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Abstract
Trypanosoma brucei causes human African trypanosomiasis (HAT). The pyrrolopyrimidine
AEE788 (a hit for anti-HAT drug discovery) associates with three trypanosome protein kinases.
Herein we delineate the effects of AEE788 on T. brucei using chemical biology strategies.
AEE788 treatment inhibits DNA replication in the kinetoplast (mitochondrial nucleoid) and
nucleus. In addition, AEE788 blocks duplication of the basal body and the bilobe without affecting
mitosis. Thus, AEE788 prevents entry into S phase of the cell division cycle. To study kinetics of

stage entry into S phase. A time-course of DNA synthesis (nuclear and kinetoplast DNA (kDNA)),
duplication of organelles (basal body, bilobe, kinetoplast, nucleus), and cytokinesis was obtained.
Unexpected findings include the following: (i) basal body and bilobe duplication are concurrent,
(ii) maturation of probasal bodies, marked by TbRP2 recruitment, is coupled with nascent basal
body assembly, monitored by localization of TbSAS6 at newly forming basal bodies, and (iii)
kinetoplast division is observed in G2, after completion of nuclear DNA synthesis. Prolonged
exposure of trypanosomes to AEE788 inhibited transferrin endocytosis, altered cell morphology,
and decreased cell viability. To discover putative effectors for AEE788’s pleiotropic effects,
proteome-wide changes in protein phosphorylation induced by the drug were determined.
Putative effectors include an SR protein kinase, bilobe proteins, TbSAS4, TbRP2, and BILBO-1.
Loss of function of one or more of these effectors can, from published literature, explain the
polypharmacology of AEE788 on trypanosome biology.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on August 22, 2018

early events in trypanosome division, we employed an “AEE788 block and release” protocol to

Molecular Pharmacology Fast Forward. Published on February 28, 2017 as DOI: 10.1124/mol.116.106906
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106906

4

Introduction
Trypanosoma brucei is a protozoan parasite that causes Human African Trypanosomiasis (HAT)
(reviewed in (Kennedy, 2013; Lejon and Buscher, 2005)). Current HAT chemotherapies are
administered by injection and have toxic side effects (reviewed in (Babokhov et al., 2013)), making
them far from ideal. An attractive drug discovery approach for neglected tropical diseases (NTDs),
such as HAT, is chemical scaffold repurposing (Patel et al., 2013). In this strategy, drugs with
proven efficacy against other diseases are screened for activity against HAT, reducing time and

molecule kinase inhibitor, AEE788 (Daniela Meco, 2010; Traxler et al., 2004), as a “hit” (GI50 =
2.5 μM) (Behera et al., 2014) for HAT drug discovery. Subsequently, AEE788 was established as
an anti-trypanosomal lead drug (Behera et al., 2014). AEE788 forms complexes with three
trypanosome protein kinases (Katiyar et al., 2013) suggesting that it is a multi-targeted antagonist
or agonist (Dar and Shokat, 2011) whose toxicity to trypanosomes is likely based on exerting
pleiotropic biological effects.

Stages of the trypanosome cell division cycle can be identified by enumeration of single copy
organelles, including the kinetoplast (mitochondrial nucleoid containing kinetoplast DNA (kDNA)),
basal body, and nucleus (Sherwin and Gull, 1989; Woodward and Gull, 1990). In G1,
trypanosomes have a single round kinetoplast (K) and a single nucleus (1K1N) (Sherwin and
Gull, 1989). As cells transition into S phase, synthesis of kDNA (reviewed in (Jensen and Englund,
2012)) is associated with kinetoplast elongation (Gluenz et al., 2011), generating early S phase
cells with a single elongated kinetoplast (Ke) and one nucleus (1Ke1N) (Siegel et al., 2008).
Division of the kinetoplast precedes mitosis forming a 2K1N population (Woodward and Gull,
1990). 2K2N trypanosomes are formed after mitosis which generate 1K1N cells following
cytokinesis (Sherwin and Gull, 1989), completing the division cycle (reviewed in (Hammarton,
2007; Li, 2012; Zhou et al., 2014)).
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The basal body is the microtubule-organizing center for the flagellar axoneme. Additionally, the
basal body is attached to the kinetoplast (Ogbadoyi et al., 2003) and has a role in inheritance of
the mitochondrial genome (Robinson and Gull, 1991). Accordingly, basal body biogenesis is
tightly coordinated with the cell division cycle (Gluenz et al., 2011; Sherwin and Gull, 1989;
Woodward and Gull, 1990). Prior to duplication, trypanosomes have a mature basal body adjacent
to an immature probasal body (Sherwin and Gull, 1989). Maturation of the probasal body
produces cells with two mature basal bodies, each of which seed a new probasal body (Gluenz

the conversion of putative intermediates into mature basal bodies has been reported.

The flagellum exits the trypanosome cell body via the flagellar pocket (Lacomble et al., 2009).
Duplication of the flagellar pocket depends on basal body duplication and separation (Lacomble
et al., 2010). Outside the cell body, the flagellar membrane is conjoined to the plasma membrane
by the flagellar attachment zone (FAZ) (Kohl et al., 1999; Sherwin and Gull, 1989). Cytokinesis
requires duplication of the flagellum and its associated cytoskeletal structures (Kohl et al., 2003;
Robinson et al., 1995). The bilobe is a cytoskeletal structure closely associated with the FAZ
filament (Esson et al., 2012) and is implicated in FAZ formation (Bangs, 2011; Zhou et al., 2010).
The flagellar pocket is the major site of endocytosis, a process needed for nutrient uptake
(reviewed in (Field et al., 2009)). Bloodstream trypanosomes require host transferrin (Tf), as a
source of iron, for proliferation (Schell et al., 1991). Interestingly, trypanosome glycogen synthase
kinase (TbGSK3ß), an AEE788-associated protein kinase (Katiyar et al., 2013), regulates Tf
endocytosis (Guyett et al., 2016).

In our effort to understand the basis of AEE788 toxicity in T. brucei, we show that AEE788 blocks
S phase entry of bloodstream trypanosomes, inhibits transferrin endocytosis, and alters cell
morphology. Unexpectedly, we found that AEE788 could be used to enrich pre-S phase
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trypanosomes. Using a novel “AEE788 block and release” protocol we document the kinetics of
DNA replication and subcellular organelle duplication in bloodstream trypanosomes. Finally, we
show that AEE788 perturbs phosphoprotein homeostasis, offering insight into the putative effector
proteins involved in AEE788-disrupted phospho-signaling pathways in the African trypanosome.
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Materials and Methods
Parasite cultures
Bloodstream T. brucei, RUMP528 (Leal et al., 2001) or Lister 427, were cultured in HMI-9 medium
supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals; Flowery Branch, GA), 10%
Serum Plus™ (SAFC Biosciences; Lenexa, KS) and 1% antibiotic-antimycotic solution (Corning;
Corning, NY) at 37 °C, 5% CO2 (Hirumi, 1994). For all experiments trypanosomes were harvested
in logarithmic phase (i.e. less than 1 x 106 cells/ml).

AEE788
T. brucei were resuspended at 5 x 105 cells/ml (5 ml), in a Corning 25 cm 2 culture flask, and
treated with AEE788 (Novartis; Basel, Switzerland) to achieve a final concentration of 5 μM or
equal volume (0.1%) of the drug solvent DMSO (Thermo Fisher; Waltham, MA). Cells were
incubated at 37 °C, 5% CO2. Trypanosome density was measured with a haemocytometer after
4 h, 9 h and 16 h of incubation. Both sides of the haemocytometer were counted twice and
averaged for every time point. Biological replicates were performed twice.

DAPI staining of DNA in the kinetoplast and nucleus following AEE788 treatment
T. brucei (5 x 105 cells/ml) was treated with AEE788 (5 μM), or equal volume (0.1%) DMSO (drug
solvent) for 4 h at 37 °C, 5% CO2. Treated cells were pelleted (3000 x g for 5 min), resuspended
in 1 ml of 4% paraformaldehyde (Affymetrix; Santa Clara, CA) in phosphate-buffered saline
(Thermo Fisher), and incubated for 15 min at room temperature. Cells were pelleted by
centrifugation, as described previously, and adhered to poly-L-lysine (Sigma Adlrich; St. Louis,
MO) coated coverslips for 15 min. Coverslips were briefly washed with phosphate-buffered saline
(PBS) before being mounted onto microscope slides with VectaSheild ® Mounting Medium (Vector
Labs; Burlingame, CA), containing 1.5 μM 4’,6-diamidino-2-phenylindole (DAPI) to stain nuclear
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and kinetoplast DNA. Trypanosomes were visualized with a high sensitivity interline camera on
an EVOS fluorescence (EVOS® FL) microscope (Life Technologies; Grand Island, NY). The
number of kinetoplasts and nuclei per cell, in 150 trypanosomes, were scored in four independent
experiments.

Time-course for duplication of the kinetoplast and nucleus
Following a 4 h treatment with AEE788 (5 μM), trypanosomes were washed twice and

(37 °C, 5% CO2) for 1 h, 2 h, 3 h, 4 h, 5 h or 6 h. Cells were fixed and stained with DAPI as
described above. Trypanosomes (150) were scored based on their number of kinetoplasts and
nuclei (n = 3 for each time point).

Detection of DNA synthesis with 5-ethynyl-2’-deoxyuridine (EdU)
Bloodstream trypanosomes (5 x105 cells/ml) were treated with AEE788 (5 μM) or DMSO (0.1%)
for 4 h at 37 °C, 5% CO2. EdU (5-ethynyl-2'-deoxyuridine) (300 μM) (Life Technologies), and 2’deoxycytidine (200 μM) (Sigma Adlrich), were added to both DMSO and AEE788-treated samples
3.5 h into the 4 h treatment (i.e. 30 min labeling period). Following the 4 h incubation, cells were
washed once in phosphate-buffered saline supplemented with 1% glucose (PBSG), fixed with 4%
paraformaldehyde (PFA) in PBS (15 min), adhered to poly-L-lysine coated coverslips, and
permeabilized with 0.5% Triton X-100 (Thermo Fisher) in PBS for 25 min at room temperature.
Permeabilized trypanosomes were washed with PBS and incubated in the dark for 30 min in a
click-iT reaction cocktail: 4 mM copper sulfate (Sigma Adlrich); 60 μM azide conjugated to Alexa
Fluor® 488 (Life Technologies); 1 x Tris-buffered saline (20 mM Tris base (Genesee Scientific;
San Diego, CA) and 0.14 M NaCl (Sigma Adlrich)); and 300 mM ascorbic acid (Avantor
Performance Materials; Center Valley, PA). Cells were washed thrice in PBS (3 min each) before
mounting with VectaSheild® Mounting Medium, containing DAPI (1.5 μM), onto microscope slides.
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Cells were visualized by fluorescence microscopy on the Applied Precision DeltaVision II
Microscope System (GE Healthcare; Issaquah, WA) on an Olympus IX-71 inverted microscope
(Olympus; Center Valley, PA). Images were captured with a cooled CCD camera. The kinetoplast
and nucleus of each trypanosome (n = 100-150) were characterized as EdU-positive or EdUnegative in three independent experiments.

Time-course of DNA synthesis

free HMI-9 medium (5 x 105 cells/ml). Trypanosome aliquots (2 x 106 cells) were harvested every
hour over a three-hour time-course (1 h to 4 h post AEE788 washout) and incubated in medium
containing EdU (300 μM) and 2’-deoxycytidine (200 μM) for 30 min (37 °C, 5% CO 2). Cells were
subsequently processed as described above. Cells were first collected from 0 h – 4 h after
AEE788 washout to identify the range of DNA synthesis. Subsequently trypanosomes were
harvested from 0 h to 3 h post AEE788 wash off (n = 3) to monitor initiation of DNA synthesis.
Additionally, cells were collected between 2 h – 4 h after AEE788 washout (n = 2) in attempts to
detect termination of DNA synthesis. The kinetoplast and nucleus of 100-150 trypanosome were
scored as EdU-positive or EdU-negative at each time point for all experiments (0 h and 2 h, n =
6; 1 h, n = 4; 3 h and 4 h, n = 3).

Immunofluorescence detection of basal bodies and bilobes
Trypanosomes (5 x 105 cells/ml) were treated with AEE788 (5 μM) or an equal volume (0.1%) of
DMSO (drug solvent) for 4 h at 37 °C, 5% CO 2. Cells were washed once with PBSG, and adhered
to poly-L-lysine coated coverslips for 5 min, quickly air-dried, and fixed with methanol (Thermo
Fisher) for 20 min at -20 °C. Coverslips were briefly rinsed with PBS and rehydrated in blocking
buffer (1% bovine serum albumin (BSA) (Sigma Aldrich) in PBS) for 1 h. Permeabilized
trypanosomes were either co-stained with the primary antibodies YL1/2 (EMD Millipore; Billerica,
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MA) (Andre et al., 2014) and anti-TbSAS6 (Hu et al., 2015a) to detect basal bodies or stained
with 20H5 (EMD Millipore) (He et al., 2005) for bilobes. The TbSAS6 antibody was a generous
gift from Dr. Ziyin Li (University of Texas Health Science Center). Antibodies were diluted (YL1/2
at 1:1000; anti-TbSAS6 and 20H5 at 1:500) in blocking buffer and incubated with cells for 1 h at
room temperature. Cells were rinsed thrice, 5 minutes each, in PBS prior to exposure to the
secondary antibody at a dilution of 1:2000 in blocking buffer for 1 h at room temperature: Alexa
Fluor® 488 goat anti-rat and Alexa Fluor® 594 goat anti-rabbit or Alexa Fluor® 488 goat anti-mouse,

PBS and mounted onto microscope slides with VectaSheild ® Mounting Medium supplemented
with DAPI (1.5 μM). Cells were then visualized with a DeltaVision Microscope System II, at the
Biomedical Microscopy Core (BMC) at the University of Georgia, and images captured with a
cooled CCD camera. The number of basal bodies and bilobes were quantitated in three
independent experiments (100-150 trypanosome quantitated per experiment). Basal bodies were
considered mature if they were co-labeled with YL1/2 and anti-TbSAS6 or if they were labeled by
YL1/2 alone. Basal bodies labeled solely by anti-TbSAS6 were counted as probasal bodies.

Time-course of basal body and bilobe duplication
Trypanosomes (5 x 105 cells/ml) were treated with AEE788 (5 μM), for 4 h (37 °C, 5% CO2),
washed twice in drug-free HMI-9 medium and resuspended in drug-free medium. Cells were
returned to the incubator for 0 h, 2 h, 2.5 h, 3 h or 3.5 h, collected and prepared for
immunofluorescence assays as described above (YL1/2 and anti-TbSAS6 double labeling or
20H5 staining). The time-course was repeated in three independent experiments with the number
of basal bodies (in YL1/2 and anti-TbSAS6 stained cells) and bilobes (in 20H5 stained cells)
assessed in 100-150 trypanosomes at each time point for all experiments.

Analysis of time-course studies using nonlinear regression curve fitting

Downloaded from molpharm.aspetjournals.org at ASPET Journals on August 22, 2018

respectively (Molecular Probes; Eugene, OR). Cells were rinsed three times, 5 minutes each, in

Molecular Pharmacology Fast Forward. Published on February 28, 2017 as DOI: 10.1124/mol.116.106906
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106906

11

Nonlinear regression curves were applied to time-course data documenting the recovery of DNA
synthesis and organelle duplication (kinetoplast, basal body, bilobe and nucleus) following an
“AEE788 block and release” protocol (see above) using GraphPad Prism. GraphPad was used to
calculate the time at which 50% (T50) of the maximum activity (e.g. DNA synthesis) was achieved
based on a sigmoidal function. Calculations for kinetoplast elongation (measured by the
percentage of 1Ke1N cells) and cytokinesis (based on the reappearance of 1K1N cells) were
based on time points between 0 h – 4 h, and 5 h – 6 h, respectively, when the minimum and

to show data trends for these events). Based on the T50 and the Hill slope (provided by GraphPad
Prism), we calculated the time at which 10% (T10) and 90% (T90) of the maximum was achieved
using the following equation provided by GraphPad Software: Tx = ((x/100-x)1/H )T50 where H = Hill
slope and x = the desired percentage (of maximum).

Assessment of cell viability following AEE788 treatment
Trypanosomes (5 x 105 cells/ml) were treated with AEE788 (5 μM) or equal volume (0.1%) DMSO
(drug solvent) for 4 h, 9 h, or 16 h. Thereafter, cells from each treatment group (1 ml each) were
aliquoted into 1.5 ml microcentrifuge tubes and treated with propidium iodide (3 μM) (Sigma
Aldrich). Cells were immediately incubated on ice for 15 min and analyzed using a Beckman
Coulter Cyan flow cytometer to measure propidium iodide fluorescence. FlowJo software (FlowJo,
LLC; Ashland, OR) was used to gate live cell populations based on size and shape (forward and
side scatter) and to quantitate the fluorescence intensity of propidium iodide in 10,000
trypanosomes (n = 2).

Evaluation of trypanosome endocytosis of transferrin (Tf), bovine serum albumin (BSA)
and tomato lectin (TL)
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Trypanosomes were treated with AEE788 (5 μM) or equal volume (0.1%) DMSO (drug solvent)
for 9 h (37 °C, 5% CO2). Cells were washed and resuspended in serum-free HMI-9 medium devoid
of AEE788 or DMSO (5 x 105 cells/ml). Trypanosomes were incubated with fluorescent endocytic
cargo for 15 min at 37 °C, 5% CO2: 25 μg Tf-Alexa Fluor® 488 Conjugate (Thermo Fisher), 25
BSA labeled with Alexa Fluor® 647 (Thermo Fisher), or 10 μg DyLight® 488-TL (Vector
Laboratories). Cells were subsequently transferred to an ice-water bath and washed with cold
PBSG at 4 °C (3000 x g for 5 min). Cells were resuspended in 1 ml PBSG, with propidium iodide

cytometer. FlowJo software (FlowJo, LLC) was used to gate viable trypanosome populations,
based on size, shape (forward and side scatter) and propidium iodide exclusion. Fluorescence
intensity of endocytic cargo was measured only in viable cell populations (negative for propidium
iodide uptake). FlowJo was then used to determine the median fluorescence intensity of each
endocytic cargo in trypanosome populations (15,000 events, n = 3).

Quantitation of changes in trypanosome morphology
Trypanosomes (5 x 105 cells/ml) were treated with AEE788 (5 μM) or equal volume (0.1%) DMSO
(drug solvent) for 4 h, 9 h, or 16 h. After each incubation period cells were transferred to a
haemocytometer and visualized (live) with an EVOS XL Core microscope (Thermo Fisher). Cells
(100/incubation period) were scored based on morphology in two independent experiments.

Immunofluorescence detection of the paraflagellar rod (PFR) and flagellum
Trypanosomes (5 x 105 cells/ml) were treated with DMSO or AEE788 for 16 h (37 °C, 5% CO 2),
washed with PBSG and adhered to poly-L-lysine coated coverslips (5 min). Once adhered, cells
were quickly air-dried and fixed with methanol for 20 min at -20 °C. Cells were rehydrated in
blocking buffer (PBS supplemented with 1% BSA) for 1 h. Subsequently, trypanosomes were
incubated with anti-PFR2 (1:500) and 20H5 (1:500) in blocking buffer for 1 h at room temperature.
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The polyclonal rabbit antibody against PFR2 was generated by GenScript ® (Piscataway
Township, NJ). Trypanosomes were washed three times, 5 min each, in PBS before addition of
fluorescent secondary antibodies (1:2000 in blocking buffer) for 1 h at room temperature (Alexa
Fluor® 488 goat anti-rabbit or Alexa Fluor® 594 goat anti-mouse, respectively). Cells were washed
three times in PBS, 5 min each, prior to mounting onto microscope slides with VectaSheild ®
Mounting Medium containing DAPI (1.5 μM). Cells were visualized by fluorescence microscopy
on an Applied Precision DeltaVision II Microscope System (GE Healthcare; Issaquah, WA) with

a cooled CCD camera.

Scanning Electron Microscopy
T. brucei (5 x 105 cells/ml) were treated with AEE788 (5 μM) for 12 h in HMI-9 medium. Cells were
centrifuged (1500 x g for 5 min) and washed with ice-cold PBSG. Cells were fixed with 2%
glutaraldehyde in PBS for 1 h at room temperature, washed with PBS and adhered to poly-Llysine coated coverslips. Cells on coverslips were treated with OsO 4 (1%) for 30 min at RT,
washed thrice in water and dehydrated with increasing concentrations of ethanol by incubating
them sequentially in 25%, 30%, 50%, 75%, 85%, 95%, and 100% ethanol for 5 min each. The
samples were dried at critical point with a Tousimis Critical Point Dryer (Samdri-780 A), and
sputter coated (gold) with an SPI Module Sputter Coater following standard protocols. Samples
were viewed using a Zeiss 1450EP variable pressure scanning electron microscope at the Center
for Advanced Ultrastructural Research (CAUR) at the University of Georgia.

Phosphopeptide enrichment and identification in AEE788-treated trypanosomes
Trypanosomes (5 x 105 cells/ml) were treated with either AEE788 (5 μM) or equivalent volume
(0.1%) DMSO (drug solvent) at 37 ºC (4 h or 9 h). Trypanosomes (2 x 108 cells) were moved to
ice, washed with cold PBSG containing 1X HALT Phosphatase Inhibitor Cocktail (PIC)(Thermo
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Fisher), lysed by sonication in 50 mM HEPES (Thermo Fisher), pH 7.6, 8 M urea (Thermo Fisher),
4 mM DTT (Sigma Aldrich), 1X HALT PIC and alkylated with 9 mM iodoacetamide (Bio-Rad;
Hercules, CA) for 30 min (away from light). The lysate was diluted 5-fold with 50 mM HEPES, pH
7.6, and 1X HALT PIC (1.6 M urea final) followed by protein digestion with immobilized trypsin
agarose (Thermo Fisher) for 48 at room temperature. After collecting the beads by centrifugation,
the peptide supernatant was diluted 10-fold with 0.1% trifluoroacetic acid (TFA) (Thermo Fisher)
and desalted over a Sep-Pak C18 column (Waters; Milford MA). A step gradient of acetonitrile

vacuum centrifugation. Phosphopeptides were then enriched by FeCl3 charged metal affinity
chromatography (IMAC) made inhouse (Proteomics core at Fred Hutchinson Cancer Research
Center). Briefly, peptide samples were resuspended in 80% acetonitrile, 0.1% TFA and loaded
onto FeCl3 charged IMAC resin (10 μl bed volume). The resin was washed three times with 150
μl of 80% acetonitrile in 0.1% TFA, then a final wash of 1% TFA (150 μl). The peptides were
eluted twice (3 min each) with 150 μl of 500 mM potassium phosphate (pH 7), and desalted using
ZipTip™ C18 (Millipore Corporation; Billerica, MA) before MS analysis.

LC-MS/MS analysis was performed with an Easy-nLC 1000 (Thermo Scientific) coupled to an
Orbitrap Elite mass spectrometer (Thermo Scientific). The LC system was configured in a vented
format (Licklider et al., 2002) consisting of a fused-silica nanospray needle (PicoTip™ emitter, 50
μm ID, New Objective) packed in-house (Fred Hutchinson Proteomics Facility) with Magic C18
AQ 100Å reverse-phase medium (Michrom Bioresources Inc.) (25 cm), and a trap (IntegraFrit™
Capillary, 100 μm ID, New Objective) containing Magic C18 AQ 200Å (2 cm). The peptide sample
was diluted in 10 μl of 2% acetonitrile and 0.1% formic acid in water and 8 μl was loaded onto the
column for separation using a two-mobile-phase system consisting of 0.1% formic acid in water
(A) and 0.1% acetic acid in acetonitrile (B). A 60 or 90-minute gradient from 7% to 35% acetonitrile
in 0.1% formic acid at a flow rate of 400 nl/minute was used for chromatographic separation. The
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mass spectrometer was operated in a data-dependent MS/MS mode over the m/z range of 4001800 at the 240,000 mass resolutions. For each cycle, the 20 most abundant ions from the scan
were selected for MS/MS analysis using 35% normalized collision energy. Selected ions were
dynamically excluded for 30 seconds.

Raw MS/MS data were analyzed with Proteome Discoverer software v 1.4 (Thermo Fisher) using
SEQUEST (Eng et al., 1994) as a search engine against TriTrypDB database version 4.1 (from

contained 8,614 protein entries including contaminants. The following modifications were
considered: carbamidomethylation of cysteine as a fixed modification; phosphorylation of serine,
threonine, tyrosine, and oxidation of methionine as variable modifications. The enzyme was set
to trypsin allowing up to 2 missed cleavages. The precursor and fragment mass tolerances were
set to 10 ppm and 0.6 Da respectively. Search results were run through Percolator (Kall et al.,
2007) for scoring. The results were filtered for peptides identified with a false discovery rate lower
than 0.05. Phosphorylation sites were evaluated and probability values were calculated using
phosphoRS v. 3.1 (Taus et al., 2011). Specific phosphorylation sites in Table 1 were assigned if
the PhosphoRS probability for the site was 80% or greater.

Statistical Analysis
To quantitate the effect of AEE788 on organelle (basal body, bilobe, nucleus, kinetoplast)
duplication and trypanosome morphology, the distribution of cells was grouped according to
organelle content per trypanosome, or trypanosome shape after treatment with drug or DMSO.
To determine if AEE788 caused statistically significant changes in these distributions we
compared the distribution obtained after exposure to AEE788 to that observed after treatment
with DMSO (i.e., control) using the Pearson chi-squared test of independence (⍺ = 0.0005).
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A two sample Student’s t-test was used to compare the median fluorescence of endocytosed
cargo (measure of internalization) between DMSO and AEE788-treated cells (⍺ = 0.005).
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Results
AEE788 inhibits kinetoplast duplication
Our primary objective in these studies was to characterize pharmacological effects of AEE788 on
bloodstream trypanosomes. To achieve this goal it was necessary to work with higher cell
densities, and therefore higher drug concentrations, than previously used in proliferation inhibition
assays (Behera et al., 2014), to provide adequate numbers of trypanosomes for follow-up
phenotypic evaluation. We first identified the optimal AEE788 concentration and treatment time

an opportunity to characterize disrupted pathways in living cells). We found that AEE788 (5 μM)
arrested proliferation between 4 h and 9 h of treatment, but beyond 9 h the drug caused cell
density to decrease (Supplemental Figure 1). These data indicate that AEE788 halts bloodstream
trypanosome division within a single duplication cycle (~6-7 h) (Ajoko and Steverding, 2015;
Hesse et al., 1995).

One hypothesis to explain the inability of cells to proliferate in the presence of AEE788
(Supplemental Figure 1) is that trypanosomes fail to progress through a specific point in the
division cycle. To determine if AEE788 interfered with the cell division cycle we used DAPI to
quantitate the number of kinetoplasts and nuclei per cell. Following a 4 h incubation with AEE788
the proportion of trypanosomes with one round kinetoplast (1K) and a single nucleus (1N)
increased, compared to control cells treated with DMSO (drug vehicle) (Figure 1A). Quantitation
of the percentage of cells with each “karyotype” (i.e. number of kinetoplasts and nuclei)
demonstrated that AEE788 caused a statistically significant change in the cell type distribution as
compared to the control population (p = 7.4 x 10-19). The proportion of cells with a 1K1N
configuration (i.e. G1 trypanosomes) increased from 52.2% to 78.2% (Figure 1B). Concomitantly,
the percentage of cells in S phase (i.e 1Ke1N cells (Kaufmann et al., 2012; Siegel et al., 2008))
dropped from 28.6% to 9.8% (Figure 1B). A decrease in the percentage of 2K1N cells, from 13%
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in the control (DMSO-treated) to 2.7%, after AEE788 treatment indicated that kinetoplast
duplication was blocked (Figure 1B). In contrast, the proportion of post-mitotic trypanosomes
(2K2N) was unchanged during the 4 h AEE788 treatment, implying that mitosis was not affected
(Figure 1B).

AEE788 prevents DNA synthesis in the kinetoplast and nucleus
Failure of the kinetoplast to elongate following AEE788 treatment (Figure 1) led us to hypothesize

kinetoplast and nuclear DNA with a thymidine analog, 5-ethynyl-2’-deoxyuridine (EdU) (Cavanagh
et al., 2011), in the absence or presence of AEE788 (Figure 2A). EdU labeling was performed for
30 minutes to detect newly synthesized DNA. Unlike nuclear incorporation of EdU, which can be
visualized throughout the nucleus, kDNA incorporation of EdU is limited to the ends of the
kinetoplast DNA network (Figure 2A) where newly synthesized minicircles are attached (reviewed
in (Liu et al., 2005)).

In control trypanosomes (treated with DMSO) 23.8% incorporated EdU into the kDNA network
(proportional to the number of 1Ke1N cells (Figure 1B)), while only 5.5% of kinetoplasts in
AEE788-treated trypanosomes incorporated EdU (Figure 2B). The distribution of replicating and
non-replicating kinetoplasts was significantly altered, as compared to control trypanosomes, by
AEE788 treatment (p = 4.9 x 10-4). Nuclear DNA synthesis was also inhibited by AEE788
treatment. Only 14% of AEE788-treated trypanosomes incorporated EdU in the nucleus
compared to 52.2% in the control (Figure 2C), leading to a statistically significant difference in the
distribution of S phase nuclei (p = 3.1 x 10-19). Inhibition of DNA synthesis in both trypanosome
DNA-containing organelles suggests that AEE788 impairs entry into S phase of the cell cycle, as
the protein factors and DNA origins needed for DNA replication in the nucleus and kinetoplast
differ (reviewed in (Jensen and Englund, 2012; Povelones, 2014; Tiengwe et al., 2014)). In
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DMSO-treated populations the percentage of cells synthesizing kDNA is approximately 50% of
the proportion synthesizing nuclear DNA (Figures 2B-2C). This observation may be explained by
the fact that: (i) the time-course of DNA synthesis differs between kDNA and chromosomal DNA
(Figures 5B-5C) (Woodward and Gull, 1990); and (ii) the sensitivity of EdU detection is higher in
the nucleus which contains more DNA (Borst et al., 1982).

Effect of AEE788 on duplication of the basal body and bilobe

body (pBB) each containing TbSAS6. TbRP2 (recognized by the antibody YL1/2 (Andre et al.,
2014)) is localized to transitional fibers, found only on mature basal bodies (Andre et al., 2014).
Maturation of the pBB is thought to precede assembly of new ones (Gluenz et al., 2011; Ikeda
and de Graffenried, 2012; Lacomble et al., 2010; Sherwin and Gull, 1989). Thus, trypanosomes
with two mBBs lacking adjacent pBBs (2mBB/0pBB) are thought to arise first as intermediates in
biogenesis of the organelle. Subsequently a new pBB is assembled adjacent to each mBB to form
2mBB/2pBB trypanosomes. Migration of each mBB/pBB pair away from each other correlates
with scission of the kinetoplast (Gluenz et al., 2011; Lacomble et al., 2010; Robinson and Gull,
1991; Sherwin and Gull, 1989). Given that AEE788 blocked division of the kinetoplast (Figure 1)
we hypothesized that the drug inhibited basal body duplication. We tested this possibility using
immunofluorescence to detect the number of mBBs and pBBs per trypanosome (Figure 3A).

The distribution of basal bodies (i.e., number of mBBs or pBBs per cell), was skewed towards
trypanosomes with unduplicated basal bodies (1mBB/1pBB) after AEE788 treatment (p = 1.3 x
10-18). In a control population (exposed to DMSO) 35.5% of cells had one mBB and one pBB
(1mBB/1pBB) (Figure 3B). This population doubled to 73.5% following a 4 h treatment with
AEE788 (Figure 3B). Additionally, the fraction of trypanosomes with 2mBB/2pBB dropped from
54.2% in the control to 21.5% in AEE788-treated trypanosomes (Figure 3B). Infrequently
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trypanosomes with 1mBB/0pBB or 2mBB/1pBB were detected, likely a staining artifact, and these
populations remained the same after DMSO or AEE788 treatment (Figure 3B). The data indicates
that in the presence of AEE788, targeting of TbRP2 to the second basal body fails, possibly due
to (i) absence of new transitional fibers, and/or (ii) inability to deliver TbRP2 to newly matured
basal bodies. Further, AEE788 prevents assembly of new TbSAS6-positive pBBs in the absence
of TbRP2 recruitment (Figure 3B). Together, these data indicate that AEE788 inhibits basal body
duplication by interfering with recruitment of proteins to the organelle.

blocked entry of trypanosomes into S phase. The bilobe, a centrin-containing cytoskeletal
structure at the base of the flagellum (Esson et al., 2012), is duplicated in S phase (Zhou et al.,
2014). We postulated that because AEE788 prevented S phase entry (Figure 2) the drug would
inhibit bilobe duplication. We tested this hypothesis by evaluating the effect of AEE788 on bilobe
biogenesis using the antibody 20H5, which detects centrins at the bilobe and basal body (He et
al., 2005) (Figure 4A). AEE788 increased the fraction of trypanosomes with one bilobe from
54.7% to 77.5%, and decreased the proportion of trypanosomes with two bilobes from 45.3% to
22.5% (Figure 4B); a significant change in the distribution of cells with unduplicated and
duplicated bilobes (p = 3.6 x 10-9). We conclude that AEE788 prevents bilobe duplication.

A time-course for DNA synthesis, and duplication of cytoskeletal organelles during
trypanosome division
Experimental measurement of the kinetics of organelle duplication during bloodstream division
has been hampered by the technical difficulties of enriching a pre-S phase trypanosome
populations (Archer et al., 2011; Forsythe et al., 2009; Kabani et al., 2010; Mutomba and Wang,
1996). Discovery that AEE788 causes a build-up of pre-S phase trypanosomes (Figures 2-4)
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suggested that a “block-and-release” protocol using the drug might be valuable for time-course
studies of organelle duplication during trypanosome division.

We first tested whether DNA synthesis would resume upon removal of AEE788 from the
trypanosome culture, indicating re-entry into S phase. For this objective, trypanosomes were
treated with AEE788 (5 μM) for 4 h, washed and resuspended in drug-free HMI-9 medium.
Following AEE788 withdrawal, cell aliquots were obtained every hour and incubated with EdU

after AEE788 removal, the percentage of trypanosomes that incorporated EdU into the kinetoplast
(or nucleus) was similar to that observed immediately following AEE788 treatment (Figures 5A5C). However, by 2 h the percentage of cells with EdU-positive kinetoplasts increased from 5%,
immediately following AEE788 washout, to 25% (Figures 5A-5B). Likewise, the number of nuclei
which incorporated EdU increased from 12% to 35% (Figures 5A and 5C). Using a sigmoidal
nonlinear regression curve, we estimated a time at which significant DNA synthesis (i.e. 10% of
the observed maximum (4 h) for EdU-positive kinetoplasts or nuclei) had occurred, designated as
T10. Similarly, we defined the time by which the EdU-positive population increased to 50% (T50)
or 90% (T90) compared to the observed maximum (4 h). Initiation of nuclear DNA synthesis (T10
= 1.1 h) and kDNA synthesis (T10 = 0.9 h) occurred at similar times following AEE788 removal.
However, the T50 for kinetoplast EdU incorporation (1.5 h) was reached approximately 30 minutes
earlier than that of nuclear incorporation (T50 = 2.1 h) and it terminated an hour before nuclear
DNA synthesis (T90 = 2.1 h and 3 h, respectively) (Figures 5B and 5C). This data is consistent
with kinetoplast S phase terminating prior to completion of nuclear DNA synthesis (Woodward
and Gull, 1990). We next performed time-course experiments for duplication of the kinetoplast
(Figure 5D), nucleus (Figure 5D), basal body (Figures 6A-6B), and bilobe (Figures 6D-6E).
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Kinetoplast elongation (i.e. appearance of 1Ke1N trypanosomes) was observed between 1 h and
4 h post-AEE788 release (T10 = 1.4 h; T50 = 2.3 h; T90 = 3.3 h) (Figure 5D). From 1 h to 4 h the
fraction of 1Ke1N trypanosomes increased from 5% to 35% (Figure 5D and Supplemental Figure
2). Correspondingly, by 4 h the 1K1N population was reduced from 77%, immediately following
AEE788 withdrawal, to 39% (Figure 5D). Kinetoplast division (defined as an increase in the
percentage of 2K1N trypanosomes) was observed between 3 h and 4 h when the 2K1N population
increased from 5% to 18.2% (T10 = 3 h; T50 = 3.4 h; T90 = 3.9 h) (Figure 5D and Supplemental

from 2.7% to 17% (T10 = 3.9 h; T50 = 4.4; T90 = 5 h), indicating that mitosis can be completed within
one hour (Figure 5D and Supplemental Figure 2). Between 5 h and 6 h the number of 1K1N
trypanosomes increased (35.9% to 56.9%), with a simultaneous decrease in all other populations
(Figure 5D), demonstrating the completion of cytokinesis and the cell division cycle. This data is
consistent with the 6-7 h division time observed in bloodstream trypanosomes (Ajoko and
Steverding, 2015; Hesse et al., 1995).

Basal bodies were co-stained using the antibody YL1/2 (for TbRP2-positive mature basal bodies
(mBB) (Andre et al., 2014)) and anti-TbSAS6 for mBBs and immature probasal bodies (pBBs)
(Hu et al., 2015a) (Figure 6A). Immediately following AEE788 withdrawal, the majority of
trypanosomes (73.4%) had 1mBB/1pBB, with 25.3% containing 2mBB/2pBB (Figure 6B).
Between 2 h and 3 h following AEE788 washout, the percentage of trypanosomes with
2mBB/2pBB increased from 24.4% to 56.6% (Figures 6A-6B). A nonlinear regression analysis
indicated that trypanosomes with 2mBB/2pBB emerged 2.3 h (T10) after AEE788 removal and
reached the observed maximum by 2.7 h (T90) (Figure 6B). Assuming pBB maturation occurs prior
to new pBB assembly (Gluenz et al., 2011; Ikeda and de Graffenried, 2012; Lacomble et al., 2010;
Sherwin and Gull, 1989), one would expect to detect trypanosomes with two mBBs but no
probasal bodies (2mBB/0pBB). Surprisingly, we detected a small fraction of trypanosomes (>7%)
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with 2mBB/0pBB (Figure 6B). In fact, the kinetics of TbRP2 recruitment (a marker for pBB
maturation) and assembly of new pBBs (monitored by TbSAS6) were remarkably similar
(Supplemental Figure 3). Our data suggest that TbRP2 recruitment to mBBs coincides with, and
may be coordinated with, pBB assembly (Figure 6C).

Bilobe duplication was examined using the anti-centrin antibody 20H5 (He et al., 2005) (Figure
6D). During the first two hours after AEE788 washout, less than 30% of trypanosomes had two

T90 = 2.6 h) (Figure 6E). Thus, bilobe duplication occurs between two and three hours after release
from an AEE788 block, coincident with basal body duplication (Figure 7).

A summary of the time-course for organelle duplication after AEE788 washout (Figures 5 and 6)
is presented in Figure 7 based on the calculated T10, T50 and T90 for each event. Briefly, kDNA
synthesis and nuclear DNA synthesis begin at similar times following AEE788 removal (T10 = 0.9
h and 1.1 h, respectively). Kinetoplast elongation (T10 = 1.4 h) is detected approximately 30
minutes after the start of kDNA synthesis and coincides with nuclear DNA synthesis (T50 = 2.3 h
and 2.1 h, respectively). Basal body and bilobe duplication also occur during nuclear DNA
synthesis (T50 = 2.5 h and 2.4 h, respectively). Termination of kDNA synthesis (T90 = 2.1 h) is
detected approximately an hour prior to cessation of nuclear S phase (T90 = 3 h). The end of
nuclear DNA synthesis marks the start of kinetoplast division (T10= 3 h), which continues for one
hour (T90 = 3.8). Mitosis is completed within one hour (T10 = 3.9 h; T90 = 5 h). Lastly cytokinesis
occurs between 5 h and 6 h after trypanosomes have entered S phase.

Trypanocidal effects of AEE788 are associated with endocytosis defects and changes in
cell morphology
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The ability of trypanosomes to resume division after a 4 h treatment with AEE788 (Figures 5-6)
indicated that trypanosomes did not commit to death during that period of treatment. However,
between 9 h and 16 h of AEE788 treatment trypanosome density decreases (Supplemental Figure
1). Accordingly, we postulated that extended exposure to the drug was necessary to impair
trypanosome viability. We tested this idea by staining trypanosomes with propidium iodide (PI)
which will not enter trypanosomes with an intact plasma membrane (Garner Dl Fau - Pinkel et al.,
1986). By 4 h, a small proportion of PI-positive trypanosomes (< 0.4%) was observed in the control

treatment, however, 16.5% of AEE788-treated trypanosomes (compared to 1.5% in the DMSOtreated control) were positive for PI uptake, and by 16 h half of the population stained with PI
(Figure 8). We conclude that beyond 9 h of treatment, AEE788 (5 μM) decreases trypanosome
viability.

AEE788 associates with three trypanosome protein kinases (Katiyar et al., 2013). As such the
drug is likely to exert pleiotropic effects on trypanosome biology as a multi-targeted kinase
modulator. One AEE788-associated protein, TbGSK3ß (Katiyar et al., 2013), regulates transferrin
endocytosis (Guyett et al., 2016). We therefore tested if AEE788 (5 μM) affected trypanosome
endocytic pathways. Ligands internalized through glycosylphosphatidylinositiol (GPI) anchoredreceptors, such as the transferrin receptor (Steverding et al.), follow a distinct endocytic pathway
(Pal et al., 2002). We studied the effect of AEE788 treatment on internalization of three endocytic
cargos. Transferrin was used for receptor-mediated endocytosis; bovine serum albumin (BSA)
was a marker for bulk-phase endocytosis (Guyett et al., 2016; Morriswood and Schmidt, 2015);
and tomato lectin (TL) was used to evaluate internalization of carbohydrate-binding proteins (Field
et al., 2004; Nolan et al., 1999). Fluorescent cargo was used to monitor endocytosis following a
9 h treatment with DMSO (drug solvent) or AEE788 (washed off prior to incubation with cargo).
Propidium iodide exclusion was used to gate for viable cells (Figure 9A) before fluorescence

Downloaded from molpharm.aspetjournals.org at ASPET Journals on August 22, 2018

group (exposed to DMSO) as well as those treated with AEE788 (Figure 8). After 9 h of drug

Molecular Pharmacology Fast Forward. Published on February 28, 2017 as DOI: 10.1124/mol.116.106906
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106906

25

intensity of endocytic cargo was measured (Figures 9B-9D). Based on the median fluorescence
intensity, AEE788 decreased transferrin endocytosis by 87% (Figure 9B) (p = 2.8 x 10-3), but
increased BSA internalization by 40% (Figure 9C) (p = 3.1 x 10-3), without affecting TL uptake
(Figure 9D) (p = 0.9). Each cargo demonstrated a unique distribution of fluorescence intensity
(proportional to the amount of cargo internalized) within the population (Figures 9B-9D). For
reasons that are unclear to us, AEE788 broadened the distribution of fluorescence associated
with BSA or TL internalization (Figures 9C-9D). These results demonstrate that trypanosomes

selectively inhibited.

AEE788 caused morphological changes in trypanosomes in a time-dependent manner (Figure
10A). Most trypanosomes had normal morphology following a 4 h treatment with AEE788 (5 μM).
However, by 9 h the distribution of trypanosomes with altered morphology or normal shape shifted
towards swollen and rounded cells, compared to that found after 4 h of AEE788 treatment (p =
6.6 x 10-17). By 16 h the majority of AEE788-treated trypanosomes had changed morphology,
compared to trypanosomes after a 4 h treatment (p = 1.1 x 10-64) or after the 9 h treatment (p =
5.6 x 10-25). Flagella of rounded trypanosomes were not observed by light microscopy (Figure
10A). Despite this fact, no detached flagella were detected in the culture medium. This fact
prompted us to use alternative methods to detect flagella on rounded trypanosomes. Employing
markers for the flagellum (anti-centrin antibody 20H5 (de Graffenried et al., 2013)) and
paraflagellar rod (Portman and Gull, 2010) (anti-PFR2) we detected flagella juxtaposed to the
periphery of rounded trypanosomes (Figure 10B). The presence of flagella outside rounded
trypanosomes was confirmed by scanning electron microscopy (Figure 10C).

Changes in phosphoprotein homeostasis in AEE788-treated trypanosomes
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The presence of AEE788 in complexes with trypanosome protein kinases (Katiyar et al., 2013)
prompted us to determine whether AEE788 could alter phosphoprotein homeostasis in the
parasite. We used IMAC enrichment of phosphopeptides, combined with LC-MS/MS, to identify
changes in the abundance of protein phosphorylation following trypanosome exposure to
AEE788. Because there are phenotypic differences associated with short-term (4 h) as compared
to long-term (9 h) AEE788 treatment, we examined trypanosome phosphopeptides obtained after
both treatment times. A total of 244 trypanosome peptides (176 unique proteins) showed a 2-fold,

that AEE788 influences protein phosphorylation in T. brucei.

After 4 h of AEE788 treatment, 56 unique trypanosome peptides showed decreased
phosphorylation and 21 demonstrated increased phosphorylation (Supplemental Table 1).
Proteins with decreased phosphorylation after 4 h of AEE788 treatment include a serine-arginine
protein kinase (SRPK) (reviewed in (Giannakouros et al., 2011)), TbSAS4 (Hu et al., 2015b) and
a bilobe protein (Morriswood et al., 2013) (Table 1). Proteins with increased phosphorylation
include a protease (calpain-like cysteine peptidase) (Table 1).

After 9 h of AEE788 (5 μM) treatment, 115 trypanosome peptides with decreased phosphorylation
and 52 peptides with increased phosphorylation were identified (Supplemental Table 1). Thus,
extended exposure to AEE788 affected more peptides (167) than the 4 h treatment (77). Proteins
with decreased phosphorylation following a 9 h exposure to AEE788 include a NIMA-related
kinase (NEK) (reviewed in (Fry et al., 2012)), the basal body protein TbRP2 (Andre et al., 2014),
a bilobe protein (Morriswood et al., 2013) and a flagellar pocket protein BILBO-1 (Bonhivers et
al., 2008) (Table 2). Proteins with increased phosphorylation include a Tb14-3-3-associated
kinase (TbAKB1 (Inoue et al., 2015)), a bilobe protein (Morriswood et al., 2013), and a ubiquitintransferase (Table 2).
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In some cases, the abundance of the phosphorylated peptide, as well as, the abundance of the
parent protein (number in parentheses of Tables 1-2) changed. In most cases the magnitude of
change in phosphopeptide abundance exceeds that observed for total protein abundance (e.g.,
Tb427.01.2100 (Table 1) and Tb427.03.3080 (Table 2)). This data may indicate that
phosphorylation influences stability of some trypanosome proteins, as observed in other
eukaryotes (Ishida et al., 2000; Ulery et al., 2006; Vazquez et al., 2000; Wang et al., 2014;

degradation (Table 1, Table 2 and Supplemental Table 1) may influence protein abundance.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on August 22, 2018

Yamamoto et al., 1999). Additionally, the altered phosphorylation of proteins involved in protein

Molecular Pharmacology Fast Forward. Published on February 28, 2017 as DOI: 10.1124/mol.116.106906
This article has not been copyedited and formatted. The final version may differ from this version.

MOL#106906

28

Discussion
A new tool for identification of S phase regulators in bloodstream trypanosomes
S phase is the period of DNA synthesis by the replisome (reviewed in (Machida and Dutta, 2005)).
DNA replication is restricted to S phase to ensure that the genome is replicated only once per
division cycle (Nishitani and Lygerou, 2002). Kinetoplastids are early branching eukaryotes with
a divergent genome (Berriman et al., 2005; Parsons et al., 2005) and signaling pathways
responsible for entry into S phase are not fully defined in bloodstream trypanosomes (reviewed

Stillman, 2006; Sheu and Stillman, 2010; Zou and Stillman, 2000) and S phase cyclin dependent
kinase (S-CDK) (Tanaka et al., 2007; Zou and Stillman, 2000) promote initiation of DNA synthesis.
Trypanosomes lack homologs of the DDK complex, and trypanosome homologs to cyclindependent kinases (TbCRKs), do not regulate DNA replication in bloodstream trypanosomes;
knockdown of TbCRK1 and TbCRK2 arrests procyclic (insect stage) trypanosomes in G1, but
does not prevent DNA synthesis in bloodstream trypanosomes (Tu et al., 2005; Tu and Wang,
2004; Tu and Wang, 2005).

AEE788 prevents trypanosome entry into S phase by inhibiting DNA synthesis in the kinetoplast
and nucleus (Figure 2). Accordingly, by combining our phenotypic analysis with the identification
of AEE788-affected phosphoproteins (Supplemental Table 1) we envision the use of AEE788 as
a small-molecule tool to identify novel proteins (from effectors of the drug’s action observed at 4
h (Supplemental Tables 1A-1C)) that regulate S phase entry in bloodstream trypanosomes. In
this strategy, proteins that are dephosphorylated (or hyperphosphorylated) will be knocked down
(or overexpressed) genetically to determine their effect on DNA synthesis.

Kinetics of organelle duplication and protein recruitment to the basal body during
trypanosome division
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A novel strategy using AEE788 in a “block and release” protocol was used to enrich pre-S phase
trypanosomes and to study the time-course of organelle duplication in the bloodstream stage
parasites (Figures 5-7). Previous studies of basal body duplication in insect stage trypanosomes
identified two groups of 1Ke1N cells based on probasal body formation: (i) 1Ke1N cells with two
mBBs each lacking a pBB (i.e., 2mBB/0pBB); and (ii) 1Ke1N cells with two mBBs paired with
adjacent pBBs (i.e., 2mBB/2pBB) (Gluenz et al., 2011; Ikeda and de Graffenried, 2012; Lacomble
et al., 2010; Sherwin and Gull, 1989). In our quantitation of SAS6/RP2 double-labeled basal

that 2mBB/0pBB is not a major intermediate for basal body duplication in bloodstream
trypanosomes (Figure 6C). This conclusion is reinforced by our observation that during duplication
of basal bodies, TbRP2 is recruited to mBBs with the same kinetics as TbSAS6 localization at
nascent pBBs (Figure 6B and Supplemental Figure 3). Hence, recruitment of TbRP2 to mBBs is
concurrent with new pBB formation. Our observations establish the utility of AEE788 as a smallmolecule tool for monitoring the order of protein recruitment during basal body biogenesis (and
perhaps of other cytoskeletal organelles).

Our data additionally provides new insight on the sequence of Sphase events; DNA replication,
with respect to organelle duplication in bloodstream trypanosomes. We found that kinetoplast
elongation occurs throughout nuclear DNA synthesis, consistent with the annotation of 1Ke1N
trypanosomes as S phase cells (Siegel et al., 2008) (Figure 7). Second, duplication of the basal
body and bilobe are coincident (consistent with the idea of a continuous cytoskeletal network
containing both organelles (Gheiratmand et al., 2013)). Duplication of these cytoskeletal
structures occurs after kDNA synthesis, but is concurrent with nuclear S phase and kinetoplast
elongation (both of which initiate approximately 30 minutes prior to duplication of the basal body
and bilobe) (Figure 7). Third, kinetoplast division does not occur immediately after kDNA
synthesis, but is observed one hour after termination of kDNA replication. During the intervening
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period the basal body is duplicated. This lag between kDNA replication and kinetoplast division
may reflect (i) a requirement of two basal bodies to facilitate kinetoplast fission (Lacomble et al.,
2010; Robinson and Gull, 1991), (ii) a slow assembly of factors needed for kinetoplast division,
or both. Nuclear DNA synthesis was completed before kinetoplast division (Figure 7), revealing
that 2K1N trypanosomes are most likely in G2, in accordance with previous work (Siegel et al.,
2008; Woodward and Gull, 1990). Mitosis was observed one hour after replication of the nuclear
genome, implying that the trypanosome G2 lasts one hour during which kinetoplast division

Selective inhibition of endocytosis by AEE788
Extended AEE788 treatment (9 h) of trypanosomes inhibited transferrin endocytosis (Figure 9B).
Interestingly, not all trypanosome endocytic pathways were affected by AEE788 treatment.
Internalization of BSA, a marker for fluid phase endocytosis (Morriswood and Schmidt, 2015),
was increased after AEE788 treatment (Figure 9C). A similar effect was observed after
knockdown of TbGSK3ß (Guyett et al., 2016). Future studies will address the basis of AEE788’s
ability to selectively inhibit transferrin endocytosis (Figure 9) by knocking down (or
overexpressing) putative effectors of the drugs action (Table 2, Supplemental Tables 1B and 1D).

Putative effectors of AEE78 action
AEE788 treatment of trypanosomes caused dephosphorylation of some proteins, but resulted in
hyperphosphorylation of others (Tables 1-2 and Supplemental Table 1). Small molecule kinase
inhibitors can paradoxically lead to hyperphosphorylation of proteins (Holderfield et al., 2013;
Okuzumi et al., 2009) through a variety of mechanisms including; protection of their target from
protein phosphatases (Gould et al., 2011), increasing (Zhang et al., 2003) or decreasing
(Holderfield et al., 2013) inhibitory autophosphorylation, and activation of negative feedback
loops (Wan et al., 2007).
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Proteins with altered phosphorylation after 4 h of AEE788 treatment (Table 1) may be involved in
biological pathways disrupted during short-term AEE788 exposure (4 h). They might be effectors
for S phase entry (Figure 2) or duplication of the basal body (Figure 3) and bilobe (Figure 4). Of
note, a cytoskeletal protein TbSAS4 and a bilobe protein (Tb427.10.3010 (Morriswood et al.,
2013)) were dephosphorylated (Table 1). In other organisms SAS4 is a centriolar protein (Hodges
et al., 2010) with essential roles in centriole duplication (Gogendeau et al., 2011; Leidel and

in bloodstream trypanosomes remains to be explored.

Extended exposure (9 h) of trypanosomes to AEE788 inhibited transferrin endocytosis (Figure 9)
and distorted cell morphology (Figure 10). These phenotypes may be explained by postulating
that two proteins with altered phosphorylation, namely, Tb14-3-3-associated protein kinase
(TbAKB1 (Inoue et al., 2015)) (Table 2) and BILBO-1 (Bonhivers et al., 2008) (Table 2), are
effectors of AEE788 action. Knockdown of Tb14-3-3 reduces the size of recycling endosomes
(Benz et al., 2010), and knockdown of BILBO-1 causes rounding of bloodstream trypanosomes
(Bonhivers et al., 2008), comparable to the morphology of T. brucei observed after prolonged
AEE788 treatment (Figure 10).

The relative abundance of phosphopeptides in DMSO-treated cells (drug vehicle control) and
AEE788-treated trypanosomes was determined by spectral counting of LC-MS/MS data. Spectral
counting (reviewed in (Lundgren et al., 2010)) has been used to document changes in protein
expression (Kislinger et al., 2006; Old et al., 2005; Takadate et al., 2013) and phosphorylation
(Dammer et al., 2015; Singec et al., 2016; Xie et al., 2010). However, there are limitations
associated with this method: the dynamic range is poor for proteins of low abundance (Old et al.,
2005). Additionally, reproducibility of data may be compromised by non-identical sampling of
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peptides between instrument runs (e.g., control versus experimental). The latter issue is mitigated
by replicate runs and statistical analysis to improve confidence in identifying changes in protein
levels between controls and experimental samples. Zhang et al showed that the Student’s t-test
offers the lowest false positive rate (> 1%) for triplicate replicates (used in our analysis) when
the fold-change in spectra is greater than two (Zhang et al., 2006). We reported proteins which
were observed in three independent experiments and showed a statistically significant change
in levels of phosphorylation as determined by Student’s t-tests.

trypanosomes. Hence correlation of their dephosphorylation with the disruption of essential
physiological trypanosome pathways, generates hypotheses as to the function of these
uncharacterized phosphoproteins. In the future, we will focus on determining the role of these
unstudied proteins in: (i) AEE788-perturbed pathways (Figures 2-4 and 9-10); and (ii) how their
phosphorylation may modulate their biological functions.
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Figure Legends
Figure 1. AEE788 blocks kinetoplast elongation and division. Trypanosomes (5 x 105 cells/ml)
were treated with AEE788 (5 μM) or DMSO (0.1%), in HMI-9 medium, for 4 h. Cells were fixed in
paraformaldehyde and the kinetoplast and nuclear DNA stained with DAPI. The number of
kinetoplasts and nuclei in 150 trypanosomes were quantitated. (A) Representative images of
DAPI-stained trypanosomes after treatment with DMSO (top) or AEE788 (bottom). The scale bar
is 6 μm. (B) The average percentage of trypanosomes within each kinetoplast (K) and nucleus

between 4 biological replicates. The distribution of kinetoplasts and nuclei (per trypanosome) in
DMSO-treated and AEE788-treated cells was compared using a Pearson chi-squared test (p =
7.4 x 10-19).

Figure 2. AEE788 decreases DNA synthesis in the kinetoplast and nucleus. Trypanosomes were
treated with AEE788 (5 μM) or DMSO (0.1%) for 4 h. 5-ethynyl-2’-deoxyuridine (EdU) and 2’deoxycytidine were added to both cultures during the last 30 minutes of treatment. Incorporated
EdU was detected in a click-iT reaction with a fluorescent azide. (A) Kinetoplasts (K) and nuclei
(N) were scored as EdU-positive (K+ or N+) or EdU-negative after treatment with DMSO (top) or
AEE788 (bottom). The scale bar is 10 μm. (B) Quantitation of the average percentage of
trypanosomes (n = 125) with EdU-negative or EdU-positive kinetoplasts following AEE788 or
DMSO treatment. (C) Quantitation of the average proportion of cells (n = 125) with EdU-negative
or EdU-positive nuclei following AEE788 or DMSO treatment. Error bars denote the standard
deviation in three independent experiments. Differences in the distribution of trypanosomes
between EdU-positive and EdU-negative kinetoplasts or nuclei in cell populations treated with
DMSO or AEE788 were assessed with a Pearson chi-squared test (p = 4.9 x 10-4 for the
kinetoplast, and p = 3.1 x 10-19 for the nucleus).
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Figure 3. AEE788 prevents basal body duplication. Anti-TbSAS6 and YL1/2 were used to
quantitate the number of mature basal bodies (mBB) and immature probasal bodies (pBB) per
trypanosome after treatment with AEE788 (5 μM) or DMSO (0.1%). (A) Representative staining
pattern of YL1/2 (red) and anti-TbSAS6 (green) after DMSO (top) or AEE788 (bottom) treatment.
Cells are counterstained with DAPI (1.5 μM). Red arrows indicate TbRP2+ foci (mBB), green
arrows indicate TbSAS6+ foci (pBB), and yellow arrows indicate colocalization of TbRP2 and
TbSAS6 (mBB). The scale bar is 6 μm. The basal bodies and associated kinetoplast (K) are

(orange boxes). (B) Average percentage of trypanosomes (n = 125) with the indicated number of
mBBs and pBBs following treatment with AEE788 or DMSO. Error bars represent the standard
deviation in three independent experiments. Statistical significance of changes in the distribution
of the number of basal bodies (per cell) in the trypanosome population was determined with a
Pearson chi-squared test (p = .3 x 10-18).

Figure 4. Bilobe duplication is inhibited by AEE788. Following a 4 h treatment with AEE788 (5
μM) or DMSO (0.1%), trypanosomes were stained with the anti-centrin antibody 20H5 to detect
the bilobe. (A) Representative images of 20H5-stained trypanosomes after treatment with DMSO
(top) or AEE788 (bottom). Centrin is observed at the bilobe (green arrowheads) as well as the
basal body (green arrows). DAPI was used to stain kinetoplast and nuclear DNA. K = kinetoplast;
N = nucleus. The scale bar is 6 μm. (B) Average percentage of cells with one or two bilobes
following AEE788 or DMSO treatment. Error bars represent standard deviation between four
biological replicates. The distribution of trypanosomes with one or two bilobes in AEE788-treated
cells was compared to the distribution observed in control cells (i.e. DMSO-treated) using a
Pearson chi-squared test (p = 3.6 x 10-9).
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Figure 5. Time-course of DNA replication and division in the kinetoplast and nucleus after
withdrawal of AEE788. Trypanosomes were treated with AEE788 (5 μM, 4 h), rinsed, and placed
in drug-free HMI-9 medium. The time-course of DNA synthesis was monitored by EdU
incorporation and DAPI was used to visualize division of the kinetoplast and nucleus. (A)
Representative images of trypanosomes directly after AEE788 treatment (0 h, top panel) or 2 h
after AEE788 washout (bottom). Kinetoplasts and nuclei, in 100-150 trypanosomes, were scored
as EdU-positive (K+ or N+) or EdU-negative. Ke = elongated kinetoplast. Scale bar = 15 μm. The

hour following AEE788 withdrawal. Standard deviation between independent experiments are
shown (n = 6 for 0 h and 2 h; n = 4 for 1 h; n = 3 for 3 h and 4 h). A sigmoidal nonlinear regression
curve was fit to the data points using GraphPad Prism, and the time at which 10% (T10) or 50%
(T50) of the population became EdU-positive, compared to the observed maximum (4 h), was
calculated for kinetoplast (B) and nuclear (C) EdU incorporation. (D) The average percentage of
cells (n = 115) with the indicated kinetoplast (K) and nucleus (N) configuration is shown for every
hour after AEE788 withdrawal. Standard deviation represents variation between three
independent experiments. Data trends are represented by nonlinear regression curves using a
3rd order polynomial equation for 1K1N and 1Ke1N data, and a sigmoidal nonlinear regression
curve for 2K1N and 2K2N populations. T10 and T50 (calculated by GraphPad software) for each
event is listed. (T10 and T50 for the appearance of 1Ke1N cells is based on a sigmoidal nonlinear
regression curve from 0 h to 4 h (maximum)).

Figure 6. Kinetics of basal body and bilobe duplication. Trypanosomes were treated with AEE788
(5 μM, 4 h) and then transferred to drug-free HMI-9 medium for up to 3 h. Cells were retrieved
every 30 minutes between 2 h and 3 h after AEE788 washout (A) Basal body duplication was
assessed with YL1/2 and anti-TbSAS6. YL1/2 recognizes mature basal bodies (mBBs) (red
arrows) and TbSAS6 localizes to immature probasal bodies (pBB) (green arrows) and mature
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basal bodies (yellow arrows). The scale bar is 6 μm. An unduplicated basal body (1mBB/1pBB)
1.5 h after AEE788 washout (yellow boxes) and a duplicated basal body (2mBB/2pBB) 3 h after
AEE788 washout (orange boxes) are magnified. K = kinetoplast. (B) The average percentage of
cells with the indicated number of mature basal bodies (mBB) and probasal bodies (pBB) are
shown at various times after AEE788 washout. Error bars represent standard deviation between
three independent experiments. A sigmoidal nonlinear regression curve was fit to the data points
in GraphPad Prism and the time by which 10% (T10) or 50% (T50) of the population, compared to

duplication and probasal body maturation (acquisition of TbRP2) occurring in the absence of
intermediates with two mature basal bodies and no probasal bodies (2mBB/0pBB). (D) The anticentrin antibody, 20H5, was used to visualize bilobes. Green arrowheads indicate bilobes, green
arrows point to basal bodies. K = kinetoplast; N = nucleus. Scale bar is 10 μm. (E) Quantitation
of the average percentage of bilobes (BL) per cell following AEE788 withdrawal. Error bars
represent standard deviation between three independent experiments. A sigmoidal nonlinear
regression curve was fit to the data points in GraphPad Prism, and the T10 and T50, describing the
formation of cells with duplicated bilobes, are provided.

Figure 7. Time-course of major events in the trypanosome division cycle. AEE788 (5 μM, 4 h)
was used to block organelle duplication and DNA synthesis. After removing AEE788 from the
medium, the onset and duration of organelle duplication and DNA synthesis were determined.
The time at which, 10% (T10) (left border), 50% (T50) and 90% (T90) (right border) of the observed
maximum was reached for each event was calculated, based on nonlinear regression curves
(Figures 5 and 6). The darkest shading corresponds to the T50 (+/- standard error).

Figure 8. Extended AEE788 exposure decreases trypanosome viability. Trypanosomes were
treated with AEE788 (5 μM) or DMSO (0.1%) for 4 h, 9 h or 16 h, harvested and treated with
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propidium iodide (3 μM) prior to analysis on a flow cytometer. Trypanosomes were gated based
on size and shape (forward and side scatter) and the intensity of propidium iodide (PI) determined.

Figure 9. Effect of AEE788 on endocytic pathways. Trypanosomes (5 x 105 cells/ml) were
incubated with AEE788 (5 μM) or DMSO (0.1%) for 9 h. Cells were subsequently washed and
resuspended in serum-free medium (without drug or DMSO). Trypanosomes were incubated with
fluorescent endocytic cargo (transferrin, BSA, or tomato lectin) for 15 minutes (37 °C). Propidium

intensity per cell. (A) FlowJo software was used to gate for live trypanosomes based on shape
(forward and side scatter) and ability to exclude propidium iodide. Histograms depict fluorescence
intensity for transferrin (B), BSA (C) or tomato lectin (D) for every observed cell (n = 15,000 for
each cargo). Bar graphs represent the average median fluorescence intensity (calculated with
FloJo), with standard deviation between three independent experiments shown, for transferrin
(B), BSA (C) or tomato lectin (D) after DMSO or AEE788 treatment. In statistical analysis, the
median fluorescence of each cargo was compared between cells treated with DMSO or AEE788
using a Student’s t-test (p = 0.002 for Tf, p = 0.003 for BSA and p = 0.9 for TL).

Figure 10. Prolonged AEE788 exposure changes trypanosome morphology. (A) The morphology
of live trypanosomes (n = 100) was determined after different durations of AEE788 treatment
(examples of trypanosome morphology are demonstrated by paraformaldehyde fixed cells). The
standard deviation of two experiments is shown. A Pearson chi-squared test was used to compare
the distribution of normal, swollen and rounded cells between different treatment groups; 4 h to 9
h (p = 6.6 x 10-64); 4 h to 16 h (p = 1.1 x 10-64); 9 h to 16 h (p = 5.6 x 10-25). (B) Following a 16 h
treatment with DMSO (top) or AEE788 (bottom), the paraflagellar rod (PFR) was visualized using
an antibody against PFR2 (green) and the flagellum with the antibody 20H5 (red). 20H5 detects
centrin at the basal body (arrow), bilobe (arrowhead) and the flagellum. K = kinetoplast; N =
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nucleus. The scale bar is 6 μm. (C) Trypanosomes were treated with AEE788 (5 μM) for 12 h and
visualized by SEM. The left panel demonstrates normal trypanosome morphology, the middle
panel shows both rounded (left) and swollen (right) cells, and the right panel depicts a round
trypanosome with flagellum at the cell periphery (white arrow). The scale bar is 2 μm.
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Calpain-like Cysteine Peptidase

Bilobe Protein
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sRISTGISFLSK

HsASTNGPSQPAHQR

Identified Phosphopeptide
AEE788

1 (3)
0 (7)
2 (3)

44 (99)

6 (15)
5 (18)
8 (12)

20 (88)

Spectral Counts
DMSO
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Increased

SR Protein Kinase (SRPK)

Production Description

Tb427.06.4970

Decreased

Gene ID

change in phosphopeptide abundance was statistically significant (p < 0.05%).

0.03

0.013

0.038

0.038

p-value

the phosphosite bolded in lowercase (phosphoRS (Taus et al., 2011) probability ≥ 80%). A Student’s t-test was used to determine if the

protein over all experiments (summation of all peptides observed in the IMAC elution and flow through). The affected peptide is indicated with

phosphopeptide was observed over all experiments. The number in parenthesis indicates the total number of peptides observed for the parent

monitor the abundance of phosphopeptides in three independent experiments. Spectral counts indicate the combined number of times a

(0.1%) or AEE788 (5 μM) for 4 h, peptides were harvested and phosphopeptides enriched over an IMAC column. LC-MS/MS was used to

Table 1. Select examples of phosphoproteins affected by short-term (4 h) AEE8788 treatment. After treatment of trypanosomes with DMSO
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Bilobe Protein

BILBO-1

Tb427.10.14010

Tb427.10.8820

Tb427tmp.01.3960

Associated kinase of Tb14-3-3

Bilobe Protein

Ubiquitin-transferase

Tb427.07.7000

Tb427.04.310

TTLSKsAHVsHER

TSSHIsEHGLDR

LANSsLPVsHTSTR

LMSEASsFLGNLR

TIGTTSGHSTTNLssHTPEK

EATPPEsASRSDSSAPTTPHSR

ADTsDIsLSHEDLsR

Identified Phosphopeptide
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Increased

NEK Kinase

Production Description

Tb427.03.3080

Decreased

Gene ID

AEE788

0 (7)
1 (7)
0 (5)
0 (26)

15 (18)
10 (67)
8 (9)

DMSO

12 (16)
8 (25)
6 (17)
5 (41)

7 (13)
0 (38)
3 (3)

Spectral Counts

used to determine if the change in phosphopeptide abundance was statistically significant (p < 0.05%).

0.04

0.02

0.02

0.04

0.03

0.05

0.02

p-value

peptide is indicated with the phosphosite bolded in lowercase (phosphoRS (Taus et al., 2011) probability ≥ 80%). A Student’s t-test was

for the parent protein over all experiments (summation of all peptides observed in the IMAC elution and flow through). The affected

phosphopeptide was observed over all three experiments. The number in parenthesis indicates the total number of peptides observed

abundance was monitored by LC-MS/MS in three independent experiments. Spectral counts indicate the combined number of times a

DMSO (0.1%) or AEE788 (5 μM) for 4 h, trypanosome phosphopeptides were enriched over an IMAC column. Phosphopeptide

Table 2. Select examples of phosphoproteins affected by long-term (9 h) AEE8788 treatment. After treatment of trypanosomes with
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