation reac-
tion of translation. An increased sensitivity of cell growth
to translational inhibitors has been used by others to
implicate proteins of unknown function in the translation
process (Nelson et al., 1992; Spence et al., 2000). There-
fore, cells depleted of TbRACK1 by inducible RNAi were
compared with control cultures for their sensitivity to

Fig. 6. Polysomes from Trypanosoma cruzi
epimastigotes contain TcRACK1.
A. Antibodies detect RACK1 and P0 from
T. brucei PF and T. cruzi epimastigotes with
high specificity. Whole-cell homogenates
(15 mg) were separated by SDS-PAGE and
were analysed by Western blot with
antibodies against TbRACK1 or TcP0.
B. Polysomes were harvested from a 15–50%
linear sucrose gradient. The OD254 was
continuously recorded and 0.5 ml fractions
were collected. Proteins in each fraction were
precipitated by methanol/chloroform and
separated by SDS-PAGE. Western blot was
used to detect TcRACK1, TcP0 or a-tubulin in
each fraction.
C. Polysomes were incubated with
0.5 mg ml-1 RNase A for 30 min prior to
separation on the 15–50% linear sucrose
gradient.
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anisomycin. The control cultures were either the unin-
duced TbRACK1 RNAi cells (-Tet), or parental 29-13 cells
plus tetracycline. Cultures were allowed to grow for
2 days in the presence or absence of tetracycline. The
cells were diluted to a density of 1 ¥ 106 cells ml-1 and
treated with variable amounts of anisomycin. At day 4, cell
density was determined (Fig. 8A). Growth in the absence
of anisomycin was set at 100%. Cells that were depleted
of TbRACK1 exhibited increased sensitivity to anisomy-
cin, with IC50 of 3 mg ml-1. By contrast, neither of the
control cultures was affected by anisomycin at 3 mg ml-1.
Instead, the uninduced RNAi cells or parental 29-13
cells had IC50 values of 11 and 16 mg ml-1 respectively
(Fig. 8A). These data demonstrate that neither the pZJM.
TbRACK1 plasmid nor treatment with tetracycline was
sufficient on its own to sensitize cell growth to anisomycin.

During the cell counts, it was noted that the growth-
arrested cells had a specific cell cycle defect. The cells
were able to initiate cytokinesis but arrested after partial

cleavage furrow ingression (Fig. 8B and C). As reported
by us previously, when depleted of TbRACK1 by condi-
tional knockdown, the postmitotic cells initiated cytokine-
sis, but became arrested partway through the process
(Rothberg et al., 2006). Reiterations of mitosis, flagellar
assembly and partial cytokinesis generated cells with mul-
tiple nuclei, multiple flagella and multiple partially formed
cleavage furrows (Rothberg et al., 2006). Here we show
that 4 mg ml-1 anisomycin was non-toxic to uninduced
cells (Fig. 8A; -Tet) and that these cells had a normal
morphology (Fig. 8B and C). The population was primarily
comprised of cells with 1 nucleus and 1 kinetoplast
(1N1K) and dividing cells had normal postmitotic position-
ing of kinetoplasts and nuclei (KNKN). To deplete cells of
TbRACK1, RNAi was induced with tetracycline over a
4 day period. At the end of 4 days, approximately 15% of
cells developed the distinctive phenotype characteristic of
a cytokinesis defect (Fig. 7B and C). When a subtoxic
dose of anisomycin (4 mg ml-1) was added during the final

Fig. 7. Conditional knockdown of TbRACK1
changes the polysome profile and increases
phosphorylation of a ribosomal protein in
T. brucei PF.
A. Polysome profiles were obtained from
1 ¥ 109 TbRACK1 RNAi cells, either without
induction of RNAi (-Tet), or after induction of
RNAi (+Tet) for a 4 day period. Compared
with uninduced cells and control wild-type
cells, polysomes from TbRACK1-depleted
cells had an increased peak height of the 80S
peak relative to the polysomes and a
decreased average length of the polysome
profile.
B. The effect of TbRACK1 RNAi on
phosphorylation of a 30 kDa ribosomal
protein. After 4 days of RNAi induction, the
level of TbRACK1 decreased in whole-cell
homogenates, as determined by Western blot
(left panels). Purified ribosomes from these
cells were also depleted of TbRACK1 (right
panels). The level of phosphorylated
threonine in a 30 kDa protein increased. TcP0
was used as a loading control. Molecular
weight markers in kDa are shown for the
phospho-threonine blot.
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Fig. 8. TbRACK1 RNAi cells are hypersensitive to anisomycin.
A. Anisomycin affects growth of the TbRACK1 RNAi cells. A three-times cloned TbRACK1 RNAi cell line and the 29-13 parental cell line were
grown for a 4 day period either without tetracycline or with 1 mg ml-1 tetracycline, as indicated. Increasing concentrations of anisomycin were
added to the medium during the final 48 h. Cell density was recorded at the end of the 4 day period, and the value without anisomycin was
set at 100%. Without anisomycin, the parental 29-13 cells grew to a density of 2.2 � 0.08 ¥ 107 cells ml-1, the RNAi cells without tetracycline
grew to 1.9 � 0.2 ¥ 107 cells ml-1 while the RNAi cells with tetracycline grew to a density of 0.7 � 0.01 ¥ 107 cells ml-1. Each point is the
average � SE of two independent experiments.
B. Phenotypic changes in trypanosomes after treatment with subtoxic levels of anisomycin. Cells were treated with combinations of 1 mg ml-1

tetracycline for a total of 4 days and 4 mg ml-1 anisomysin was added during the final 48 h, as indicated. The cells were viewed by DIC
microscopy and at least 200 cells were scored for partial cleavage furrow ingression. Each bar is the average � SE of two independent
experiments.
C. Phenotypes of cells treated with subtoxic levels of anisomycin. Cells from the experiment in (B) were fixed, permeabilized and stained with
the long wavelength laser dye TOTO (DNA) and with rabbit anti-PFR (flagella). (a) 4 mg ml-1 anisomycin alone; (b) TbRACK1 RNAi alone; (c)
TbRACK1 RNAi with 4 mg ml-1 anisomycin (low magnification). (d)–(e) are higher magnification of the TbRACK1 RNAi cells after treatment
with 4 mg ml-1 anisomycin. In each panel, the bar is 15 mm.
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2 days of RNAi induction, the number of abnormal cells
increased to 60% of the population (Fig. 7B). Moreover,
the 48 h exposure to this subtoxic dose of anisomycin
exacerbated the severity of the cytokinesis phenotype
(Fig. 7C and D). The cells had two or more partial cleav-
age furrows, multiple nuclei and multiple flagella; a phe-
notype which is characteristic of a postmitotic defect in
cleavage furrow ingression (Fig. 7B–D). Cells also lost
polarity as a consequence of this long-term exposure to
anisomycin. To understand the process of cleavage
furrow ingression, earlier time points were examined (see
below).

In T. brucei, a wide range of unrelated proteins can
secondarily affect cytokinesis (Reviewed in Hammarton
et al., 2007). The situation arises because the initiation of
cytokinesis is generally dependent upon multiple cellular
events, such as the duplication and segregation of single-
copy organelles. To better understand the process by
which anisomycin affects cleavage furrow ingression, the
anisomycin-treated cells were monitored at early time
points. The division of kinetoplast DNA (kDaNA) and
nuclei were used as cytological markers for cell cycle
progression (Woodward and Gull, 1990). In the G1 phase
of the cell cycle, cells have a single kinetoplast (K) and
single nucleus (N). The kinetoplast divides within the
nuclear S phase producing cells with 1N2K. Post-mitotic
cells have a configuration of 2N2K. By itself, the addition
of 4 mg ml-1 anisomycin for a 24 h period was without
effect on cell cycle progression of control 29-13 cells or
uninduced TbRACK1 RNAi cells (Fig. 9A). In Fig. 9B,

RNAi for TbRACK1 was induced with tetracycline for
4 days total. Anisomycin was either omitted, or was added
during the last 12 or 24 h as indicated (Fig. 9B). After just
12 h exposure to anisomycin, 40% of the TbRACK1-
depleted cells were in a postmitotic state with 2 nuclei and
2 kinetoplasts (2N2K; Fig. 9B). The 2N2K cells fell into
two broad categories; 14% of these cells had not yet
initiated cytokinesis (Fig. 9C; sum of the top two panels),
while 86% were stalled in the process of cleavage furrow
ingression (Fig. 9C; sum of the bottom two panels). Of the
cells that had not yet initiated cytokinesis, the majority
failed to align their duplicated nuclei and kinetoplasts
properly. As a consequence, they had an unusual KKNN

Fig. 9. TbRACK1 depletion works synergistically with a subtoxic
dose of anisomycin to block cleavage furrow ingression during
cytokinesis.
A. Anisomycin at 4 mg ml-1 does not affect cell cycle progression of
parental 29-13 cells or the TbRACK1 RNAi cells without induction
of RNAi (-Tet). The cells were treated for 24 h with anisomycin,
fixed with paraformaldehyde, stained with DAPI and scored for
nuclei (N) and kinetoplasts (K). The majority of cells are 1N1K.
Shown is the average � SE for two independent experiments.
B. The effects of 4 mg ml-1 anisomycin on cell cycle progression
after depletion of TbRACK1 with RNAi (+Tet). Early time points
after treatment with anisomysin (12 h or 24 h). The subtoxic dose
of anisomycin caused cells with 2N2K and >2N to accumulate
within 12 h of treatment.
C. The cytokinesis defect begins with an abnormal configuration of
kinetoplasts and nuclei. Cells were fixed with paraformaldehyde,
permeabilized and stained with TOTO (DNA) and rabbit anti-PFR
(flagella). The 2N2K cells were evaluated as a population. The cells
were postmitotic and 14% of them had not initiated cytokinesis
(sum of the upper two panels) while 64% of the cells had a partial
cleavage furrow (sum of the lower two panels). Cells were
classified as having a wild-type configuration (KNKN; in which the
pattern of kinetoplasts and nuclei is described starting from the
posterior end of the cell), misaligned nuclei and kinetoplasts
(KKNN), partial cleavage ingression (2N2K ingression) and
advanced cleavage ingression (NKKN ingression). The number in
parentheses is the percentage of the total 2N2K population
represented by a specific phenotype.

734 S. Regmi, K. G. Rothberg, J. G. Hubbard and L. Ruben �

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Molecular Microbiology, 70, 724–745



configuration instead of the wild-type KNKN configuration.
Once cleavage furrow ingression began, it became stalled
just anterior to the paired nuclei in 68% of all 2N2K cells.
In 18% of the 2N2K cells, the cleavage furrow arrested
just posterior to the nuclei (Fig. 9C). These latter cells had
an unusual NKKN configuration. Collectively, these data
demonstrate that depletion of TbRACK1 predisposes cells
to subtoxic levels of anisomycin. The cells develop a
specific defect in kinetoplast alignment which could result
in a disruption of cytokinesis. Although anisomycin is a
general inhibitor of translation, the phenotype we report is
quite specific. The trypanosomes are still metabolically
active (motile), undergo continued mitosis (multinucleate),
replicate their kinetoplasts (multiple K) and assemble new
flagella (multiflagellate). The data demonstrate that aniso-
mycin and TbRACK1 RNAi behave synergistically to regu-
late the last stage of cell division.

One hypothesis to account for these data is that
TbRACK1 regulates translation of a cell cycle protein and
that anisomycin further inhibits its translation below a
threshold level. Alternatively, anisomycin could merely
help to lower the level of TbRACK1 beyond that achieved
with RNAi alone. To test the latter hypothesis, the effects
of anisomycin on expression levels of TbRACK1 were
measured (Fig. 10A). Equivalent amounts of cell homo-
genates (10 mg lane-1) were separated by SDS-PAGE,
and blots were probed with anti-TbRACK1 or TcP0 as a
loading control. Protein was quantified by densitometry

and the level of TbRACK1 in each sample was defined as
the ratio of IDV values for TbRACK1:TcP0. This ratio was
unaffected by anisomycin in either control 29-13 cells or in
the TbRACK1 RNAi cells whether or not tetracycline was
present. In the RNAi cells treated with both anisomycin
and tetracycline, the level of TbRACK1 was 97 � 5% of
the level with just tetracycline alone (average � SE;
n = 6). Altogether, these data demonstrate that the phe-
notypic changes produced by anisomycin are not a con-
sequence of lowering expression levels of TbRACK1 in
the RNAi-induced cells. We propose that TbRACK1 regu-
lates translation of a specific cell division protein
(Fig. 10B). Depletion of TbRACK1 by RNAi decreases
translation of this protein to a threshold level and cytoki-
nesis is inhibited in 15% of cells. Anisomycin at 4 mg ml-1

further lowers expression of this protein below a threshold
level, accounting for the observation that 60% of cells
exhibit a disruption in cleavage furrow ingression.

Overall, we provide the first demonstration from any
species that a RACK1 homologue binds directly with
eEF1A. This is also the first report to demonstrate that
TbRACK1 is associated with trypanosome monosomes
and polysomes. The depletion of TbRACK1 by RNAi
alters the polysome profile and causes increased phos-
phorylation of a 30 kDa ribosomal protein. The depletion
of TbRACK1 also disrupts cell division by leading to a
misalignment of kinetoplasts and nuclei in postmitotic
cells; preventing complete cleavage furrow ingression

Fig. 10. Translational inhibition and
cytokinesis.
A. Anisomycin does not lower the levels of
TbRACK1 in control cells or TbRACK1
depleted cells. Cell cultures were treated with
combinations of tetracycline (1 mg ml-1) for
4 days and with anisomycin (4 mg ml-1 for
24 h), as indicated. Whole-cell homogenates
(10 mg per lane) were separated by
SDS-PAGE, and the expression levels of
TbRACK1 or TcP0 were determined by
densitometry of Western blots. A longer
exposure was required to detect TbRACK1 in
the RNAi cells +Tet (right panels). Blots
similar to this one were quantified by
densitometry and the level of TbRACK1 in
each sample was expressed as the ratio of
IDV values for TbRACK1:TcP0.
B. A model to explain the synergy between
anisomycin and depletion of TbRACK1. We
propose that in wild-type cells (WT),
translation is sufficient to sustain cell viability
and cytokinesis. When expression of
TbRACK1 is decreased with RNAi, the
expression level of a cytokinesis protein
approaches a critical threshold, while bulk
translation continues. The translational
inhibitor anisomycin at 4 mg ml-1 has no effect
on cell cycle progression of control cultures,
but we propose that it lowers expression of
the cytokinesis protein below a critical
threshold.
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during cytokinesis. Sub-toxic levels of the translational
inhibitor anisomycin work synergistically with TbRACK1
depletion to inhibit cytokinesis. The effect does not result
from further changes in the expression level of TbRACK1.
We conclude that continued translation is required for
normal cytokinesis to proceed.

Discussion

TbRACK1 forms a complex with eEF1A

A wide variety of signal proteins have been identified in
T. brucei, but these have yet to be assembled into a
simple regulatory pathway or interacting network. We
began to study the anchor protein TbRACK1 as a tool to
investigate trypanosome signal pathways. It had previ-
ously been established that expression levels of
TbRACK1 inversely correlated with growth rate and that
the Leishmania homologue LmRACK1 was required for
infectivity in the mammalian host (Kelly et al., 2003). We
demonstrated that depletion of TbRACK1 by RNAi caused
a significant proportion of cells to arrest partway through
cytokinesis (Rothberg et al., 2006). Interestingly, a similar
result was reported with zygotes from C. elegans. As
observed with trypanosomes, the zygotes were able to
initiate cytokinesis in the absence of RACK1; however,
the cleavage furrow arrested after the onset of ingression
and then dissipated (Skop et al., 2004). The identification
of RACK1 among the proteins in the mid-body of synchro-
nized CHO cells led us to hypothesize that TbRACK1
might form ternary signal complexes to activate proteins
involved in furrow ingression. In species other than trypa-
nosomes, a separate hypothesis derives from the obser-
vation that RACK1 homologues are associated with
ribosomes, ribonucleoprotein complexes and transmem-
brane receptors (Angenstein et al., 2002; Link et al.,
1999; Ceci et al., 2003; Shor et al., 2003; Baum et al.,
2004; Gerbasi et al., 2004; Nilsson et al., 2004; Sengupta
et al., 2004; Giavalisco et al., 2005; Yu et al., 2005). In
this capacity, RACK1 might contribute to positional trans-
lation along the plasma membrane and perhaps within the
mitotic apparatus. Recent studies indicate that ribosomes
and specific mRNA transcripts associate with mitotic
microtubules (Suprenant, 1993; Blower et al., 2007).
When we began the current study, it was not possible to
postulate a role for TbRACK1 in translational control as
cryo-EM images of the trypanosome ribosome failed to
detect it (Gao et al., 2005).

In an effort to understand the mechanisms by which
TbRACK1 and its homologues might regulate cytokinesis,
binding partners were sought. Mammalian RACK1 is mul-
tifunctional, with more than 25 known binding partners.
This remarkable promiscuity allows RACK1 to contribute
towards the regulation of a wide range of cell activities,

including cell morphology, growth and gene expression. In
trypanosomes the multifunctional properties of TbRACK1
are less clear. In the current report, we show that
TbRACK1 is detected in sucrose gradient fractions that
contain monosomes and polysomes; consistent with a
role in translation. Additionally, TbRACK1 is found in
non-ribosomal fractions; suggestive of roles beyond
translation. We previously reported that TbRACK1 could
complement CPC2/RACK1 null mutants of S. pombe and
restore growth on minimal medium (Rothberg et al.,
2006). These results indicate that TbRACK1 can perform
the functions of Cpc2 in the context of S. pombe.

To identify the TbRACK1 target protein(s), we used a
constitutively expressed TAP-TbRACK1. Tandem MS of
the affinity eluate identified eEF1A as a consistent and
predominant binding partner. The association between
eEF1A and TbRACK1 was confirmed by the following
experiments: co-sedimentation in sucrose gradients,
co-precipitation in cell homogenates and coimmunopre-
cipitation of purified proteins. Other proteins identified
in the TAP-TbRACK1 preparation included a- and
b-tubulins, and these were not pursued further in this
study. In neurons and yeast, mRNA-binding proteins
formed complexes that also included RACK1, b-tubulin
and eEF1A (Angenstein et al., 2002; Baum et al., 2004),
while in HeLa cells, an E3 ligase had similar binding
partners (Aranda-Orgillés et al., 2008). These studies did
not determine whether RACK1 and eEF1A were in the
same complex. The yeast two-hybrid databases for S.
cerevisiae (http://www.yeastgenome.org) or C. elegans
(http://www.wormbase.org) do not identify a direct inter-
action between RACK1 and eEF1A. However, both
eEF1A and RACK1 can be post-translationally modified at
multiple sites (Chang et al., 1998; Lamberti et al., 2004;
Liu et al., 2007; Signorell et al., 2008). Therefore, the
recombinant proteins from yeast and bacteria may not be
suitable ligands for binding assays. We show that recom-
binant bacterially expressed eEF1A does not bind to
TbRACK1 by bacterial two-hybrid or by immunoprecipita-
ton assays. The present report is the first to demonstrate
that purified native eEF1A associates with RACK1.

The identification of eEF1A as a TbRACK1-associated
protein is intriguing. RACK1 and eEF1A are each multi-
functional proteins with activities that extend beyond their
roles in translation. eEF1A has been reported to bundle
actin filaments, sever microtubules, activate PI4-kinase
and contribute towards various disease states (Reviewed
in Ejiri, 2002; Lamberti et al., 2004). In trypanosomes,
eEF1A has also been shown to be essential for the import
of some tRNAs into the mitochondrion (Bouzaidi-Tiali
et al., 2007). We previously reported that eEF1A from
T. brucei associates with calmodulin (Kaur and Ruben,
1994) and this has been verified in plants (Durso and Cyr,
1994) and Tetrahymena (Numata et al., 2000). In Tetrahy-
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mena, eEF1A appears to be important for contractile ring
formation during cytokinesis. Calmodulin interferes with
the actin bundling properties of eEF1A (Kurasawa et al.,
1996). In yeast, eEF1A appears to co-ordinate translation
with integrity of the actin cytoskeleton (Gross and Kinzy,
2007). By contrast, the situation in trypanosomes is much
less clear, as knockdown of the actin gene by RNAi does
not produce a cytokinesis defect nor does it inhibit growth
of PF trypanosomes (García-Salcedo et al., 2004).
Instead actin is important for vesicle trafficking in BF
trypanosomes. Therefore, the presence of an actin ring
during cytokinesis has yet to be established in these
organisms. The interaction between TbRACK1 and
eEF1A might help co-ordinate translation and cytoskeletal
events; however, this would depend upon whether
TbRACK1 associates with ribosomes. We therefore
re-evaluated the relationship between TbRACK1 and the
protein translation machinery.

TbRACK1 is part of the translation machinery
in T. brucei

Trypanosomes diverged early in eukaryotic cell evolution.
As a consequence they appear to have many unusual
features; even in otherwise conserved pathways. While
the overall process of gene expression is conserved in
trypanosomes, it is distinguished by a number of novel
components. The limited number of promoter regions
minimizes the significance of transcriptional control
mechanisms in trypanosomes, and requires the excision
of individual transcripts from large polycistronic
precursors. Each mature mRNA then results from addition
of the same spliced leader RNA (SL RNA) to the 5′ UTR.
The SL RNA receives the 7-methylguanosine (m7G) cap
as in other higher eukaryotes, but then it is extensively
modified on the first four nucleotides to form the novel cap
4 structure (Perry et al., 1987). Proteins that synthesize
the cap 4 structure and those that bind to it also have
novel components (Campbell et al., 2003; Li and Tschudi,
2005; Ruan et al., 2007). Mutated SL RNA and reduced
cap 4 prevent the interactions between transcripts and
polysomes, although a partially formed cap structure with
wild-type SL RNA is sufficient for polysome binding
(Zamudio et al., 2006).

The trypanosome ribosome has a generally conserved
structure, but has a significantly larger volume than its
yeast counterpart (Gao et al., 2005). Much of the volume
change results from packing of the trypanosome rRNA
expansion segments and their associated proteins. Unlike
other ribosomes, the 25S rRNA precursor is processed
into six structural rRNA species that range in size from 77
nucleotides to 1900 nucleotides in length. A trypanosome-
specific phosphosphoprotein, called NOPP44/46 is
required for this processing step (Jensen et al., 2005),

while trypanosome-specific RNA-binding proteins regu-
late abundance of the 5S rRNA (Hellman et al., 2007).
Noteworthy among the unusual structural features of the
trypanosome ribosome is the absence of RACK1. Cryo-
EM, tandem MS and Western blot had previously been
used to detect RACK1 on ribosomes from yeast, plants
and humans (Link et al., 1999: Giavalisco et al., 2005; Yu
et al., 2005). Its absence from trypanosome ribosomes
sets them apart from their counterparts in other taxa, and
eliminates from consideration an important regulatory
mechanism for translational control. In the present study,
we report that TbRACK1 is a component of trypanosome
ribosomes. In support of this contention, we demonstrate
that: (i) TbRACK1 is found in a complex with the eukary-
otic translation elongation factor-1a (eEF1A); (ii) sucrose
gradient purified monosomes contain TbRACK1, which
comigrates with the ribosomal marker TcP0 under condi-
tions where cytoskeletal contaminants are not observed;
(iii) TbRACK1 also comigrates with polysomes but not
with cytoskeletal contaminants, and shifts distribution
when polysomes are disrupted with RNase; (iv) when
TbRACK1 is depleted with RNAi, the polysome pattern is
consistent with a disruption of translation initiation; (v) the
phosphorylation status of a 30 kDa ribosomal protein is
dependent upon TbRACK1; and (vi) growth of the
TbRACK1-depleted cells is hypersensitive to the transla-
tional inhibitor anisomycin;

Species variability cannot explain the difference
between our results with T. brucei and those obtained by
cryo-EM with T. cruzi. We also observe RACK1 on poly-
some preparations from T. cruzi epimastigotes. Method-
ology may account for some differences between the two
studies. When our monosome preparations were treated
with 0.2% of deoxycholate, similar to the lysis conditions
with T. cruzi, the 80S ribosomes appear to lose
TbRACK1. Alternatively, TbRACK1 may have a novel
location on the ribosome, and therefore was not identified
in the previous study.

A link between translation and cytokinesis

The presence of TbRACK1 on trypanosome ribosomes
indicates a mechanism for translational control of gene
expression. This may be especially important in an organ-
ism where differential gene expression appears to be
regulated by post-transcriptional processes. In yeast and
mammals, the molecular steps by which RACK1 regu-
lates translation is not clear, although knockout of its gene
changes the expression pattern of several proteins (Shor
et al., 2003; Gerbasi et al., 2004). The ability of RACK1 to
bind ribonucleoprotein complexes may contribute towards
translational control (Angenstein et al., 2002; Baum et al.,
2004). In yeast and mammalian cells, RACK1 also plays
a variety of roles in signal processes that appear to be
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unrelated to ribosome function (Koehler and Moran, 2001;
Patterson et al., 2004; Chen et al., 2005; Bolger et al.,
2006; Hu et al., 2006; Zeller et al., 2007). Our initial
studies on TbRACK1 did not hint at a function in
translation. We previously reported that the conditional
knockdown of TbRACK1 with RNAi, caused approxi-
mately 15–20% of cells to arrest during cytokinesis,
partway through the process of cleavage furrow ingres-
sion (Rothberg et al., 2006). These cells reentered the cell
cycle, continued to divide their nuclei, assembled new
flagella and arrested again during cytokinesis. The low
percentage of cells that exhibited this phenotype may
have resulted from a threshold phenomenon in which
residual TbRACK1 was sufficient to maintain cytokinesis
in most cells. In the present study, we report that the
addition of subtoxic concentrations of the translational
inhibitor anisomycin augments the cytokinesis defect
observed with TbRACK1 RNAi. Under these conditions,
approximately 60% of cells become multinucleate and
multiflagellate. The effect of anisomycin appears to be
specific as the cells are metabolically active (fully motile),
and nuclear replication and flagellar assembly continue
unabated. Moreover, anisomycin does not merely lower
the levels of TbRACK1 in the RNAi cells. Therefore, ani-
somycin and TbRACK1 RNAi behave synergistically to
regulate the last stage of cell division. We propose that
TbRACK1 is required for efficient translation of specific
transcripts, at least one of which is required for the latter
stages of cytokinesis. In this model, RNAi of TbRACK1
lowers the expression level of this protein close to a
threshold amount. The further addition of subtoxic levels
of anisomycin in combination with RNAi of TbRACK1
lowers synthesis of the specific cell division protein below
the threshold concentration, resulting in a cytokinesis
defect. The expression level of the cytokinesis protein
may be directly controlled by translation, or the protein
may be rapidly degraded and depend upon continued
translation to maintain a steady-state level. In organisms
ranging from yeast to humans, translational control plays
a key role in cell proliferation. The eIF4 initiation factors
have been shown to play an especially important role in
cell cycle control (Flynn and Proud, 1996; Lee and McCor-
mick, 2006; Graff et al., 2008). In trypanosomatids, con-
served components of the eIF4 complex have been
identified and characterized (Dhalia et al., 2005; 2006).

Identification of cytokinesis-specific proteins is compli-
cated in T. brucei by the ease with which this phenotype
arises when a wide range of unrelated proteins are geneti-
cally knocked down (reviewed in Hammarton et al., 2007).
The situation results from the dependence of cytokinesis
upon disparate cell activities, including replication and
segregation of single-copy organelles. While knockdown
of many proteins by RNAi can generate ‘monster cells’
that are multinucleate, multiflagellate and misshapen, the

effects on cytokinesis are often indirect. In the present
study, subtoxic levels of anisomycin triggered a cytokine-
sis defect in cells that had previously been depleted of
TbRACK1. The rapid onset of this defect allowed us to
look at early times in the division arrest process. We noted
that within 12 h of anisomycin treatment, only a small
percentage of cells were in a precytokinesis 2N2K con-
figuration, suggesting that they traversed this phase of the
cell cycle without difficulty. Among these cells, 9% had an
unusual KKNN configuration in which one of the daughter
nuclei failed to migrate between the newly separated
kinetoplasts. Because the two nuclei were not positioned
properly relative to the kinetoplasts, the cleavage plane
may not have aligned properly. Consequently, cleavage
ingression stalled at the paired nuclei in 68% of all 2N2K
cells, and stalled just beyond the nuclei in 18% of all 2N2K
cells. Genetic disruption of MOB1, Tb-dynamin-like
protein, or the initial step in sphingolipid biosynthesis gen-
erates a phenotype similar to the one we report for the
knockdown of TbRACK1 (Hammarton et al., 2005;
Chanez et al., 2006; Fridberg et al., 2008). It is not known
whether any of these proteins either bind with TbRACK1
or have their synthesis regulated by TbRACK1. In yeast, it
is of interest that the TOR signalling pathway contributes
towards translational control of cell cycle progression and
towards ceramide biosynthesis (Aronova et al., 2008;
Jacinto and Lorberg, 2008).

In conclusion, we have shown that TbRACK1 is a com-
ponent of the translation machinery in T. brucei. It forms a
complex with eEF1A, and associates with monosomes or
polysomes. The association with ribosomes appears to be
important for their function. In the absence of TbRACK1,
the initiation of translation and phosphorylation of a ribo-
somal protein are each disrupted. TbRACK1 also contrib-
utes towards the process of cytokinesis. Its conditional
knockdown by RNAi generates a distinct phenotype char-
acterized by partial ingression of the cleavage furrow. The
translational inhibitor anisomycin augments the cytokine-
sis defect. Prior to cytokinesis, a postmitotic nucleus fails
to migrate between the kinetoplasts. The misalignment of
nuclei and kinetoplasts suggests a mechanism by which
complete cleavage furrow ingression is prevented. Alto-
gether, this is the first report to demonstrate that
TbRACK1 is a component of trypanosome ribosomes and
to demonstrate that continued translation is required to
traverse a specific stage in the trypanosome cell cycle.

Experimental procedures

Cells and culture conditions

Cells used in this study include T. brucei PF derived from
AnTat 1.1 BF (kindly provided by E. Pays, Free University of
Brussels); engineered 29-13 PF that express the T7 RNA
polymerase and tetracycline repressor protein (kindly pro-
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vided by G.A.M. Cross, The Rockefeller University); mono-
morphic BF M110; and T. cruzi epimastigotes Telahuan
strain. Wild-type PF cells were maintained in SDM-79
medium at 28°C in an atmosphere of 6.5% CO2. When
needed, hygromycin was added at 50 mg ml-1, G418 was at
15 mg ml-1 and phleomycin was at 2.5 mg ml-1. RNAi was
induced with 1 mg ml-1 tetracycline. BF trypanosomes were
obtained from rodent blood following DE-52 anion exchange
chromatography, as described previously (Rothberg et al.,
2006). T. cruzi epimastigotes were grown in LDNT medium
(0.5% liver extract, 0.4% NaCl, 0.5% tryptone, 0.04% KCl,
2% Na2HPO4.12H2O, 0.1% Pen-Strep (1000¥ stock), hemin
(0.154% v/v of a 13 mg ml-1 stock solution).

DNA constructs and recombinant proteins

The RNAi of TbRACK1 was described previously (Rothberg
et al., 2006). A three-times cloned cell line was generated for
these studies. The TAP-TbRACK1 construct was prepared by
PCR amplification from genomic DNA of the complete coding
sequence for TbRACK1 (Tb11.01.3170). The PCR product
was cloned into the PmeI/BamHI sites of pcDNA3-NTAP
(kindly provided by Anne-Claude Gingras, Samuel Lunenfeld
Research Institute). The complete sequence for TAP-
TbRACK1 was PCR amplified and cloned into the EcoRV/
BamHI sites of pTSA.HYG (Sommer et al., 1992). The
forward primer was 5′-GCATGATATCATGAAAGCTGATGCG
CAACA-3′ and reverse was 5′-GCTAGGATCCTCACGCG
TTCTCCGATACACCCCAGAC3′. The restriction sites are
shown in bold type. The BssHII linearized pTSA.TAP-
TbRACK1 integrated into the tubulin intergenic region, and
constitutive expression was driven by a PARP promoter. The
construct was electroporated into cultured AnTat1.1 PF as
described previously (Rothberg et al., 2006). To express
AU1-eEF1A in PF cells, the full-length coding sequence cor-
responding to Tb10.70.5670 was PCR amplified from
genomic DNA. The construct was cloned into the HindIII/
BamHI sites of the tetracycline inducible expression vector
pLEW100. The forward primer was 5′-GACAAAGCTTA
TGGACACGTACCGCTACATTGGAAAGGAAAAGGTGCAC
ATG-3′ and the reverse primer was 5′-TGTCGGATCCTTA
TTTCTTCGAAGCCTTCACCGCAGCC-3′. Restriction sites
are shown in bold and the AU1-tag is shown in italics. A
bacterial cell line expressing (His)6-TbRACK1 was kindly pre-
pared by A. Joachimiak, Argonne National Laboratory as part
of a high throughput protein crystallization program. Full-
length TbRACK1 was cloned into pMCSG19 (Nallamsetty
et al., 2004; Donnelly et al., 2006), to produce a fusion
protein comprised of the following components: maltose
binding protein-TVMV protease site-(His)6-tag-TEV protease
site-TbRACK1. pMCSG19.TbRACK1 was transformed into
E. coli BL21(DE3) which already expressed the TVMV pro-
tease on pRK1037. The TbRACK1 fusion protein was
cleaved in vivo with TVMV, and was purified by immobilized
metal-ion affinity chromatography (IMAC). To express recom-
binant (His)6-eEF1A, the full-length coding sequence was
cloned into the BamHI/NdeI restriction endonuclease sites of
pET-16b. Protein expression was induced with 0.2 mM IPTG
for 18 h at 25°C. Protein was purified by IMAC. The interac-
tion between recombinant TbRACK1 and eEF1A was
evaluated with the BacterioMatch II Two-Hybrid System

(Stratagene). TbRACK1 was cloned into the NotI/XhoI sites
on bait plasmid pBT, while eEF1A was cloned into the NotI/
XhoI sites of the prey plasmid pTRG. Each vector was sepa-
rately cloned into XL1-Blue MR cells and selected on LB
plates with 10 mg ml-1 chloramphenicol (pBT) or 10 mg ml-1

tetracycline (pTRG). The BactrioMatch II validation reporter
competent cells (Stratagene) were co-transformed with bait
and prey plasmids following the manufacturer’s instructions.

Purification of TAP-TbRACK1 and its binding partners

A 2 l culture of a three-times cloned cell line expressing
TAP-TbRACK1 was grown to late log phase (approximately
2 ¥ 1010 cells, total). The cell pellet was washed 2¥, 50 ml
each with Dulbecco’s PBS containing 5.6 mM glucose
(Invitrogen). The final cell pellet was suspended at a volume
of 6 ml in lysis buffer [10 mM Tris, 150 mM NaCl, 2 mM
EDTA, 1 mM DTT, 10 mM NaF, 0.25 mM Na orthovanadate,
5 nM okadaic acid and 1¥ protease inhibitor cocktail (Sigma
P8340), pH 8.0]. Cell homogenates were lysed by sonication
with four pulses of 10 s duration, centrifuged at 10 000 g for
10 min and the supernatant was centrifuged at 30 000 g for
20 min. The 30K supernatant was processed as described by
Puig et al., 2001, with some modifications. The supernatant
was divided into four aliquots and each was added to 100 ml
of washed, packed IgG Sepharose 6 Fast Flow beads (Amer-
sham) and gently mixed for 4 h at 4°C. The IgG beads were
washed by centrifugation 10¥ with 1 ml each of lysis buffer
(1500 r.p.m. for 2 min at 4°C) followed by five washes with
1 ml each TEV buffer (10 mM Tris, 150 mM NaCl, 0.5 mM
EDTA and 1 mM DTT, pH 8.0). TAP-TbRACK1 and associ-
ated proteins were eluted overnight with 100 U of AcTEV
protease (Invitrogen) at 4°C in 0.3 ml TEV buffer. The IgG
beads were eluted 3¥, 300 ml each in TEV buffer. The com-
bined eluates were brought to 6.0 mM CaCl2 in 1.2 ml TEV
buffer and each of four aliquots was incubated with 100 ml of
calmodulin-Sepharose beads (Amersham) for 3 h at 4°C. The
calmodulin beads were transferred to a 0.8 ¥ 4 cm Poly Prep
chromatography column (Bio-Rad) and washed 10¥, 1 ml
each with calmodulin-binding buffer (10 mM Tris, 150 mM
NaCl, 10 mM b-mercaptoethanol, 1 mM Mg acetate, 1 mM
imidazole, 2 mM CaCl2, pH 8.0), followed by five washes,
1 ml each with the same buffer containing 1 mM CaCl2, pH 8.
0). For protein elution, the columns were sealed and incu-
bated for 5 min with calmodulin elution buffer (10 mM Tris,
150 mM NaCl, 10 mM b-mercaptoethanol, 1 mM Mg acetate,
1 mM imidazole, 25 mM EGTA, pH 8.0). The column was
eluted 5¥, 200 ml each with calmodulin elution buffer. The
combined EGTA eluates were concentrated to 100 ml with a
Millipore BioMax filter (5000 MW cutoff), boiled in SDS
sample buffer and separated on a 12% polyacrylamide gel.

Identification of trypanosome proteins by LC MS/MS

Coomassie-stained proteins were excised from the gel and
identified at the MS and Proteomics Resource Center of the
W.M. Keck Foundation Biotechnology Resource Laboratory
at Yale University. Briefly, the proteins were digested with
trypsin in 10 mM ammonium bicarbonate, and 5 ml of the
supernatant was directly injected onto a 100 mm ¥ 150 mm
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Atlantis column (Waters) running at 500 nL min-1. Initial
HPLC conditions were 95% buffer A and 5% buffer B with the
following linear gradient: 3 min, 5% B; 43 min, 37% B;
75 min, 75% B; and 85 min, 95% B. Buffer A was 98% water,
2% acetonitrile, 0.1% acetic acid and 0.01% TFA. Buffer B
was 80% acetonitrile, 20% water, 0.09% acetic acid and
0.01% TFA. Data-dependent acquisition was performed so
that the mass spectrometer switched automatically from MS
to MS/MS modes when the total ion current increased above
the 1.5 counts per second threshold set point. In order to
obtain good fragmentation, a collision energy ramp was set
for the different mass sizes and charge states, giving prefer-
ence to doubly and triply charged species for fragmentation
over singly charged. All MS/MS data were searched in-house
using the Mascot algorithm for un-interpreted MS/MS spectra
after using the Mascot Distiller program to generate Mascot
compatible files. The Mascot Distiller program combined
sequential MS/MS scans from profile data that had the same
precursor ion. A charge state of +2 and +3 was preferentially
located with a signal to noise ratio of 1.2 or greater and a
peak list was generated for database searching. Both the
NCBInr and T. brucei genome databases were searched. The
Mascot significance score match is based on a MOWSE
score and relies on multiple matches to more than one
peptide from the same protein. Typical parameters used for
searching are partial methionine oxidation and acrylamide
modified cysteine, a peptide tolerance of �0.6 Da, MS/MS
fragment tolerance of �0.4 Da and peptide charges of +2
or +3.

Purification of eEF1A from trypanosome homogenates

eEF1A was purified from 2 ¥ 1010 BF strain M110, essentially
as described by us previously (Kaur and Ruben, 1994),
except that the homogenization buffer was changed to
10 mM HEPES, pH 7.0, 1 mM EDTA, 1 mM dithiothreitol
(DTT) and 1¥ protease inhibitor cocktail (Sigma). The cells
were homogenized by osmotic lysis followed by sonication.
The homogenate was centrifuged at 100 000 g for 1 h and
the supernatant was applied to a DE-52 anion exchange
column pre-equilibrated with homogenization buffer. The
column was washed with 1 column volume of the same
buffer. The column run-through and the wash were pooled
and the total Ca2+ content was adjusted to 3 mM. The sample
was loaded onto a calmodulin-Sepharose column (3 ml) pre-
equilibrated with 50 mM Tris-HCl pH 7.0, 150 mM NaCl con-
taining 0.2 mM CaCl2. The column was washed until no
protein was detected by the Bradford assay (Bio-Rad). The
column was eluted with the same buffer containing 2 mM
EGTA and 1 ml fractions were collected. Final protein content
was measured by the Bradford assay and purity assessed by
SDS-PAGE and colloidal Coomassie staining. The procedure
yielded ~200 mg of native eEF1A.

Immunoprecipitation assays

Endogenous TbRACK1 was immunoprecipitated from whole-
cell homogenates and the associated eEF1A was identified
by Western blot. PF (3 ¥ 109) were suspended in 400 ml hypo-
tonic buffer (1 mM HEPES, 1 mM EDTA, pH 7.5), and lysis
was achieved by passage through a 27-gauge needle, as

described by Bangs et al. (1993). The cells were brought to
500 ml total volume with isotonic buffer (final concentration
25 mM HEPES, 100 mM sucrose, 80 mM potassium acetate,
1 mM EDTA, pH 7.5. The cell lysate was centrifuged at
10 000 g for 10 min. To 100 ml of the 10K supernatant was
added combinations of rabbit anti-TbRACK1 (90 mg of the
purified IgG fraction); 75 ml of washed protein A beads; and
isotonic buffer, to a total volume of 500 ml. The samples were
incubated overnight at 4°C and the beads were washed 5¥ in
RIPA [50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.8%
Triton X-100, 0.8% sodium deoxycholate, 0.1% SDS and
20 ml 1¥ protease inhibitor cocktail (Sigma), pH 7.4]. The
washed beads were suspended in RIPA and an equal volume
of 2¥ SDS-PAGE sample buffer. Proteins in the pull-down
assay were detected by Western blot as outlined below. AU1-
eEF1A was induced with 1 mg ml-1 tetracycline for 3 days and
homogenates prepared as described above. Precipitation
was with anti-AU1 beads (Covance). For immunoprecipita-
tion assays with purified proteins, 8 mg of recombinant (His)6-
TbRACK1 was added to either 10 mg of purified endogenous
eEF1A or 8 mg of recombinant (His)6-eEF1A. Antibodies were
10 mg of rabbit anti-TbRACK1, or 10 mg of mouse anti-eEF1A
(Upstate Biotechnology). After a 2 h incubation at 4°C, the
protein complexes were bound with 50 ml of protein
A-Sepharose beads (Sigma) 2 h; 4°C and washed 5¥ in
RIPA. The beads were suspended in 30 ml of RIPA and an
equal amount of 2¥ SDS-PAGE sample buffer. Proteins were
analysed by SDS-PAGE and Western blot.

Bacterial two-hybrid

The BacterioMatch II Two-Hybrid System was used
(Stratagene). The bait was expressed as a fusion protein with
the l repressor (lcI) (pBT), while the prey was expressed as
a fusion protein with the N-terminal domain of the a-subunit of
RNA polymerase (pTRG). When bait and prey proteins inter-
act, they recruit RNA polymerase to the promoter and acti-
vate transcription of the HIS3 reporter gene and also the
aadA streptomycin resistance gene; each expressed on the
same F′ episome. The BactrioMatch II validation reporter
competent cells (Stratagene) were co-transformed with bait
and prey, and then plated on non-selective screening media
comprised of M9+-defined medium without added histidine
(His dropout), and containing an antibiotic appropriate for
each plasmid (25 mg ml-1 chloramphenicol for pBT and
12.5 mg ml-1 tetracycline for pTRG). Ten random colonies
from the non-selective plates were analysed further. The
colonies were suspended in 50 ml of the non-selective
medium and grown for 3 h at 37°C. The OD630 was deter-
mined and all suspension cultures were diluted to match the
lowest OD630 value. A 5 ml aliquot of each culture was
spotted onto selection plates comprised of either M9 � His
dropout supplemented with 5 mM 3-amino-1,2,4-triazole
(3-AT); or M9 � His dropout supplemented with 5 mM 3-AT
plus 12.5 mg ml-1 streptomycin.

Preparation of monosomes

Monosomes were prepared from trypanosome homogenates
based upon published procedures (Brecht and Parsons,
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1998; Rodríguez-Gabriel et al., 2000). Briefly, around 109 log
phase cells were incubated with 100 mg ml-1 cyclohexamide
for 5 min, pelleted and washed once with polysome buffer
(10 mM Tris-HCl, 300 mM KCl; 10 mM MgCl2, pH 7.4)
supplemented with 100 mg ml-1 cycloheximide. The cells
were suspended in 500 ml of polysome buffer containing
100 mg ml-1 cycloheximide, 1 mM DTT and protease inhibitor
cocktail (Sigma-P2714). The cell suspension was vigorously
mixed for 3 min with 425–600 mm glass beads (Sigma). Final
lysis was achieved with 0.8% (v/v) Triton X-100 (Sigma). The
cell lysate was centrifuged at 1000 g for 10 min and the
supernatant was centrifuged twice at 14 000 g for 10 min.
The final supernatant was brought to 1.5 ml in polysome
buffer and centrifuged at 335 000 g (avg) for 30 min in the
TL100.3 rotor (Beckman). The pellet was suspended in
500 ml of polysome buffer, and applied to a step gradient of
sucrose (20% and 40%). After centrifugation at 335 000 g
(avg) for 2 h, the pellet beneath the 40% layer was sus-
pended in 500 ml of polysome buffer and applied a linear
sucrose gradient (5–25%) prepared in polysome buffer plus
1¥ protease inhibitor cocktail (Sigma). The sucrose gradient
was centrifuged for 2.5 h at 170 000 g (avg) in the SW41
rotor (Beckman). To disrupt the association between
TbRACK1 and ribosomes, the ribosomes were treated with
0.7 M NaCl for 30 min, or with 0.25% (v/v) sodium deoxycho-
late for 45 min prior to centrifugation on the linear sucrose
gradient. The gradients were harvested from the bottom
through a capillary pipette with a peristaltic pump (ISCO). The
OD254 was continuously recorded with a Knauer variable
wavelength monitor attached to a Kipp and Zones BD40 chart
recorder and 500 ml fractions were collected. The orientation
of each chromatogram was flipped horizontally so that the top
of the gradient is displayed on the left.

Preparation of polysomes

The initial steps of the polysome preparations were identical
to those for monosome preparations. After the second
14 000 g centrifugation step, 500 ml of the supernatant was
applied to a 12 ml linear sucrose gradient (15–50%) prepared
in polysome buffer and supplemented with protease inhibitor
cocktail and RNAsin. The sucrose gradient was centrifuged
for 2.5 h at 170 000 g (avg) in the SW41 rotor. The gradient
was harvested as described for monosomes. In experiments
where the polysomes were disrupted with RNase,
0.5 mg ml-1 RNase A was added for 30 min prior to centrifu-
gation on the sucrose gradient as described (Shor et al.,
2003).

Gel electrophoresis, western blots and densitometry

Proteins in each sucrose fraction were concentrated by a
methanol/chloroform precipitation method. Briefly, to each
500 ml sucrose gradient fraction was added 500 ml of metha-
nol, followed by 100 ml of water-saturated chloroform, and
then 400 ml of water. The samples were mixed vigorously
after each addition. Protein was collected by centrifugation
for 5 min at 10 000 g. The aqueous layer was discarded, and
500 ml of methanol was added to the protein disc and remain-
ing organic layer. Following centrifugation for 5 min at

10 000 g, the pellet was allowed to air dry before it was mixed
with 2¥ SDS-PAGE loading buffer and boiled for 10 min.
Proteins were separated on 12% polyacrylamide gels and
electrophoretically transferred to nitrocellulose membranes
using the Bio-Rad semidry transfer apparatus for 20 min at
20 V. Blots were developed using the luminol/enhancer
system (SuperSignal West Pico Chemilumnescence Kit,
Pierce), following the manufacturer’s instructions. Densitom-
etry was performed on the X-ray film using the SpotDenso
function of the AlphaImager 2200 (Alpha Innotech). An IDV
value for each protein was determined and the amount of
TbRACK1 in a sample was defined as the ratio of IDV values
for TbRACK1:TcP0. Antibodies used in this study include
rabbit anti-TbRACK1 (1:2000, Rothberg et al., 2006); mouse
anti-EF1A (1: 2000, Upstate Biotechnology); rabbit anti-TcP0
(1:2000, kindly provided by S. Reed, Infectious Disease
Research Institute); mouse anti-a-tubulin (1:2000; Sigma);
mouse anti-phosphothreonine (1:1000, Sigma); rat anti-
paraflagellar rod (kindly provided by T. Seebeck, University of
Bern, 1:200); Secondary antibodies were purchased conju-
gated to horseradish peroxidase, Cy2 or Cy3 (Jackson
Immunoabs).

Analysis of TbRACK1 RNAi cells

For RNAi induction, cells were diluted to 5.5 ¥ 105 cells ml-1

and cultured in the presence of 1 mg ml-1 tetracycline (+Tet) or
were untreated (-Tet). Cells were allowed to grow for 4 days
to deplete the cellular content of TbRACK1. Polysomes were
isolated from 1 ¥ 109 cells (+/-)Tet as described above.
Monosomes from 1 ¥ 109 cells (+/-)Tet were collected after
centrifugation through the sucrose cushion. To measure the
effects of anisomysin treatment, log phase TbRACK1 RNAi
cells were diluted 1:10 and grown overnight. The overnight
culture was used to seed two 5 ml cultures, each at a density
of 1 ¥ 106 cells ml-1. Tetracylcine (1 mg ml-1) was added to
one culture. After 2 days’ growth, the cultures were again
diluted to 1 ¥ 106 cells ml-1 and seeded onto a 24-well plate.
Duplicate wells received 0, 4, 6, 12 or 20 mg ml-1 anisomycin.
After an additional 48 h growth, the cells were counted. Cells
were also fixed for microscopy as described below.

Microscopy

Cells were washed with phosphate buffered saline (PBS with
Dulbecco’s salts; Invitrogen) and fixed for 45 min with 4%
paraformaldehyde in the same buffer. After washing the cells
in 50 mM Tris-HCl, 150 mM NaCl, pH 7.5, the cells were
allowed to settle for 1 h on Fisher (+) Gold positively charged
microscope slides. The fixed cells were permeabilized on the
slide with 0.1% Igepal CA-630 (Sigma) in PBS and blocked
with 4% goat serum in PBS. Primary antibody was added in
the presence of 0.2% gelatin for 1 h at 37°C. After three
washes in PBS plus gelatin, cells were treated with second-
ary antibodies (Cy2 or Cy3, Jackson Immunoabs), counter-
stained with the DNA-specific dye TOTO (Molecular Probes),
and washed three more times. Cells were coated with Mount-
ing Medium (Kirkegaard and Perry Laboratories, MD) prior to
viewing. Microscopy was with a Nikon C1 Digital Eclipse
Confocal E600 microscope. Images were collected with
EZ-C1 software (Nikon).
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