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Summary

Aurora kinase family members coordinate a range of events associated with mitosis and
cytokinesis. Anti-cancer therapies are currently being developed against them. Here, we evaluate
whether Aurora kinase-1 (TbAUK1) from pathogenic Trypanosoma brucei might be targeted in
anti-parasitic therapies as well. Conditional knockdown of ThAUK1 within infected mice
demonstrated its essential contribution to infection. An in vitro kinase assay was developed which
used recombinant trypanosome histone H3 (rTbH3) as a substrate. Tandem MS identified a novel
phosphorylation site in the carboxyl-tail of rTbH3. Hesperadin, an inhibitor of human Aurora B,
prevented the phosphorylation of substrate with 1Csq of 40 nM. Growth of cultured bloodstream
forms (BF) was also sensitive to Hesperadin (ICgg of 50 nM). Hesperadin blocked nuclear division
and cytokinesis, but not other aspects of the cell cycle. Consequently, growth arrested cells
accumulated multiple kinetoplasts, flagella and nucleoli; similar to the effects of RNAi-dependent
knockdown of ThAUKZY in cultured BF cells. Molecular models predicted high affinity binding of
Hesperadin to both conserved and novel sites in TOAUKZL. Collectively, these data demonstrate
that cell cycle progression is essential for infections with T. brucei, and that parasite Aurora
kinases can be targeted with small-molecule inhibitors.
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Introduction

Human African trypanosomiasis (HAT) is a vector borne disease caused by two sub-species
of Trypanosoma brucei. HAT is invariably lethal when untreated, and spreads rapidly
through populations when surveillance and treatment programs are disrupted (Smith et al.,
1998). Current therapies can be costly, difficult to administer and have considerable risks of
toxicity. The problem is aggravated by the growing incidence of drug-resistant
trypanosomes, making the need for new therapies acute. The current study tests the broad
hypothesis that regulatory proteins of the cell cycle are rational and druggable targets for
therapy. Here we focus on the T. brucei Aurora kinase-1 (TbAUK1) because it is essential
for mitotic progression in cultured trypanosomes; and as we report in this study; is essential
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for infection in a mouse model. Additionally, inhibitors of Aurora kinase family members
are actively being pursued as therapies against cancer (Reviewed in Matthews et al., 2006;
Mountzios et al., 2008; Carpinelli and Moll, 2008).

Aurora kinases regulate key events associated with chromatin condensation, spindle function
and cytokinesis (Andrews et al., 2003; Carmena and Earnshaw, 2003). Yeast contain a
single Aurora kinase homologue (Ipl1), while mammals contain three (Aurora A, B, and C).
Aurora A is localized to the centrosomal region from prophase to telophase and is important
for centrosome maturation, segregation, and the assembly of the mitotic spindle. The activity
of Aurora A is mediated indirectly by the small G protein Ran, and directly by TPX2; a
substrate and binding partner (Tsai et al., 2003; Eyers et al., 2003). Aurora A activity is also
attenuated by PP1 (Francisco and Chan, 1994; Katayama et al., 2001). Aurora B and the
yeast Ipll are each considered chromosomal passenger proteins (Vagnarelli and Earnshaw,
2004; Vader et al., 2006; Jeyaprakash et al., 2007). Early in mitosis Aurora B
phosphorylates Ser-10 on histone H3. This event is detectable with antibodies, and is widely
used as a biomarker for mitotic progression. The function of Ser-10 phosphorylation is
unclear (Prigent and Dimitrov, 2003). In Drosophila, but not in humans, it contributes
towards chromosome condensation (Giet and Glover, 2001; Hauf et al., 2003). The
phosphorylated H3 has been identified among the chromosome passenger proteins (Liping et
al, 2007), and in conjunction with methylation of Lys-9, displaces heterochromatin protein-1
(HP-1) during mitosis (Fischle et al., 2005; Hirota et al., 2005). During metaphase, Aurora
B and Ipl1 form protein complexes at the kinetochores and help establish bi-orientation and
tension of the kinetochore fibers (Biggins et al., 1999; Biggins and Murray, 2001;
Cheeseman et al., 2002; Murata-Hori and Wang, 2002; Tanaka et al., 2002). They also serve
as a checkpoint to stall mitosis until the spindle orientation and tension are correct (Pinsky et
al., 2006). This latter function appears to involve recruitment of BubR1 to the anaphase
promoting complex/cyclosome (APC/C) (Morrow et al., 2005) and phosphorylation of
MCAK in humans and Dam1p in yeast (Cheeseman et al., 2002; Kang et al., 2001; Andrews
et al., 2004). Later in the mitotic process, Aurora B migrates to the spindle midbody and
helps orient the cleavage furrow during cytokinesis. Aurora B phosphorylates the
intermediate filament protein vimentin in vitro and regulates vimentin filament segregation
during cytokinesis (Goto et al., 2003). The function of Aurora C is less well understood, but
it appears to play a role in meiosis and can overlap with some Aurora B functions during
mitosis (Sasai et al., 2004; Yan et al., 2005).

Aurora kinases contribute to neoplastic transformations and this has fueled the development
of anti-cancer therapies directed against them (Reviewed in Matthews et al., 2006;
Mountzios et al., 2008; Carpinelli and Moll, 2008). Aurora A can affect the activity of
oncogenes such as p53, BRCA1 or Lats2 (Katayama et al., 2004; Ouchi et al., 2004; Toji et
al, 2004). The overexpression of Aurora kinases has been linked to loss of mitotic
checkpoint control, chromosome instability, aneuploidy and the formation of invasive
tumors (Wang et al, 2006; Ota et al., 2002; Anand et al., 2003; Hauf et al., 2003; Giet et al.,
2005). The amplification of wild-type or mutated Aurora kinase genes are found in ovarian,
esophageal, breast, gastric and colorectal cancers (Ewart et al., 2005; Gritsko et al, 2003;
Tatsuka et al., 2005; Tchatchou et al., 2006; Wang et al., 2006; Sun et al., 2004; Ju et al.,
2006; Katayama et al., 1999; Bischoff et al., 1998). Presently, an estimated 20
pharmaceutical agents are in pre-clinical, Phase I, or Phase Il trials. Several pharmacophores
have proven to be effective at disrupting Aurora kinase activity, including: substituted
pyrimidines, the quinazolines, indolinones, and aminothizaoles to name a few (Tarri et al.,
2007; D'Allise et al., 2008; Harrington et al., 2004; Hauf et al., 2003; Ditchfield et al., 2003;
Francelli et al., 2005; Heron et al., 2006; Carpinelli et al., 2007; Foote et al., 2008;
Andersen et al., 2008). Regardless of the starting pharmacophore, the current inhibitors
insert into the ATP-binding pocket and adjacent hydrophobic pocket, and interact with the
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hinge region between the two kinase domains. Specificity for the Aurora kinases derives in
part from a bulky aliphatic “gatekeeper” residue which blocks access to the hydrophobic
pocket in most kinases, but is a smaller leucine residue in Aurora A and B. Inhibitors whose
substituent groups are either too short to extend into this pocket, or too large, are not able to
inhibit Aurora A (Andersen et al., 2008). Collectively, these data demonstrate that Aurora
kinases are druggable targets.

In the present study we begin to evaluate whether ThbAUK1 might serve as a target for novel
antiproliferative therapies. An evaluation of the trypanosome kinome identified three Aurora
kinase paralogs (Parsons et al., 2005). RNAI revealed that only ThAUKZ, but not ThAUK2
or ThAUK3 was required for mitotic progression (Jetton et al., 2005; Tu et al., 2006). We,
and others, have shown that loss of ThAUKL inhibits nuclear division, cytokinesis and
growth in cultured infectious bloodstream forms (BF) and insect stage procyclic forms (PF)
(Jetton et al., 2005, Tu et al., 2006; Li and Wang, 2006). Similar to the situation in other
organisms, the disruption in mitosis is coupled to an inability to form the spindle apparatus.
The mechanism by which ThAUK1 modulates spindle formation is not understood. Many of
the conserved kinetocore proteins that would ordinarily bind or activate Aurora kinases are
missing from the genome of T. brucei (Berriman et al., 2005). In C. elegans, the Tousled
kinase interacts with Aurora B (Air2) and modulates spindle assembly (Riefler et al., 2008).
In T. brucei, a Touseled-like kinase (ThTLKZ1) also binds to TbAUK1 and is required for
spindle assembly (Li et al., 2007). Recently, an elegant affinity tag analysis identified two
kinesin-like proteins (ThKIN-A and TbKIN-B) along with two hypothetical proteins
(ThCPC-1 and ThCPC-2) that along with ThAUKZ, form a chromosomal passenger
complex (Li et al., 2008). Each of these proteins shifts distribution at different stages in
mitosis. When cells are depleted of TbAUK1 with RNAI, the other chromosomal passenger
proteins disperse. Although TbAUKL1 can be localized near the site where cytokinesis
initiates, its role in the process is not known. A classical actin ring does not appear to be
necessary to pinch the cell in two (Garcia-Salcedo et al., 2004). Dynamin can pinch vesicles
and organelles in mammalian cells. Conditional knockdown of Th-dynamin-like protein
arrests trypanosomes midway through cytokinesis (Chanez et al., 2006). We have shown
that complete cleavage furrow ingression also requires the signal anchor protein TORACK1
(Rothberg et al., 2006; Regmi et al., 2008). Interestingly, TORACK1 seems to exert its
effects through the translation process (Regmi et al., 2008).

The present study builds upon these observations and seeks to identify small molecule
inhibitors of ThAUK1. We demonstrate that TbAUKL is essential for infection within a
mammalian host, indicating that TODAUKZ1 is a viable target for therapeutic intervention. Our
molecular models predict that TOAUKZ1 has conserved and novel high affinity binding sites
for the inhibitor Hesperadin. High affinity binding is confirmed with in vitro kinase assays,
where an 1Cgq value of 40 nM is reported. Cell growth of cultured BF is also very sensitive
to Hesperadin with an 1Csq of 48 nM. Growth of insect stage PF is more refractory with
ICsq of 550 nM. Within 24 hr of drug addition, cells exhibit morphological changes that
phenocopy RNAI of ThAUKL. These include a cessation of nuclear division and
cytokinesis, and accumulation of nucleoli, kinetoplasts and flagella. Altogether, these data
demonstrate that both the activity of ThDAUK1 and growth of cultured BF are equally
sensitive to inhibition by Hesperadin. Since conserved paralogs of TOAUK1 are found in T.
cruzi and Leishmania, it may be possible to develop broad-spectrum therapies against this
protein.
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Results

TbAUK1 is essential for infection in mice

Small molecule inhibitors are currently being produced against Aurora kinases. These
inhibitors are of value for two separate reasons: they have therapeutic potential as
antiproliferative agents, and they can also be useful research tools. To determine whether
TbhAUKTU is essential for infection within a mammalian host, mice were inoculated with BF
ThAUK1 RNAi cells (Fig. 1A). The mice were either untreated, or treated with 1 mg/ml of
doxycycline added to the drinking water in order to induce RNA.I. Parasitemia was
quantified in peripheral tail blood at the times indicated. Each curve plots the progress of
infection in a single mouse. The detection limit for this assay was 2x10° trypanosomes per
ml of blood. The two control mice achieved infections greater than 1x108 trypanosomes per
ml within 3 days post infection and each succumbed by days 4 and 5. In contrast, the
doxycycline treated mice at day 4 did not attain 1x108 trypanosomes per ml, and by day 5,
the parasitemias in each mouse had fallen below the detectable limit of the assay. Eventually
the parasitemia returned in each of the doxycycline treated mice. A similar phenomenon has
been reported with in vivo knockdown of the transcription factor TbXPD from T. brucei
(Lecordier et al., 2005). We have previously shown that doxycycline by itself does not affect
the outcome of trypanosome infections (Rothberg et al., 2006). To confirm that ThbAUK1
affects the trypanosome cell cycle during infection as it does in culture, trypanosomes were
collected from a separate mouse after 3-days of infection. The trypanosomes were fixed,
permeabilized and stained for the paraflagellar rod protein (PFR) and for DNA (Fig. 1B).
Trypanosomes with single nuclei and multiple flagella and kinetoplasts were identified. The
ThAUKZ1 RNAiI cells from the doxycycline treated mice had the same phenotype as the
cultured BF after treatment with tetracycline (compare Fig. 1B and Fig. 6). Taken as a
whole, these data indicate that ThAUK1 is essential for infection in mice. Moreover, within
the mammalian host, TbAUK1 is required for cell cycle progression and in its absence,
nuclear division is uncoupled from that of kinetoplasts and flagella; as was observed in
culture.

Activity of TbAUK1

An in vitro kinase assay was developed. Cultured PF were transformed with AU1-tagged
ThAUKTI and kinase was immunopreciptiated with anti-AU1-Sepharose beads (Fig. 2). In
one set of experiments, wild-type AU1-TbAUKL in pHD496 was constitutively expressed in
AnTatl.1 PF (Fig. 2A). Pull-down assays with homogenates from these transformants
yielded a kinase that phosphorylated myelin basic protein (MBP), whereas equivalent assays
with the parental AnTat1.1 cells only produced a background kinase activity. Hesperadin is
an inhibitor that inserts into the ATP-binding pocket of Aurora A and B. It inhibits Aurora B
with ICsq of 250 nM, but has ICsq values in the range of 1.2 pM to >10 pM for Cdk1/cyclin
B or Cdk2/cyclin E, respectively (Hauf et al., 2003). At a concentration of 200 nM,
Hesperadin lowered the activity of the immunoprecipitated kinase to the background level.
When the pull-down fraction from parental AnTat1.1 was treated with Hesperadin, the
kinase activity was not significantly inhibited (inhibition of 4+4%; n=3). These data show
that enzyme activity is dependent upon expression of a tagged Aurora kinase and is sensitive
to the inhibitor Hesperadin.

A separate tetracycline inducible construct in pLEW100 had an AU1 epitope tag added to
the carboxyl-terminus (Fig. 2B). The inducible construct allowed us to compare the activity
of immunoprecipitated tagged kinase from the same cloned cell line; with the only
difference being the presence or absence of tetracycline. Western blot revealed that
ThAUKZ1.AU1 was only present in the cells induced with tetracycline (Fig. 2B, upper
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panel). TbORACK1 was used as a loading control. The pull-down fraction plus tetracycline
was able to phosphorylate MBP significantly above the background level (lower panel).

Finally, the kinase dead ThAUKZ1 was constructed to verify that activity in the pull-down
assay resulted from ThAUKZ1 rather than from other co-precipitating kinases. The K58R
mutation generates a non-functioning ToAUK1 (Li and Wang, 2006), and was made here
with an AU1-epitope tag at the amino terminus. It was cloned into the tetracycline inducible
expression vector pLEW100, and transfected into PF 29-13 cells. Expression of the kinase
was induced with tetracycline (Fig. 2B; right panel), however no kinase activity above the
background was pulled down with the anti-AU1-Sepharose beads. Collectively these data
demonstrate that the kinase activity precipitated in these studies derived from TbAUK1. The
kinase specificity for nucleotide was evaluated by adding 1 mM of unlabeled nucleotides to
the reaction mix (Fig. 2C). Only unlabeled ATP was able to compete with [y-32P]JATP and
prevent phosphorylation of MBP, while CTP, GTP and UTP were without effect.

Mammalian Aurora B phosphorylates histone H3 on Ser-10 and Ser-28; where Ser-10
phosphorylation in particular is detected with antibodies and is a convenient biomarker for
Aurora Kinase activity in vivo (Hauf et al., 2003). Here we evaluate whether histone
phosphorylation might be a useful biomarker for TLAUK1 activity. ThDAUK1
phosphorylated the heterologous substrates MBP and bovine histone H3; but not bovine
histone H1 (Fig. 3A). Particulate fractions from T. brucei were acid extracted and
precipitated with acetone (Fig. 3B). When incubated with ThAUK1 two proteins in the
extract were phosphorylated; a broad band at 15 kDa and another protein of 12 kDa. By
contrast, the background kinase from the control parental homogenate (AnTat1.1) was not
able to phosphorylate any proteins in the acid extract (Fig. 3B). LC/MS/MS analysis of the
two bands revealed a complex mixture of proteins, including TbH3 (Mr of 14.7 kDa) and
ThH2B (Mr of 12.5 kDa). To determine whether TOAUK1 could phosphorylate ThH3 or the
novel substrate TbH2B, recombinant proteins were bacterially expressed and used as
substrate (Fig. 3C). Both the recombinant TbH3 and TbH2B were phosphorylated by
ThAUKZ, but not by cell homogenates that lacked AU1-tagged ThAUK1 (AnTat). The
Coomassie stained gels show that equivalent amounts of substrate were present in each
reaction.

The amino terminal tail of TbH3 is divergent and lacks phosphorylatable residues
corresponding to Ser-10 or Ser-28, although alternative phosphorylatable sites are in the
vicinity (Fig. 4A). Mammalian H2B is also phosphorylated in the amino terminal tail (Fig.
4B), but this event has not been attributed to Aurora kinase activity. Consequently, the
phosphorylation sites in trypanosome ThH3 and ThH2B were evaluated by LC/MS/MS (Fig.
4C). In each case, the phosphorylation site was identified within the carboxyl region of the
protein, but not in the flexible amino terminal tail region. TbH3 was phosphorylated on
T116 within the peptide DTNRACIHSGRVT(p)IQPK. This residue corresponds to T118 in
human and S. cerevisae histone H3. TbH2B was phosphorylated on T77 within the peptide
KRT(p)LGARELQTAVR. This residue corresponds to T88 in human and T90 in S.
cerevisae. Attempts were made to verify that these sites were utilized in vivo. We could not
detect this phosphorylation by LC/MS/MS of histones that had been acid extracted from
chromatin or following acid extraction of a whole cell homogenate. Our methods cannot rule
out the possibility that phosphorylation occurs within a small region of the chromatin, and
only transiently at one stage of the cell cycle. Nonetheless, phosphorylation of TbH3 is used
as a substrate for our in vitro kinase assay to measure sensitivity of TbAUK1 to the small
molecule inhibitor Hesperadin.
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Hesperadin inhibits TbAUK1 activity and growth of BF and PF cultures

Hesperadin is an indolinone inhibitor of Aurora B. Its sulfonamide group extends beyond
the ATP pocket and into the adjacent hydrophobic pocket (Hauf et al., 2003). To evaluate
binding of Hesperadin to ThAUKZ1, molecular models were generated. The crystal structure
of Xenopus Aurora B with Hesperadin bound in the ATP pocket was used as a template
(PDB 2BFY; Sessa et al., 2005). As a control for our methods, we also modeled human
Aurora A using the same Xenopus Aurora B crystal structure as template (Fig. 5A).
Hesperadin was included in the template during modeling, but it was removed before the
models were allowed to relax by use of a conjugant gradient energy minimization routine in
the NAMD molecular dynamics suite (Phillips et al., 2005). The minimized structures were
then used in Hesperadin docking experiments. Of the 25 highest affinity Hesperadin
dockings to the human Aurora A model, we observed that 22 bound to the ATP-pocket (Fig.
5A). These results are consistent with the crystal structures obtained with Aurora B. By
contrast, only 3 of the 25 highest affinity Hesperadin dockings localized to the ATP-pocket
in the TOAUKZ1 model (Figure 5B). The majority of dockings were near the aC helix. The
calculated affinities for these interactions varied in the range of 0.2-1.1 uM for the human
Aurora A model and 1.4-3.6 uM for the TOAUK1 model. These values are not significantly
different due to the known limitations associated with estimating binding affinities from in
silico docking calculations (+ 2 kcal/mol; Huey et al. 2007). These data suggest that small
molecule inhibitors can bind to conserved and novel sites in TOAUK1 when compared with
the human host proteins.

Hesperadin was tested with the in vitro assay. It inhibited the ThAUK1-mediated
phosphoryation of TbH3 in a dose dependent manner (Fig. 5B). Each reaction contained
increasing concentrations of Hesperadin up to 100 nM. The reaction products were separated
by SDS-PAGE and 32PQ, incorporation into TbH3 was assessed by densitometry of the
autoradiograms (Fig. 5B, right panel). An average ICsq value of 40 nM was obtained.

The ability of Hesperadin to affect cell growth was tested (Fig. 5C-D). For the dose-
response analysis, BF cultures were grown for 24 hr in the presence of increasing
concentrations of drug, and compared with a control culture. Percent inhibition was recorded
(Fig. 5C). Sensitivity to Hesperadin varied with the lifecycle stage. Hesperadin was effective
at inhibiting growth of BF cultures with 1C5q of 50 nM, while the inhibition of PF growth
required approximately 11-fold more Hesperadin, with 1Cgy of 550 nM. To further assess
the effects of Hesperadin on BF cultures, a time course of growth inhibition was evaluated
over a 5-day period (Fig. 5D). The detection limit of this assay was 1x10* cells/ml.
Hesperadin at 50-100 nM slowed culture growth for a period of 48-72 hr and this was
followed by a decline in cell density. Hesperadin at 10 nM was without effect on culture
growth. These data suggest that low doses of Aurora kinase inhibitor over a relatively short
period of time are sufficient to kill cultured BF cells.

Hesperadin alters cell morphology and inhibits cell cycle progression similar to the RNAI
knockdown of ThAUK1

The effects of Hesperadin on cell growth and morphology were compared with changes
induced when cellular levels of TOAUK1 were depleted with RNAI. BF cells were
transformed with plasmid pZJM containing a 532 base-pair fragment of ThOAUK1. When
induced with tetracycline, the dually opposed T7 promoters produced RNAI (Djikeng et al.,
2004). RT-PCR was used to assess knockdown of ThAUK1 (Fig. 6A). A near complete loss
of TbAUK1 transcript was observed (middle panel). The linearized vector was designed to
integrate into the rDNA intergenic region, however it could also aberrantly integrate as a
closed circle into the TOAUK1 gene locus (Motyka et al., 2004). Should this occur, the dual
promoters would not produce antisense RNA for the targeted gene. Instead upstream genes
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would be knocked down by the read-through production of antisense RNA while the
downstream genes would be upregulated. RT-PCR was used to demonstrate that transcript
levels for flanking genes (carbonic anhydrase and dynein heavy chain) did not change and
that tetracycline inducible antisense for TOAUK1 was observed (middle panel). Additionally,
independent transformations and multiple clones for each transformation gave the same
results. Taken as a whole, these data demonstrate that the effects of RNAI reported in this
paper result from knockdown of ThAUK1. The depletion of TbAUK1 in BF had a rapid
effect on cell growth. BF cells ceased to divide within 24 hours and remained alive but
without population increase for at least 120 hours (left panel). Despite the absence of cell
growth, the FACS analysis revealed that the cells continued to reinitiate S phase (right
panel). Consequently, after 48 hours of RNAI induction, polyploid cells with 8C DNA
content increased indicating that DNA replication continued despite the inhibition of
mitosis. These results are consistent with published observations (Li and Wang, 2006).

To assess whether the growth inhibitory effects of Hesperadin might have resulted from the
in vivo inhibition of ThAUKZ, cell morphology of treated BF was compared with changes
induced by RNAI knockdown of ThbAUK1 (Fig. 6B). The RNAI of TOAUK1 in BF produces
a distinctive phenotype in which nuclear division is halted, but duplication of kinetoplast
DNA (kDNA) and flagella continues (Fig. 6B, panels a-b). Despite the overall appearance,
the cells are motile and metabolically active. Here we use this phenotype as a biomarker for
in vivo activity of ThbAUKZL. After 24 hr exposure of BF cultures to 100 nM Hesperadin,
cells contained a multi-lobed nucleus, numerous KDNA and numerous flagella (Fig. 6C,
panels c-d); a pattern that phenocopied the loss of ThbAUK1 with RNAI. The changes in cell
population were quantified (Fig. 6B, right panel). In a wild-type BF population,
approximately 60% of cells are in the IN1K configuration, defined by a single nucleus (N)
and a single kinetoplast (K). Within 24 hr of ThAUK1 depletion with RNAI, 1IN1K cells
declined to 8% of the population, while cells with the unusual configuration of more than
3K and an indeterminate number of nuclei (XN; K>3) increased to 81% of the population.
After 24 hr exposure to 200 nM Hesperadin, cells with a IN1K configuration dropped to
28% of the population, while cells with XN; K>3 increased to 25% of the population.
Within 48 hr, cells with a XN; K>3 configuration increased to 48% of the population (Fig.
6C, right panel).

Although the nuclei in BF ThAUK1 RNA. cells failed to divide, the cells continued to
reinitiate S phase (Fig. 6A). The increase in DNA can be detected using nucleoli as a
cytological marker (Fig. 7A). Here, replication and segregation of nucleoli were monitored
with the monoclonal antibody L1C6 (a gift from K. Gull). The majority of BF control cells
(78%) contained a single nucleolus (Fig 7A, C). However, within 48 hr post-induction of
RNAI, this value dropped to 15% of the population. The number of cells with 2 or more
nucleoli increased to 85% of the population. When BF cells were treated with 200 nM
Hesperadin for 48 hr, only 26% of the population had a single nucleolus, while cells with
two or more nucleoli increased to 74% of the population (Fig. 7B, C). Therefore, BF cells
depleted of TOAUK1 by RNAI or treated with Hesperadin each exhibited the same
phenotypic changes.

Overall, we have demonstrated that TOAUK1 is essential for infection in a rodent host. An
in vitro kinase assay revealed that TOAUKZ1 phosphorylates ThH3 and TbH2B on residues
that had not previously been reported to serve as Aurora kinase phosphorylation sites.
Phosphorylation of ThH3 was sensitive to the small molecule inhibitor Hesperadin.
Hesperadin at 100-200 nM had a strong effect on cell growth and mitotic progression. The
phenotypic changes generated by Hesperadin inhibition matched those of ThLAUK1 RNA..
Molecular models predict that the ATP-binding pocket of ThAUKL is accessible to the small
molecule inhibitor Hesperadin; but that docking to other sites is possible. Anti-cancer drugs
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currently being developed against Aurora kinases might affect a wide range of protozoan
pathogens.

Discussion

It has recently been proposed that protein kinases might serve as drug targets in the
treatment of infections caused by trypanosomes and Leishmania (Naula et al., 2005).
Emphasis was placed on conserved CDKs and MAP kinases. The current study investigates
the therapeutic potential of Aurora kinase. TOAUK1 was chosen for analysis, in part because
it is essential for cell cycle progression and in part because its mammalian homologues have
already been shown to be sensitive to small molecule inhibitors. A variety of pharmaceutical
programs seek to develop anti-cancer therapies directed against the Aurora kinases
(Reviewed in Matthews et al., 2006; Mountzios et al., 2008; Carpinelli and Moll, 2008). The
economic contingency of trypanosome-afflicted populations is such that it is especially
attractive to be able to piggy-back onto therapies being developed for other purposes. The
structure of ThAUKZ1 is conserved among other trypanosomatids, including 80% identity
with T. cruzi TCAUK1 (Tc00.1047053508817.80) and 76% identity with Leishmania
LmAUKZ1 (LmjF28.0520). Therefore, therapies developed against this target might be broad
spectrum and affect a range of kinetoplastid infections. The current study tests the
hypothesis that TOAUKZ1 is essential for infection in the mammalian host, and can be
targeted with small molecule inhibitors.

To validate ThbAUK1 as a drug target, we used conditional gene silencing during the
infection cycle within a rodent host. This experimental approach was first developed by
Lecordier et al., 2005 to demonstrate that ThXPD was essential for trypanosome survival in
the mammalian host. We later used the same methods to demonstrate the essential nature of
ThRACK1 (Rothberg et al., 2006). In the current studies, mice were infected with BF
trypanosomes containing a tetracycline inducible RNAi construct for TOAUKZ1. Within three
days of induction, trypanosomes appeared in the blood that phenocopied RNAI of ThAUK1
in cultured cells. In the absence of other biomarkers, such as the phosphorylation of histone
H3 on Ser-10, the appearance of cells with multiple kinetoplasts, multiple flagella and large
multi-lobed nucleus provides a good indication that the gene for ThbAUK1 was knocked
down in situ. By day five post-infection, the population of ThAUK1-deficient cells declined
below detectable levels. The transitory nature of RNAI production in trypanosomes likely
accounted for recovery of the parasites (Lecordier et al., 2005). Overall, these data
demonstrated a role for TOAUK1 in cell cycle control within the mammalian host and
validated ThbAUKT1 as a rational drug target.

An in vitro assay was devised to measure sensitivity of ThOAUK1 to the small molecule
inhibitor Hesperadin. The ability of Hesperadin to inhibit ThOAUKL is important at two
levels: as a research tool and as a step towards therapy design. In some kinetoplastid
parasites, where RNAi methods do not work, a selective inhibitor of Aurora kinase would
aid in the study of cell division. Additionally, TOAUKZ1 exists in a protein complex, and its
depletion by RNA. affects the distribution of TbKin-A, TbKin-B, ToCPC1 and TbCPC2 (Li
et al., 2008). Therefore inhibition within the context of a functional complex is important.
Inhibitors of ThAUKT1 are also rational therapeutic agents. To determine whether
Hesperadin inhibits TOAUKZ1, an in vitro assay was devised with ThH3 as the phosphoryl
acceptor. In mammalian cells, the phosphorylation of H3 on Ser-10 (H3S10p) is of unknown
function (Prigent and Dimitrov, 2003), although it may play a role in displacement of HP-1
from chromatin during mitosis (Fischle et al., 2005; Hirota et al., 2005). The ease of
detecting H3S10p with antibodies makes this event a good biomarker for Aurora B activity.
In trypanosomes, sequence divergence at the amino-terminus of TbH3 makes it unclear
whether its phosphorylation might serve as a biomarker for TbAUK1 activity. In the present
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report, TOAUK1 phosphorylated recombinant TbH3 and ThH2B. MS/MS revealed that
phosphorylation occurred within the carboxy-terminal tail (T116 in TbH3 and T77 in
ThH2B). Recently, mammalian Aurora kinase B was shown to phosphorylate histone H2A
on its carboxy-tail (Brittle et al., 2007). The study relied upon immunolocalization with
specific antibodies. Only mitotic cells exhibited this post-translational modification, and
only in the centromeric region. Our bulk extraction methods would not have detected an
event of this limited temporal and spatial distribution. The role of this unusual
phosphorylation is unknown. Selective antibodies against the trypanosome histones will be
required to identify whether trypanosomes utilize the unusual phosphorylation sites for
ThH3 and TbH2B in vivo, and establish whether it is a true biomarker of ThAUK1 activity.
The only other known target of TOAUKZ1 is the ThTousled-like kinase, but this target has
not been validated in vivo (Li et al., 2007).

We used ThH3 phosphorylation to monitor TOAUK1 activity in the presence of Hesperadin.
Hesperadin was initially identified as an indolinone that produced polyploidy in cultured
human cells (Hauf et al., 2003). Extension of its sulfonamide into the adjacent hydrophaobic
pocket may account for its specificity towards the Aurora kinase family (Sessa et al., 2005).
Hesperadin inhibits recombinant human Aurora B kinase with 1Cgy of 250 nM when tested
with an in vitro kinase assay. It is significantly less effective against Cdk1/cyclin B or Cdk2/
cyclin E where the ICsq ranges from 1.2 uM to >10 uM, respectively. When added to
mammalian cells, Hesperadin prevented chromosome alignment and segregation, and
phosphorylation of Ser-10 on histone H3 (Hauf et al., 2003). Interestingly, Hesperadin
became 5-fold more effective when added to cell cultures compared with purified enzyme.
When we tested Hesperadin in an in vitro kinase assay, TOAUK1 was more sensitive than
the reported values for mammalian Aurora kinase B (ICsq of 40 nM versus 250 nM,
respectively). When applied in culture, both trypanosomes and HeLa cells were equally
sensitive to Hesperadin (ICsq around 50 nM). In the current report, cultured BF
trypanosomes rapidly developed morphological changes that phenocopied those observed
for RNAI of TbAUKL. Notably, the cells ceased to divide, and arrested with swollen multi-
lobed nuclei, multiple nucleoli, multiple kinetoplasts and multiple flagella. The disruption of
CYC6/CRK3 with RNAI can also generate a similar phenotype (Hammarton et al., 2003).
However, neither of the related Cdk1 and Cdk2 of humans is inhibited by Hesperadin in the
nanomolar range (Hauf et al., 2003).

As a step towards the identification of other selective inhibitors against ThDAUK1, we made
computer models of ThAUK1 and the human Aurora A protein sequences using the Xenopus
Aurora B backbone for three-dimensional alignment. The ATP-pocket and adjacent
hydrophobic pocket of Aurora A and Aurora B are currently being targeted in anti-cancer
therapies. Amino acids that line the ATP-pocket are identical in TOAUK1 and human
Aurora A (E211, V147. A160 and L194; using the numbering for Aurora A). Only the
gatekeeper to the adjacent hydrophobic pocket differs. It is Leu-210 in Aurora A and
Met-106 in ThAUKZ1. We chose the Aurora B structure for the alignment of our backbone
because of the high amino acid sequence homology to TbAUKZ1 and since both ThbAUK1
and Aurora B have been shown to be chromosomal passenger proteins (Vagnarelli and
Earnshaw, 2004; Vader et al., 2006; Jeyaprakash et al., 2007; Li et al., 2008). For
comparison, the human Aurora A amino acid sequence was also modeled in exactly the
same way. Interestingly, the top 25 Hesperadin dockings observed for the two models had
somewhat different preferences. Along with docking within the ATP pocket, TOAUK1
exhibited an additional docking site near the aC helix. Conservation of structure can confer
sensitivity of ThAUKTL to inhibitors directed against mammalian Aurora kinases, however,
selective inhibition may also be possible.
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In summary, the present study demonstrates that ThbAUK1 is essential for infection in the
mammalian host, and can be targeted with small molecule inhibitors. Anti-cancer drugs
directed against mammalian Aurora kinases appear to also inhibit TOAUK1. Structural
similarities between TbAUKZ1 and its homologues from T. cruzi and Leishmania raise the
specter of broad-spectrum therapies aimed at Aurora kinase.

Experimental Procedures

Cell cultures

PF T. brucei strains AnTat 1.1E and 29-13 (Wirtz et al., 1999) were grown in SDM-79 with
15% tetracycline-deficient fetal bovine serum (BD Biosciences) at 27°C and 6.5% CO».
29-13 cells were grown in media supplemented with 15 ug/ml G418 and 50 pg/ml
hygromycin B to maintain selective pressure on the tetracycline repressor and T7
polymerase genes. Bloodstream-forms of T. brucei strain 90-13 (Wirtz et al., 1999) were
grown at 37°C in HM19 medium with 10% FBS (BD Biosciences) and 10% serum plus
(JRH Biosciences). The medium was supplemented with G418 (2.5 ug/ml) and hygromycin
B (5 pg/ml).

Infections in mice

An exponentially growing culture of BF ThbAUK1 RNAI cells was washed 1x in PBSG
(Invitrogen) and suspended in the same buffer. Mice were injected ip with 3x10° cells on
day 0. One group of three mice received 1 mg/ml doxycycline in the water to induce the
ThAUK1 RNAI, A control group of two mice received water without doxycycline. Each
day, the parasitemia was monitored in peripheral blood as described by others (Herbert and
Lumsden, 1976). To determine whether cells in the blood phenocopied the cultured RNAI
cells, a separate mouse was harvested after three days of infection. The trypanosomes were
concentrated from the blood by centrifugation and collected in the buffy layer prior to
fixation. The fixed and permeabilized cells were labeled with antibodies against PFR and
counterstained with DAPI as described below. The use of animals in this study complied
with all relevant federal guidelines and institutional policies.

Cloned genes in trypanosomes

Genomic DNA was used as a template for PCR amplification. A list of specific primer pairs
is presented in Table 1. Full-length ThbAUK1 (Th11.01.0330) was PCR amplified with an
AUL epitope tag encoded by the forward primer. The product was cloned into the Hindlll/
BamHI site of the constitutive trypanosome expression vector pHD496. ThAUK1 with a
carboxyl-terminal AU1 tag was cloned into the HindlIl1/BamHI site of the tetracycline
inducible expression vector pLEW100. The kinase dead K58R mutation was produced with
a mutagenic forward primer that extended from the BssHII site (residue 159). The primer
introduced the arginine codon, which also generated a new Fspl site. The reverse primer was
pHD496.AU1-TbAUKZ1 (Table 1). A fragment of ThAUK1 from the BssHII site to the
BamHI site was excised and replaced with the mutagenic fragment. The full-length gene
with AU1 tag at the 5’ end was amplified with the forward and reverse pHD496.AU1-
ThAUKZ1 primers and cloned into pHD496. RNAI was generated with pZJM (Wang et al.,
2000). A 532 base-pair fragment of TOAUK1 was cloned into the Xhol/HindlIlI site. The
pZJM vector has dually opposed tetracycline sensitive promoters flanking the insertion site,
and generates dsSRNA when de-repressed with tetracycline. To transform trypanosomes, the
Notl linearized vectors (pZJM, pHD496 or pLEW100) were electroporated into T. brucei PF
cells (pHD496.AU1-ThAUK1, pLEW100.TbAUK1-AU1) or BF (pZIJM.ThAUK1) as
described previously (Rothberg et al., 2006). The vectors were designed to integrate into the
rDNA spacer region of T. brucei. Where appropriate, PF cultures were selected with
hygromycin (50 pug/ml), G418 (15 pg/ml) and phleomycin (2.5 pug/ml). BF transformants
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were selected with G418 (2.5 ug/ml), hygromycin B (5 pg/ml) and phleomycin (2.5 pg/ml).
Limiting dilution was used to generate cloned cell lines. Throughout this study, the
induction of RNAI was initiated with 1 pug/ml tetracycline.

Kinase Assays

Epitope tagged ThAUK1 was pulled down from cell homogenates with anti-AU1 Sepharose
beads (Covance). Logarithmically growing PF cultures (1x108 cells) were washed two times
in PBS and suspended in 400 pl of lysis buffer (50 mM Hepes, pH 7.4, 100 mM KClI, 25
mM NaF, 0.5% NP-40, 1 mM NazgVOy,4, 1 mM DTT) containing protease inhibitor cocktail
(Sigma, P-8340). After 15 min incubation on ice, the lysate was centrifuged at 10,000 xg for
15 min at 4°C. The supernatant was pre-cleared for 2 hrs at 4°C with 80 pl of a 50% slurry
of Sephadex G-25 beads. The beads had previously been washed in lysis buffer minus
NP-40. Following centrifugation, the pre-cleared supernatant was collected and 50 pl of a
50% slurry of AU1-conjugated beads were added. The beads were incubated overnight at
4°C, washed and collected by centrifugation. Kinase reactions were in 50 ul containing 10 pl
of beads, 20 mM Hepes, pH 7.4, 150 mM KCI, 5 mM MgCl,, 5 mM NaF, and 1 mM DTT,
and 250 pug of substrate protein [histone H1 from calf thymus (Calbiochem), histone H3
from calf thymus (Roche), myelin basic protein (Sigma), recombinant (His)g-TbH3 or
(His)g-ThH2B]. Upon addition of 8 uM ATP (4 uCi of [y-32P] ATP) the reaction was
incubated for 30 min at 30°C, mixed with an equal volume of 2x Laemmli buffer and
products were separated by SDS-PAGE. The gels were exposed to X-ray film for 24 hr. The
intensity of silver grains was calculated using the SpotDenso function of an Alpha Innotech
Imaging system.

Purification of trypanosome histones

BF clone M110 (4x1010 cells) was suspended in 80 ml of lysis buffer (10 mM Na-
glutamate, 250 mM sucrose, 2.5 mM CaCly, 0.1% TritonX-100, and protease inhibitor
cocktail (Sigma P2714)). The homogenate was centrifuged at 16,000 xg for 15 min. The
pellet was washed once in lysis buffer without TritonX-100 and two additional times in lysis
buffer without TritonX-100 and without sucrose. The pellet was acid extracted with 0.3 N
HCI for 2 hr at 4°C and centrifuged at 12,000 xg for 15 min at 4°C. The supernatant was
precipitated with 8 volumes of acetone. The pellet was washed three times with acetone
containing 0.1M HCI (10:1 v:v), and twice with pure acetone. The final precipitate was
vacuum dried.

Recombinant trypanosome histone H3 and H2B

Trypanosome histone H3 (Th927.1.2530) and H2B (Tbh10.406.0350) were cloned into the
BamHI/HindlIl sites of pQE80. TbH3 and ThH2B were extracted from inclusion bodies
with Buffer B (100 mM NaH,POg4, 10 mM Tris, 6 M guanadinium HCI, pH 8.0) as
described (Luger, K. et al., 1999). All incubations were at room temperature. After a 1 hr
extraction, the lysate was centrifuged at 10,000 xg for 30 min. The supernatant was mixed
with Ni-NTA resin for 1 hr and then washed with Buffer B in which 8 M urea replaced the 6
M guanadinium HCI. The column was washed with Buffer C (100 mM NaH,POg4, 10 mM
Tris, 8 M urea, pH 6.3) and the protein eluted with Buffer E (100 mM NaH,PQOy4, 10 mM
Tris, 8 M urea, pH 4.5). The eluted samples were dialyzed twice against H,0 with 2 mM (-
mercaptoethanol at 4°C.

Detection of phosphorylation sites in TbH2B and TbH3 by LC/MS/MS

ArgC and AspN (Roche, Penzberg, Germany) were used to digest 1D-SDS PAGE slices of
H2B and H3, respectively. The digests were analyzed by nano-LC/MS/MS with a Dionex
LC-Packings HPLC (Sunnyvale, CA) coupled to a QStar XL mass spectrometer (Applied
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Biosystems, Foster City, CA). Peptides were first desalted on a 300 pm x 5 mm PepMap
C18 trap column with 0.1 % formic acid in HPLC grade water at a flow rate of 30 pl/min.
After desalting for 5 min, peptides were flushed onto a LC-Packings 75 pm x 15 cm C18
nano column (3 micron, 100 A) at a flow rate of 250 nl/min. Peptides were eluted with a 30
min gradient of 3-35% acetonitrile in 0.1% formic acid. Mass ranges for the MS survey scan
and MS/MS were m/z 300-2000 and m/z 50-2000, respectively. The scan time for MS and
MS/MS were 1.0 sec and 2.0 sec, respectively. The top three multiply-charged ions with MS
peak intensity greater than 30 counts/scan were chosen for MS/MS fragmentation with a
precursor ion dynamic exclusion of 60 sec.

Reverse transcriptase-PCR

To verify that RNAI resulted in the selective disruption of the mRNA for ThAUK1, Reverse
Transcription (RT)-PCR was performed. Total RNA was extracted from T. brucei using
TRIzol reagent (Invitrogen). Following DNAse treatment for 3 hours at 37°C, the total RNA
was used as a template for RT-PCR. The RT reactions were completed with the Access RT-
PCR kit (Promega) according to the manufacturer's instructions. ldentical reactions were set
up without RT to serve as a control for undigested DNA contamination. The specific primers
used here were different from those used to amplify the fragment of TOAUKZ1 for the RNAI
construct. The RT-PCR primers are outlined in Table 1.

Cell growth studies

Growth studies were initiated by diluting logarithmically growing cells to a starting density
of 1x10° cells/ml (BF) or 1x10 cells/ml (PF). Cell density was measured with a Neubauer
hemocytometer.

Cell cycle analysis

Microscopy

Cells were analyzed by flow cytometry for DNA content following induction of RNAI. Cells
were collected by centrifugation at 2,500 xg for 10 minutes and washed in cold PBS
containing Dulbecco’s salts (Invitrogen). The cell pellets were suspended in 100 ul PBS and
mixed with 200 pl of 10% ethanol/5% glycerol in PBS. Another 200 pl of 50% ethanol/5%
glycerol was added prior to incubation on ice for 5 min. One ml of 70% ethanol/5% glycerol
was added and the fixed cells were left overnight at 4°C. Cells were washed in PBS and and
incubated for 30 min at room temperature in 1 ml of PBS containing 10 ug/ml RNase A and
20 pg/ml propidium iodide. Fluorescence analysis was performed with the FACSCalibur
flow cytometer (Becton Dickinson). Cell populations were quantified with the CellQuest
software.

Immunolocalizations were as described previously (Rothberg et al., 2006). Briefly, cells in
culture were fixed in 4% paraformaldehyde for 60 min at room temperature, and were
washed in 50 mM Tris-HCI, 150 mM NacCl, pH 7.5. The concentrated cells were allowed to
settle onto Fisher (+) Gold positively charged microscope slides. Following a 3 minute
permeabilization step with 0.1% Igapal (Sigma), the slides were washed in PBS
(Invitrogen). Cells were incubated with rat antibodies against paraflagellar rod protein
(«PFR 1:200; kindly provided by T. Seebeck, University of Berne) or mouse antibodies
against nucleolar protein (Ab L1C6: 1:200; kindly provided by K. Gull, Oxford University).
Secondary antibodies were Cy3 (Jackson Labs). The cells were counterstained with 4,6-
Diamidino-2-phenylindole (DAPI) contained in the antifade (Vectorshield) or with TOTO
(1:1000; Molecular Probes). To quantify the number of nuclei, kinetoplasts or nucleoli in
each cell, 200 BF were evaluated in each of 2 separate experiments. Results are the average
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+ SE. The cells were visualized with the Nikon C1 Digital Eclipse Confocal E600
microscope. Images were collected with Metamorph or EZ-C1 software (Nikon).

Homology Modeling of the TbAUK1 and human Aurora A proteins

The TbAUK1 and human Aurora A protein sequences were individually aligned to the
sequence of Xenopus Aurora B using the ClustalW alignment program (Thompson et al.,
1994). Homology models were then built using modeller9v2 (Fiser and Sali, 2003) with the
X-ray crystallographic structure of Xenopus Aurora B in complex with Hesperadin and
activated by INCENP (PDB 2BFY;; Sessa et al., 2005). Hesperadin was included in the
template of these modeling experiments, while INCENP was not. After removal of the
bound Hesperadin from the models, the low energy conformation of either the resultant
ThAUKZ1 or human Aurora A structures was then relaxed using a conjugant gradient energy
minimization routine implemented in the NAMD molecular dynamics program suite (Kale
et al., 1999; Phillips et al., 2005). Virtual docking of Hesperadin to the minimized ThbAUK1
homology model was then performed with a fixed protein using autodock4 (Huey et al.,
2007; Goodsell et al., 1996; Morris et al., 1998). Models were visualized and figures were
produced using the VMD program from Humphrey et al. (1996).
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Fig. 1.

ThAU1K is essential for infection in mice. Mice were inoculated ip with 3x108 ThAUK1
RNA. cells. One group containing three mice received 1 mg/ml doxycycline in the water at
day 0 (+ Dox). The control group comprised of two mice received water without
doxycycline (- Dox).

(A) Parasiemia was monitored in peripheral blood at the times indicated. Each line plots the
infection in a single mouse. The crosses indicate that the mice died within 24 hours of the
last recorded parasitemia. The detection limit of the assay is 2x10° cells/ml.

(B) After 3 days of growth in a separate doxycycline treated mouse, trypanosomes were
examined in the blood by DIC, or were labeled with antibodies against PFR (red) and
counterstained with DAPI (blue). The cells at upper right were viewed at 60x while cells in
the lower panels were viewed at 100x. The lower right panel shows two cells, each of which
has multiple flagella and multiple kinetoplasts. The bars are size markers of 10 um.
Substrate specificities of TOAUK1 and ThAUKS.

Mol Microbiol. Author manuscript; available in PMC 2010 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jetton et al.

Page 20

A B

Constitutive Inducible
AnTat1.1 + - - + WT K58R
AU1-TbAUK1 — + + - TET () () () (+)
Hesperadin — - + + ;
(200 nM) _ -— | = Anti-AU1
_"Hew & B e Anti-TorRACKT
32
P-MBP
ol s 2p.vBP

Fig. 2.

In vitro kinase assay of ThAUK1.

(A) Constitutive expression of AU1-tagged TbAUK1. Parental AnTatl.1 PF were
transformed with the constitutive expression vector pTSA-AUL1. TbAUK. When pulled down
with anti-AU1 Sepharose beads, transformants phosphorylated myelin basic protein (MBP),
in a manner that was inhibited by Hesperadin. Parental cells phosphorylated MBP at a
background level.

(B) Inducible expression of AU1-tagged wild-type ThAUK1 and the K58R mutated
TbhAUKL. The tagged proteins were detected in cell homogenates by western blot with
antibodies against AU1 (upper panels). TORACK1 was used as a loading control (middle
panels). The immunoprecipitated proteins phosphorylated MBP (lower panel).

(C) Nucleotide specificity of TOAUK1. Unlabeled nucleotides (1 mM each) were added to
the standard reaction mix. Only unlabeled ATP prevented phosphorylation of MBP.
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Fig. 3.

TbhAUKI1 phosphorylates trypanosome histones.

(A) TbAUKTI can phosphorylate mammalian histone H3 and MBP, but not H1. Coomassie
stain reveals equivalent substrate in each reaction.

(B) Phosphorylation of endogenous histones by TbAUKZX. Trypanosome histones were acid
extracted from a particulate fraction and TbhH3, TbH2A and TbH2B were tentatively
identified based upon their molecular weights of 14.7 kDa, 14.2 kDa and 12.5 kDa,
respectively. The histones were incubated with immunoprecipitated proteins from control
cultures (AnTat); or from cultures expressing AUL.TbAUK1. ThAUK1 phosphorylated
proteins with sizes equivalent to H3 and H2B.

(C) ThbAUKZ1 can phosphorylate recombinant ToH3 and TbhH2B. TbhH3 (Th927.1.2530) and
ThH2B (Tb10.406.0350) were amplified from genomic DNA, cloned in pQES80 and used as
substrate in assays where the kinase source was either precipitated from control cultures
(AnTat), or precipitated from cultures expressing AUL. TbAU1K.
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Fig. 4.

Identification of phosphorylation sites within TbH3 and ThH2B.

(A) Sequence alignments of histone H3 and H2B from human (Hs), yeast (Sc) and T. brucei
(Th). Phosphorylation sites are blocked in black.

(B) LC/MS/MS spectra of the triply-charged phosphorylated peptides detected in TbH3 and
ThH2B. ThH3 digested with AspN endopeptidase. Peptide DTNRACIHSGRVT(p)IQPK
(amino acids 104-120) had a mass-to-charge ratio (m/z) of 678.3. The MS/MS spectrum
revealed multiple fragment ions including neutral loss fragments [M-H3PO4+3H]3* at m/z
645.6. Wild-type b112* was detected, together with [b13-18]2*, [b14-18]2*, [b15-18]" and
[b13+18]%*. The b-ion series indicated that the phosphorylation occurred at Thr116. ToH2B
was digested with ArgC endopeptidase. Triply charged peptide KRT(p)LGARELQTAVR
(amino acids 164-177) appeared at 560.3 in the MS scan. The MS/MS spectrum revealed
several fragment ions including [M-H3PO4+3H]3* at m/z 527.6, and y4, y5, y6, y7, y112*,
[y12-18]2*. The MS/MS data demonstrated that Thr166 was phosphorylated.
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Fig. 5.

Hesperadin inhibits TOAUKZ1 activity and growth of BF and PF trypanosomes.

(A) Molecular models of human Aurora A and TbAUK1 were generated based upon the
crystal structure of Xenopus Aurora B (2BFY). The top 25 docks to Hesperadin are shown
for the models. Each of the bound Hesperadin molecules is represented as a stick figure.
(B) Dose response for Hesperadin inhibition of ThbAUKZ1. The left panel shows an
autoradiogram with 32P incorporation into TbH3. The stained Coomassie gel shows that an
equivalent amount of TbhH3 substrate was loaded onto each gel lane. The right panel shows
densitometry of the autoradiograms (n=4; £SE).

(C) Hesperadin inhibits growth of BF and PF cultures. BF or PF were grown in the presence
of increasing concentrations of Hesperadin for 24 hr or 48 hr, respectively. The percent
growth inhibition was recorded.

(D) Time course of cell growth in the presence of increasing concentrations of Hesperadin.
BF cultures were treated at time 0 with the indicated concentrations of Hesperadin and cell
density was followed for 5 days. The limit of detection was 1x104 cells/ml.
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Treatment with Hesperadin phenocopies RNAI knockdown of ThAUKL.

(A) RNAI of ThAUKZ1 disrupts cell cycle progression in BF. The left panel shows a growth
curve of TDAUK1 RNA. cells diluted to 1x10° cells/ml with (+) or without (-) tetracycline.
The middle panel is RT-PCR using template RNA isolated from the ThAUK RNAI BF cells
after growth for 72 hours with or without tetracycline. Primer pairs were designed to amplify
the following: TbhAUKZ, the upstream gene carbonic anhydrase (CA); the downstream gene
dynein heavy chain (DHC); and antisense ThbAUK1. Also shown is the PCR control without
reverse transcriptase (-RT) and the loading control of ethidium bromide stained total RNA
(1 png). The right panel shows flow cytometry of BF cells at increasing times after RNAI
induction. A shift in population to 4C and 8C DNA content is observed.

(B) Changes in cell cycle progression induced by RNAi of ThOAUKZ1. The left panels show
morphological changes in BF after 24 hr induction with tetracycline. Cells were viewed by
DIC, or stained for nuclei (TOTO) and flagella (PFR) (panels a-b). The right panel shows
cell cycle progression in the RNAI cells. BF cultures were untreated, or induced with
tetracycline for the amount of time indicated. After DAPI staining, cells were evaluated
microscopically for their number of nuclei (N) and kinetoplasts (K). Cells designated 1IN1K
have one nucleus and one kinetoplast. Each time point is the evaluation of at least 200 cells
(n=2, £SE).

(C) Changes in cell cycle progression induced by Hesperadin. The left panels show
morphological changes in cells treated with 100 nM Hesperadin for 24 hr (panels c-d); The
right panel shows cell cycle progression of Hesperadin treated cells. The methods are the
same as described in panel B.
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Fig. 7.

Proliferation of nucleoli following treatment with Hesperadin or depletion of ThAUK1 with
RNAI.

(A) Nucleoli in Hesperadin treated cells. Cells were treated with 200 nM Hesperadin for the
times indicated. The nucleus was stained with DAPI, and nucleoli were labeled with
antibody L1C6 and secondary antibodies coupled to Cy3. At least 200 cells were analyzed at
each time (n=2; £SE).

(B) Nucleoli in cells depleted of TOAUK1 by RNAI. The number of nucleoli in ThAUK1
RNAi cells was evaluated at different times after induction with tetracycline. At least 200
cells were analyzed at each time (n=2; £SE).

(C) Nucleolar labeling with antibody L1C6. Trypanosomes were left untreated (panel a);
were examined after 24 hours of induction with tetracycline (+ Tet) (panels b-d); or
examined after 24 hr treatment with 200 nM Hesperadin (panels e-g). With RNAi and
Hesperadin, note the disruption in nuclear division leading to swollen, multilobed nuclei and
multiple nucleoli. The bars are size markers of 10 um.
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PCR primers are listed 5' to 3’ with restriction sites in bold, the AU1 tag underlined and mutations italicized in

lower case. When gene fragments were cloned, the sequence positions of the primers are listed.

Primer Pairs

Sequence

pZIM.TbAUK1
Fwd: Xhol 105-127
Rev: Hindlll 615-637

ATCGCTCGAGTGGCGGCGGCAATTACGGGGATG
ATCGAAGCTTTGCCCAGGCACCAAAGGTCAGCAC

pHD496.AUK1-TbAUK1
Fwd: HindllI
Rev: BamHI

ATCGAAGCTTATGGACACGTACCGCTACATTAGGTCAAC
TGAGGTCGGGCGTGTT
ATCGGGATCCTCAATTCTCTTTCCCTGCAGTTGGCTCTGC

K58R ThAUK1
Fwd: BssHII 159-211

TTTGTTTGCGCGCTGCYgcAGGTTGTCCATTTAAAAAACTTG CGGATTTTGACAT

pLEW100. ThAUK1-AU1
Fwd: HindllI

ATCGAAGCTTATGAGGTCAACTGAGGTCGGGCGTG

Rev: BamHI ATCGGGATCCTCAAATGTAGCGGTACGTGTCATTCTCTTT CCCTGCAGTTGGCT
TbAUKI1-RT

Fwd: 654-677 ATCGTCTCGTTGGTAAAACACCGTTTGT

Rev: 834-857 ATCGGGGAGATAATAATACTTGAGAAGG

Carbonic Anhydrase-RT
Fwd: 84-107
Rev: 284-307

ATCGCACGGCAGGAATGGGGCGGGCGGA
ATCGCGCCGTTGTCGATTTTTAGGGAAG

Dynein Heavy Chain-RT
Fwd: 313-336
Rev: 494-517

ATCGCGCCGCCGCCGACTATACGAATCG
ATCGCGGCGGGAAGGTAGCGACCAGCGG

Alpha Tubulin-RT
Fwd: 11-34
Rev: 516-539

ATCGCTATCTGCATCCACATTGGTCAGG
ATCGAGCCGTCGACACCTGCGGTGATGG
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