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Abstract

Kinetoplastid parasites are model eukaryotes with a complex cell cycle that is highly regulated
both spatially and temporally. In addition, diseases caused by these parasites continue to have a
significant impact on human and animal health worldwide. While there have been advancements
in chemotherapy for these diseases, there is a continual need for an arsenal of compounds that
have robust anti-parasite activity with minimal impact on the human host. While investigating a
series of 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-one heterocycles with potential activity
against these parasites, we found a pyridothiazinone that inhibits growth of the monoxenous
parasite Crithidia fasciculata and two life cycle stages of Trypanosoma brucei. This inhibition is
more pronounced in 7. brucei and is associated with an unusual pre-abscission cell cycle arrest.
Exploring the mode of action for these and related compounds in kinetoplastids may provide
tools with which to explore cell cycle regulation in these important organisms.
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Introduction

Kinetoplastid parasites cause several human diseases affecting millions of people worldwide (1).
Despite progress in drug development in recent years, there is a continual need for affordable,
effective, and efficient drugs to treat these life-threatening diseases.

Human African Trypanosomiasis (HAT), also known as African sleeping sickness, is endemic to
sub-Saharan Africa (2). The causative agent of HAT is the kinetoplastid parasite Trypanosoma
brucei. T. brucei parasites alternate between their mammalian hosts and an insect host and
vector, the tsetse fly. Of T. brucei’s many developmental forms, two are readily cultured in the
laboratory: the long slender bloodstream form (BSF) and the procyclic form (PCF), which
replicates in vivo in the midgut of the vector. Sleeping sickness is usually fatal if left untreated.
Improved treatment regimens, along with increased surveillance and vector control, have
dramatically reduced the number of HAT cases in recent years (3). However, with the possibility
of drug resistance (4), there is a need for vigilance and a pipeline of additional drug candidates in
order to prevent the resurgence of this disease. Further, several species of Trypanosoma,



including 7. brucei brucei and T. congolense, cause disease in domesticated cattle, which has a
profound economic impact on the region in addition to impacting HAT elimination efforts (5).

Two other diseases caused by kinetoplastids have an even more widespread impact on human
health. Leishmaniasis is caused by several species in the Leishmania genus and is transmitted by
biting sandflies (6). There are as many as 2 million new cases of leishmaniasis every year, with
clinical outcomes ranging from disfigurement to death (7). Trypanosoma cruzi causes Chagas
disease, which is endemic to Latin America and can lead to chronic disease with few treatment
options (8). Although human-infective kinetoplastids have distinct life cycles in both their insect
and mammalian hosts, kinetoplastid genomes are remarkably similar. This allows for the
possibility of shared drug targets based on common biology.

Not all parasitic kinetoplastids infect mammals. Monoxenous kinetoplastids exclusively infect
insects, usually in the intestinal tract (9,10). These include the mosquito parasite, Crithidia
fasciculata, which has been studied for many years as a model kinetoplastid. C. fasciculata is
morphologically and genetically related to Leishmania (11). The ease and affordability of C.
fasciculata in vitro culture also make it an attractive model for high-throughput screening.

While elucidation of unique features of kinetoplastid biology can reveal new drug targets,
kinetoplastids are also useful model organisms, having diverged early in the eukaryotic lineage
(12,13). The group is named for the unique organization of their mitochondrial DNA, called
kinetoplast DNA or kDNA. The kDNA consists of thousands of topologically interlocked DNA
circles all condensed into a disk found adjacent to the basal body of the flagellum (14). The
kDNA is single copy, as are a number of other organelles, including the mitochondrion,
flagellum, and Golgi apparatus. For this reason, the cell cycle in these organisms must be highly
coordinated in order for proper cell division to occur (15). Despite this, some cell cycle
checkpoints, notably mitosis to cytokinesis, are missing or differ between different replicative
life cycle stages of the parasite (16). Although much work has been done to describe how
cytokinesis proceeds in PCF and BSF T. brucei (17-19), the mechanism for the final stages of
abscission, during which the two daughter cells finally separate, is not known.

Five-, six-, and seven-membered 1,3-thiaza-4-one heterocycles (Fig 1, (20)) are known to have
biological activity (21-23) and can inhibit the growth of 7. cruzi (21,24,25). In this study, we
looked at the activity of six 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones (Fig 1) which have
shown activity against two human pathogenic fungi (26). We have now tested the activity of
these compounds against PCF and BSF T. brucei as well as the monoxenous parasite C.
fasciculata. While these compounds inhibited the growth of both species, in 7. brucei the effect
was dramatic enough to arrest cells at a specific point in the cell cycle.

Methods

2.1 Cell Culture

C. fasciculata strain CfC1 were grown in BHI (Sigma) plus 20 pg/ml hemin on an oscillating
platform set to ~100 rpm at 27 °C. Cells used for experiments were taken from mid-log phase
cultures (range: 1-5 x 107 cells/ml). Procyclic form 7. brucei strain 29-13 (27,28) were grown in
SDM-79 media plus 15% FBS and 7.5 pg/ml hemin at 27 °C. Bloodstream form 7. brucei strain



90-13 were maintained in HMI-9 media supplemented with 15% FBS at 37 °C, 5% CO,. Cell
lines were maintained in the appropriate selecting drugs: 200 pug/ml hygromycin for C.
fasciculata; 15 pg/ml neomycin, 50 pg/ml hygromycin and 5 pg/ml blasticidin for PCF
trypanosomes; and 1 pug/ml neomycin and 5 pg/ml hygromycin for BSF trypanosomes.
Experiments were performed on 7. brucei during mid-log growth (2 x 10°-1 x 107 cells/ml for
PCF and 2 x 10°-1 x 10° for BSF). Cell densities were determined by hemocytometer. T. brucei
cells were counted live, while C. fasciculata cells were fixed prior to counting as described (29).
For growth curves, cell counts from different treatments were compared to the untreated sample
at each time point using a two-way ANOV A with Geisser-Greenhouse correction and Dunnett’s
multiple comparisons test (GraphPad Prism).

2.2 Plasmids and cell lines

The C. fasciculata mitoGFP-expressing cell line has been described (29). Similarly, a PCF T.
brucei cell line expressing mitochondrial GFP (mitoGFP) was created by PCR amplification of
the mitoGFP gene (30) using primers TomGFPHD3 f (5°-
TATAAGCTTTCGCGGGCTGCACG -3°) and TomGFPNhel r (5°-
TATGCAAGCCGCACCTCCCTGCTGTGCC -3%)

and cloning it into the pXSGFPBIlast (31) vector using HindIII and Nhel restriction enzyme sites
to create pXSmitoGFPBIlast. Mlul-linearized construct was introduced into 29-13 cells using the
Human T-cell kit from Lonza and a IIb Nucleofector set to program X-014 according to the
manufacturer’s instructions. After approximately 18 h of recovery, transfected cells were
selected using 5 pg/ml blasticidin. Once a stable line was obtained, cells were cloned out by
limiting dilution in a 96-well plate (32), and a clonal cell line, TbmitoGFP_E10, was used for
this study.

2.3 Cell fixation and imaging

To fix cells for fluorescence microscopy, 5 x 10° cells from mid-log cultures were harvested by
centrifugation at 1000 rcf for C. fasciculata and 800 rcf for 7. brucei for 5 min. For C.
fasciculata, cells were stained with MitoTracker Red CMXRos (Invitrogen) as described (29). T.
brucei PCF cells were treated similarly with a 50 nM prewarmed MitoTracker solution in SDM-
79 for 20 min. After staining with MitoTracker, both C. fasciculata and PCF T. brucei samples
were centrifuged as before, washed 1X with PBS and resuspended in PBS at a concentration of
1E7 cells/ml. 500 ul of cell suspension was pipetted onto either charged slides (for experiments
shown in Fig 3, 4, 5 and S3) or poly-L-lysine-coated coverslips (for experiments shown in Fig 7,
8, S4 and S5). Cells were allowed to adhere for 10-20 min in a humid chamber. Coverslips were
washed with PBS followed by addition of 500 pl of cold 4% paraformaldehyde in PBS. Cells
were fixed for 15 min in a humid chamber. BSF T. brucei were fixed in solution with 2%
paraformaldehyde for 20 min, followed by centrifugation, resuspension in PBS, and adherence to
poly-L-lysine-coated coverslips for 35 minutes. Coverslips were then washed 1X briefly and 2X
5 min in PBS. For immunofluorescence experiments, washes following fixation included 0.1M
glycine. Cells were permeabilized with 500 pl 0.1% Triton X-100 (C.f- and PCF T.b.) or 0.1%
NP-40 (BSF) in PBS for 5 min, followed by 2, 5 min washes in PBS. Cells were then incubated
in blocking solution (1% normal goat serum and 0.1% Triton X-100 in PBS) for 1 hour at room
temperature or 4 °C overnight in a humid chamber. Block was removed and the primary
monoclonal anti-alpha tubulin antibody (clone B-5-1-2, Sigma) was applied, diluted 1:1000 in
blocking solution. Coverslips were incubated in a humid chamber for 1 h at room temperature,



followed by 3 washes in PBST. Goat anti-mouse secondary antibody, coupled to either Alexa
488 or Alexa 555 (Thermo), was diluted 1:1000 in blocking solution and applied to cells for 1 h,
followed by 3X 5 min washes in PBST. Finally, cells were stained with 0.2 ug/ml DAPI in PBS
for 5 min. Following DAPI staining, slides were washed 1X briefly and 1X for 5 min in PBS and
mounted in Vectashield (Vector Laboratories). Wide-field fluorescent imaging was performed
either on a Zeiss Axioscope Al upright LED fluorescence microscope equipped with a Zeiss
AxioCam ICm1 camera or an Olympus IX70 with a Leica DFC7000T camera and EZ LAS
software. In samples in which the normal arrangement of DAPI-stained organelles was disrupted,
maximum intensity Z-projection of 3 focal planes in Imagel were used to properly categorize
cells according to cell cycle stage. Statistics were performed in GraphPad Prism. For cell cycle
studies, significance was determined by a two-way no matching ANOVA with simple effect
within rows, using one family per row and corrected for multiple comparisons with Dunnett (Fig
5A), or Tukey (Fig 7A/C, S4B, S5A). For morphological quantitation, significance was
determined by a one-way no matching ANOVA and corrected for multiple comparisons with
Sidak (Fig 7E, 8B, S5C).

2.4 Chemical Synthesis and Treatment

The six 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones used in this paper were synthesized as
previously described (20). Purity and exact mass of synthesized compounds was determined by
LC-PDA and LC-MS. LC-PDA was accomplished on a Shimadzu Prominence LC-20 and exact
mass was measured on a SCIEX Exion LC with a SCIEX 5600+ TripleTOF MS. Separation was
achieved on an Agilent Infinity LabPoroshell 120 EC-C18 column maintained at 40 °C with a
gradient of 90/10 (water/acetonitrile with 0.1% formic acid) ramped from 5/95 over 6 min at a
flowrate of 0.5 mL/min. The TOF-MS was scanned over 100-500 Da and calibrated with the
SCIEX APCI positive calibrant solution (Part 4460131) prior to accurate mass analysis.
Compound exact mass was measured in positive ESI mode with a DP=100 V, CE=10,
GAS1=GAS2=60 psi, CUR=30 psi, ISV=5500 V, and source temperature of 450 °C. Purity was
determined by peak area integration at 254 nm. For cell culture studies, samples of the six 2,3-
diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones were dissolved in sterile DMSO to a final
concentration of 10 mg/ml. C. fasciculata (wild-type strain CfC1) and C. fasciculata and T.
brucei cells expressing mitoGFP were treated with the indicated concentrations of each drug and
monitored for growth by hemocytometer. A no treatment and DMSO vehicle control, equal to
the amount of DMSO present in the highest concentration found in the experimental samples,
were also tested.
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Figure 1. 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-one compounds tested against kinetoplastids. (A)
Skeleton of the 1,3-thiaza-4-ones. R =a 1, 2, or 3 carbon chain, with or without further substitution.
(B) Series of specific compounds tested. Synthesis of these compounds was as described (20).

Results and Discussion

To determine if 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-one compounds have biological
activity against kinetoplastids, we conducted an initial screen of six compounds (Fig 1) to see
how they impacted growth of C. fasciculata. We exposed C. fasciculata wild-type cells to three
different concentrations of each compound during three days of growth and compared cell
densities to a culture grown in the presence of the vehicle, DMSO (Fig 2). Compound 1, a
pyridothiazinone, had the most dramatic effect, slowing growth of C. fasciculata at all three
concentrations, with the greatest effect at the highest concentration of 100 ug/ml. A previous
study examining a similar series of compounds showed that 100 pg/ml could inhibit growth of T.
cruzi, although macrophage cytotoxicity was also observed at this concentration (24). Compound
3, a benzothiazinone, also slowed growth, although a dose-dependent effect was less apparent. A
similar pattern was observed for a thiazolidinone, compound 2. Two other compounds, a
thiazepanone (4) and a thiazinone (5), showed a minor effect only at the highest concentration,
while the last compound, a chiral 5-N-acetyl thiazinone (6), had no effect on cell growth at any
of the concentrations tested. These results could indicate that the addition of the N-acetyl group
on the 1,3-thiaza-4-one ring effectively eliminates the drug’s toxicity; however, we would need
to test the activity of the other enantiomer of compound 6 before drawing this conclusion.



Maximal activity was achieved when a fused pyridine or benzene was added, as was the case
with compounds 1 and 3.

To determine the exact mass and purity of our prepared compounds, we performed HPLC
separation and detection by PDA and high resolution TOF measurements on an LC-PDA and
LC-MS, respectively. All of the compounds were within 1 ppm of the expected masses by high
resolution TOF-MS. Purity was calculated from integration at 254 nm and ratioing the compound
peak area relative to the total area of all peaks. Results indicate compounds 1-6 are 98.9%,
98.0%, 98.2%, 97.4%, 100%, and 95.8% pure, respectively (Fig S1).

Based on the results from our initial growth curves, compounds 1, 2, and 3 were chosen for
further investigation. C. fasciculata cells were treated with 50 pg/ml of each of these compounds
in triplicate, and cell density was recorded at 6 time points over the course of 3 days (Fig 3A).
Less than 15 hours after the compounds were applied to the cells, a clear difference in cell
density was evident. As in our preliminary analysis, compound 1 has the strongest inhibitory
effect on cell growth followed by 2 and 3, respectively. Both the untreated and vehicle controls
grew at similar rates.
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Figure 2. The effect of 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones on growth of C. fasciculata wild-
type strain CfC1. Parasites were grown in the presence of the indicated concentrations of each
compound for 72 h. The same DMSO vehicle control is plotted on each graph.

To assess whether treatment with these compounds caused any obvious defects in cell structure
and organization, we used fluorescence microscopy. Gross changes in morphology are evident in
phase contrast or brightfield microscopy, while disruptions to the cell cycle can be detected by
examining the number of DAPI-stained organelles in each cell, including the nucleus and
mitochondrial DNA (kDNA). For C. fasciculata, in the G1 phase of the cell cycle, there is one
nucleus (N) and one kDNA (K) per cell (Fig 3B). As the cell cycle proceeds, nuclear mitosis
finishes first, producing 2N 1K cells. The kDNA then divides, and cells are referred to as 2N2K.
Finally, cytokinesis divides the cell, resulting in two 1N1K daughter cells (29). To provide
another marker for cell morphology and metabolic activity, we imaged the mitochondrion.




Kinetoplastid parasites have only a single mitochondrial network per cell which must be
faithfully divided during the cell cycle. C. fasciculata cells expressing mitochondrial GFP
[mitoGFP, (29)] were treated with each compound for up to 72 hours. The impact on growth for
each compound was the same as that observed with wild-type cells (Fig S2). MitoGFP can be
used to track changes in mitochondrial shape, while MitoTracker Red will only accumulate in
mitochondria with a membrane potential.

Despite the effect of these compounds on cell growth, C. fasciculata cells treated with 50 pg/ml
of compounds 1, 2, or 3 displayed no obvious morphological defects, no changes in
mitochondrial shape or membrane potential, and no cell cycle arrest that resulted in the clear
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Figure 3. 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones inhibit growth of C. fasciculata without
obvious changes in cell structure or mitochondrial membrane potential. (A) The effects of the three
most potent inhibitors from previous experiments on the growth of wild-type CfC1 cells were analyzed
in triplicate and compared to growth of cells in the presence of the vehicle (DMSO) or cells with no
treatment (untreated). Error bars show standard deviation. Significance determined by a two-way
ANOVA with a Geisser-Greenhouse correction and Dunnett's multiple comparisons test. Each
treatment sample was compared to the untreated sample at each time point. *P<0.05, **P<0.01,
***P<0.001 (B) Representative images showing cellular morphology and DAPI staining of C.
fasciculata cells at different cell cycle stages. N, nucleus, K, kKDNA. Scale baris 2 um. (C) C.
fasciculata cells modified to express a mitochondrial GFP (mitoGFP) were used to examine
mitochondrial structure in the presence of each compound. Cells were also stained with MitoTracker
Red (MitoTracker) which accumulates in mitochondria with a membrane potential. Brightly-stained
mitochondrial DNA (kDNA) and larger, more faintly-stained nuclei are visible in DAPI staining. All
images were taken after 72 h of treatment. Scale bar is 10 ym. Arrow points to kDNA (K); arrowhead
points to nucleus (N).
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Figure 4. Treatment with 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones affects growth and
morphology of PCF T. brucei expressing mitoGFP. (A) Growth in the presence of the indicated
compounds (50 pg/ml) or DMSO (vehicle) compared to untreated cells. Cells were diluted when they
reached 1 x 107 cells/ml and subsequent cell densities were calculated by multiplying the cell density
by the dilution factor. Growth curves were performed in triplicate. Error bars show standard deviation.
Significance determined by a two-way ANOVA with a Geisser-Greenhouse correction and Dunnett’s
multiple comparisons test. Each treatment sample was compared to the untreated sample at each
time point. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (B) Representative images showing cellular
morphology and DAPI staining of T. brucei cells at different cell cycle stages. N, nucleus; K, kDNA.
Scale bar is 2 ym. (C) Treated T. brucei cells (24 h) were examined by fluorescence microscopy. Cells
have been modified to express a mitochondrial GFP (mitoGFP). Cells were also stained with
MitoTracker Red (MitoTracker) which accumulates in mitochondria with a membrane potential. Arrow
points to mitochondrial DNA (K); arrowhead points to nucleus (N). Scale bar is 10 um.

accumulation of a particular stage (Fig 3C). Examination of cells after 24 or 48 h of treatment
yielded similar results (Fig S3).

We next sought to determine whether these same three 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-
4-ones would inhibit growth of the animal pathogen 7. brucei. To do this, we treated cultured
PCEF cells expressing mitoGFP with 50 pg/ml of compounds 1, 2, and 3 (Fig 4A). 24 hours after
addition of the compounds, treated 7. brucei cells showed drastically different cell densities than
the control samples. Both 1 and 3 inhibited growth almost immediately, while 2 had a more
delayed effect. The effect of these compounds on growth was more dramatic than was observed
during treatment of C. fasciculata. This difference in toxicity between the two species may be
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Figure 5. Morphology and cell cycle
disruption in PCF T. brucei cells treated
with 2,3-diphenyl-2,3-dihydro-4H-1,3-
thiaza-4-ones. (A) Quantitation of cell
cycle disruption in T. brucei PCF cells
treated with compounds 1, 2, and 3.
Cells were categorized as 1N1K, 1N2K,
2N2K and “other” based on DAPI fields.
Abnormal configurations in the “other”
category include 2N1K, ON1K, and cells
with more than 2 nuclei and/or
kinetoplasts. Microscopy was completed
in biological triplicate after 24 h of
treatment with 50 ug/ml of the indicated
compound or a DMSO vehicle control.
For replicate 1, n=26-61 per sample. For
replicate 2 and 3, n>200 cells per
sample. The same trend was found in
each replicate. Asterisks indicate
significant differences between treated
samples and the DMSO control. *
P<0.05, **** P<0.0001. Significance
determined by two-way no-matching
ANOVA with Dunnett’s correction. (B)
Representative fields showing T. brucei
cells treated with each compound.
Arrows indicate cells in each cell cycle
stage. Arrowheads show 2N2K cells with
abnormal arrangements of nuclei and
kinetoplasts. Scale bar is 10 pm.

explained by variations in either the
molecule bound by these compounds or in
the means by which the compounds enter
the parasites.

As we did for C. fasciculata, we examined
treated 7. brucei cells by fluorescence
microscopy (Fig 4B, C). The cell cycle of
T. brucei difters slightly from that of C.
fasciculata (Fig 4B). In T. brucei, the
kinetoplast divides before the nucleus.
Cells therefore progress from 1N1K to
IN2K. Nuclear mitosis then creates 2N2K
cells before cytokinesis produces two
IN1K cells (16). Cell morphology was
dramatically altered in the cells treated
with compound 1 (Fig 4C). Cells appeared
rounded, possibly indicating a disruption in
the overall organization of the cell. We
noted that these altered cells usually had



two nuclei and two kinetoplasts (2N2K) or were occasionally multinucleated with multiple
kDNA. In many of these cells the mitochondrion is also altered, being condensed into a few
bright spots. These bright spots sometimes, but not always, corresponded to MitoTracker signal.
This implies that both mitochondrial shape and membrane potential are affected by compound 1,
although from this experiment it was unclear whether this was a secondary effect. In contrast,
cells treated with compound 3 showed brighter and more distinct mitochondrial tubules when
visualized with MitoTracker.

To quantitate effects on cell cycle progression, we treated 7. brucei cells with either DMSO
(vehicle) or one of the three compounds that inhibited cell growth. We then imaged cells by
fluorescence microscopy and categorized them according to the number of DAPI-stained
organelles, which is indicative of cell cycle stage (Fig 5). Treatment of 7. brucei with compound
1 resulted in a clear cell cycle defect, with cells arrested prior to abscission (2N2K). Treatment
with compound 2 showed a slight increase in 2N2K cells without noticeable alterations in cell
morphology, while compound 3 produced no clear effect on either morphology or cell cycle
progression. The accumulation of 2N2K cells indicates that nuclear mitosis and kDNA division
are largely unaffected by compound 1. In addition, a small number of cells (~30% of the “other”
category for compound 1) had more than two nuclei and more than two kinetoplasts, suggesting

that some cells are able to re-enter the cell cycle as has been observed with other cytokinesis
defects (33,34).

It is possible that these compounds, despite their similarities, interact with different molecular
targets. For example, it is possible that the nitrogen in the pyridine ring present in compound 1,
that is absent in compound 3, interferes with protein function to disrupt the cell cycle, while
compounds 2 and 3 interact with different proteins to cause different effects. Alternatively, all
three compounds could bind to the same target, but the binding of 1 alters that target’s function
in a different way, therefore producing a more dramatic phenotype. The slight increase in 2N2K
cells following treatment with compound 2 may indicate a common mode of action.

As compound 1 had the most dramatic effect on 7. brucei cells, we chose this compound for
further study. First, we determined the concentration of compound 1 required to inhibit growth to
50% the normal rate (IC50, Fig 6). We grew T. brucei PCF and BSF cells in a range of
concentrations of compound 1 and determined the percentage of growth inhibition at different
time points. For PCF T. brucei, the average IC50 was 122.5 uM. For BSF T. brucei, the value
was somewhat lower, at 86.9 uM. The difference in sensitivity between BSF and PCF T. brucei
to compound 1 may reflect differences in endocytic rate, and possibly compound uptake,
between these life cycle stages. Alternatively, the biological process that is disrupted by
compound 1 may be more essential in BSF than in PCF. Although modification of compound 1
may improve its efficacy, these IC50 values are too high for the analyzed compounds to be
therapeutically useful. However, we were intrigued by the cell cycle and morphology phenotypes
that we observed in both life cycle stages and chose to characterize this further.

In T. brucei, an accumulation of 2N2K cells indicates a failure of cells to complete cytokinesis.
Regulation of the cell cycle and cytokinesis in these organisms has several unique features (15).
Cytokinesis proceeds along the longitudinal axis of the cell, from anterior to posterior, and does
not involve a contractile actinomyosin ring (35,36). Cytokinesis in 7. brucei has four distinct
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stages (18). First, an invagination called the division fold appears between the two flagella. This
division fold ingresses, eventually forming a gap between the two daughter cells. In late pre-
abscission, each daughter cell is clearly defined, but they remain connected by a narrow section
of membrane called a “cytoplasmic bridge”. Finally, abscission resolves this connection,
including cytoskeletal remodeling to create two posterior ends and separation of daughter cells.
Determining the target protein or proteins for these compounds might provide insight into the
mechanism of cytokinesis in these parasites. Interestingly, recent work to determine the modes of
action for current anti-trypanosomal drugs has revealed that suramin, which can be used
intravenously to treat stage | HAT, works by inhibiting cytokinesis (37).

PCEF cells treated with compound 1 for 24 hours already display a dramatic rearrangement of
their cellular morphology. They are rounder than wild-type cells, their mitochondrion appears
clumped/collapsed and they are typically at the 2N2K cell cycle stage. This latter finding
indicates that either the cell cycle is blocked, which subsequently changes the shape of the cell,
or that the cell morphology is disrupted in a way that disrupts the cell cycle. To distinguish
between these possibilities, we exposed 7. brucei cells to 150 uM (47.8 pg/ml) of compound 1
and looked at earlier timepoints to observe the phenotypic progression of treated cells. We also
performed immunofluorescence using an anti-alpha tubulin antibody to see if we could detect
any gross disruptions in the subpellicular corset of microtubules that determines cell shape. After
12 hours of exposure to compound 1, 2N2K cells have already begun to accumulate without
obvious changes in the intensity or distribution of alpha-tubulin (Fig 7A, B). To further define
the exact stage of cell cycle arrest, we sub-categorized 2N2K cells according to the arrangement
of nuclei and kinetoplasts (Fig 7C, D). Following nuclear mitosis in PCF cells, this arrangement
is typically NKNK (anterior to posterior). As the cleavage furrow continues to separate the two
daughter cells, they adopt an NKKN arrangement, in which the divided kDNAs are on either side

TbPCF 29-13 Figure 6. IC50s for compound 1 in both PCF and
BSF T. brucei cells. (A) PCF strain 29-13 or (B) BSF
strain 90-13 were grown in different concentrations
of compound 1. Cells were counted at 24.5 h and
32.5 h for PCF and 6.75 h, 24 h, and 30.75 h for
BSF. The percent of growth inhibition at each time
point was calculated by comparing growth of the
treated culture to that of a vehicle control (DMSO).
For each concentration range, the mean of triplicate
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Compound 1 (uM) deviation. Average IC50 across all time points was
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different times of treatment with 150 uM (47.8 ug/ml) compound 1. Bars represent the mean of three
replicates. Between 100 and 300 cells were counted per sample per replicate. Error bars represent
standard deviation. Asterisks indicate significant differences between treated samples compared to
the DMSO control at the corresponding time point (note that for simplicity only the final DMSO
timepoint is shown on the graph). Significance was determined by two-way no-matching ANOVA
with Tukey correction. * P<0.05, *** P<0.005, **** P<0.0001. (B) Representative fields of control
cells (DMSO) or cells treated with compound 1 for 6, 12 or 24 hours. Tubulin was imaged by
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Subcategorization of 2N2K cells according to the orientation of their nuclei (N) and kinetoplasts (K)
from anterior to posterior in cases where cell polarity was maintained. Cells with disrupted polarity
were counted, even when anterior and posterior ends could not be distinguished, as was the case
for many KKNN cells and some NKNK cells. (D) Examples of different 2N2K subtypes. (E)
Quantitation of pre-abscission cells and cells with a rounded morphology in cultures treated with
vehicle or compound 1. Pre-abscission in this study was defined as cells in mid to late stages of
cleavage furrow ingression, with two clearly formed anterior ends. Cells that were pre-abscission but
also rounded were included in both categories. (F) Examples of cells that may be transitioning from
a pre-abscission (top row) to a rounded phenotype (bottom row). Tubulin is shown in magenta and
DAPI in green.

also found that a significant portion of NKNK cells in our treated cultures were already in the
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mid- to late-stages of cleavage furrow ingression. In DMSO-treated cultures, cells with an
advanced cleavage furrow were typically NKKN. To account for this observation, we counted
the number of cells, regardless of DAPI arrangement (i.e. NKNK, NKKN, and KNNK), that had
a clearly visible cleavage furrow, with well-defined daughter anterior ends, including cells that
remained connected by a cytoplasmic bridge. We termed this category pre-abscission,
representing the mid to late stages of cleavage furrow ingression up to the point of abscission.
After 6 hours of treatment with compound 1, there is an increase in the number of pre-abscission
cells, which increases further at 12 and 24 hours. This indicates that abscission and possibly the
rearrangement of DNA-containing organelles may be blocked or slowed in the presence of
compound 1 (Fig 7C, D, E). We also counted the number of cells that appeared round rather than
elongated in compound 1 versus vehicle-treated cells (Fig 7E). Round cells did not begin to
increase until 12 hours of treatment with compound 1 but represent around 50% of the cell
population at 24 hours. From this, we conclude that the primary effect of compound 1 treatment
is a block in cell cycle progression, with subsequent changes in cell morphology. It is possible
that cells begin to become round after being arrested for a period of time, as we occasionally
observe pre-abscission cells that appear to be in the process of rounding (Fig 7F).

Although the cell cycles of BSF and PCF cells differ in the arrangement of divided organelles
and cell cycle checkpoints (38,39), we also observed an accumulation of 2N2K stages when BSF
T. brucei were treated with compound 1. The percentage of 2N2K cells began to increase after
3.5 hours of treatment and increased further at 6 hours (Fig S4A, B). As in our PCF experiments,
a number of these cells appear to be at the pre-abscission stage (Fig S4C and S5). We also saw
an increase in cells in the “other” category, which includes 1NOK and ON1K cells but mostly
consists of cells with more than 2 nuclei and/or kinetoplasts. This indicates that pre-abscission
cells may be able to re-initiate the cell cycle, something that has been demonstrated even for
wild-type BSF T. brucei (18). In a typical dividing BSF cell, the DAPI-stained organelles have
an NNKK arrangement, which we also observed in our control, DMSO-treated cultures (Fig
S5A). As in our PCF experiments, treatment of BSF 7. brucei with compound 1 produced an
increase in NKKN cells in as little as 1 hour of treatment (Fig S5A, B). We also observed similar
phenotype kinetics, with treated BSF cultures first showing an increase in pre-abscission cells,
followed by an increase in rounded cells (Fig S5C, D). Based on the similarities between the
BSF and PCF phenotypes in the presence of compound 1, we surmise that whatever process is
being blocked by compound 1 functions similarly in both PCF and BSF. Using RNAi-mediated
knockdown, a number of cytokinesis defects have been described in 7. brucei [reviewed in
(19,40,41)]. However, only one protein, a microtubule-severing enzyme called spastin, has been
shown definitively to play a role in abscission, and the mutant phenotype was only apparent
during spastin knockdown in BSF parasites (42,43). Flagellar motility also contributes to the
final stages of cytokinesis, but motility defects produce clumps of multiple partially-divided
cells, which we do not observe (44,45). Future work to identify the target of compound 1 might
therefore provide mechanistic insights into the mysterious later stages of the cell cycle in 7.
brucei.

The single mitochondrial network in 7. brucei is a useful landmark for studies of cell
morphology. For this reason, our microscopy experiments used a PCF cell line that expresses
mitoGFP. Interestingly, we noted that in many of the pre-abscission cells, the daughter cells
remained connected by a single mitochondrial tubule in addition to the narrow cytoplasmic
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bridge (Fig 8A). It has been suggested that resolution of this final connection between the
divided mitochondrial networks is one of the final steps in cell division, immediately preceding
or even coupled to cytokinesis (46). In C. fasciculata, we have found that these two events,
mitochondrial division and cytokinesis, occur nearly simultaneously (29). In 7. brucei, one study
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Figure 8. Compound 1 slows mitochondrial division and enlarges the flagellar pocket. (A)
Examination of pre-abscission PCF T. brucei following treatment with compound 1 reveals pre-
abscission cells are still linked by mitochondrial tubules. White arrowheads show areas where
cells appear to be attached by a single mitochondrial tubule. Arrows indicate cells showing
collapsed mitochondrial networks. MitoGFP is shown in green. DAPI is shown in pink. Scale bar
is 5 um. (B) Quantitation of cells with an enlarged flagellar pocket (“big-eye”) in PCF and BSF T.
brucei that have been treated with compound 1. The mean of three replicates is shown. Error
bars indicate standard deviation. 100-300 cells were counted per sample per replicate. Asterisks
indicate significant differences between treated samples compared to the DMSO control at the
corresponding time point (note that only the final DMSO time point is shown on the graph).
Significance was determined by one-way no-matching ANOVA with Sidak correction. * P<0.05.
****P<0.0001. (C) Examples of PCF cells and (D) BSF cells with enlarged flagellar pockets (black
arrowheads). In D, the cells shown in the bottom two images of column one and all the cells in
column two are what we would call “pre-abscission” due to the presence of two distinct anterior
ends as a result of cleavage furrow ingression. Scale bar is 5 ym.
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of RNAi-mediated knockdown of the multifunctional dynamin-like protein (TbDLP) reported an
accumulation of cells that were blocked in both mitochondrial division and cytokinesis (46). As
dynamin-like proteins in other systems mediate mitochondrial division, it was proposed that
TbDLP performs this role in 7. brucei. Further, the authors suggested that knockdown of TbDLP
and subsequent inhibition of mitochondrial division trigger a novel cell cycle checkpoint that
also blocks cytokinesis, and that this checkpoint is critical to ensure that each daughter cell
receives a mitochondrial network.

Other studies that have examined the effects of TbDLP knockdown in 7. brucei have not
observed this defect in cytokinesis, presumably due to differences in RNA1 efficiency (47,48).
These reports have noted other mitochondrial effects, including “collapse” of the mitochondrial
network (47) and increased constrictions along mitochondrial tubules as seen by electron
microscopy (47,48). The mitoGFP signal in some of our compound 1-treated PCF cells appears
collapsed, with fewer, thicker mitochondrial tubules (Fig 4C and 8A). This phenotype appears
with the same timing as effects on growth and the cell cycle, making it difficult to conclude
whether it is a primary or secondary effect of compound 1 treatment. However, many pre-
abscission cells retain an apparently normal mitochondrial network (Fig 8), suggesting that the
delay in mitochondrial division is not due to a disruption in mitochondrial shape.

To add further complexity, TbDLP-RNAI cells are also defective in endocytosis, leading to the
conclusion that 7. brucei, which lacks genes for classical dynamins, instead has a dynamin-like
protein that functions in both endocytosis and mitochondrial division (46,48). Disruption of
endocytosis in 7. brucei, through knockdown of TbDLP, clathrin, or other proteins, causes a
characteristic “big-eye” phenotype as a result of enlargement of the flagellar pocket (49).

To see if this aspect of the TbDDLP knockdown phenotype was also produced by treatment with
compound 1, we counted the number of cells with an enlarged flagellar pocket at each time
point. While the effect is subtle in PCF (Fig 8B, C), there was a distinct accumulation of “big-
eye” cells in BSF T. brucei cultures treated with compound 1 (Fig 8B, D). The increased
penetrance of the “big-eye” phenotype in BSF cells may reflect their enhanced endocytic rate
relative to PCF. The similarities between our phenotype and that of TbDDLP knockdown cells
make TbDLP an intriguing possible target for compound 1 and related compounds. If confirmed
by further experimentation, compound 1 may provide a new way to probe the functional
complexity of TbDLP and address some of the ambiguities left unresolved by genetic analysis.
Alternatively, compound 1 could inhibit the activity of another protein, giving researchers a new
tool to explore the connections between endocytosis, mitochondrial division, and the cell cycle in
T. brucei. For example, it has been proposed that the final event of cytokinesis must involve
membrane remodeling or vesicle trafficking to the division plane to mediate membrane fusion
(19). The phenotype we describe, which has elements of an endocytosis/vesicle trafficking defect
and a cytokinesis defect, may reflect a disruption to this essential process.

The six 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones investigated in this study exhibited a
range of trypanocidal and cytostatic effects. We focused on the three compounds with the
greatest growth inhibition: compounds 1, 2, and 3. As these compounds have been shown to
inhibit growth of human pathogenic fungi (26), modifications of these compounds may yet
produce good candidates for treatment of trypanosomatid disease. In addition, since treatment
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with compound 1 produces an unusual phenotype in 7. brucei, and overexpression and RNAi-
based genetic libraries exist (50,51), trypanosomes would be a good experimental system with
which to deduce the molecular target(s) of a therapeutically relevant class of compounds. Such
studies are also likely to provide further insight into the unique mechanisms of cell cycle
regulation in kinetoplastid parasites.
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Figure S1. HPLC and LC-MS analysis for estimation of compound purity. Chromatograms for each
compound are shown. Tables on the right indicate the area under the curve for each peak, with the major
peak indicated by a red arrow. These values were used to calculate the percent purity for each

compound.
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Figure S2. The effect of 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones on growth of C. fasciculata CfC1
cells modified to express mitochondrial GFP (mitoGFP). Parasites were grown in the presence of 50
pg/ml of each compound, or a DMSO vehicle control, for 72 h.
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Figure S3. The effect of 2,3-diphenyl-2,3-dihydro-4H-1,3-thiaza-4-ones on morphology of C. fasciculata
cells modified to express mitochondrial GFP (mitoGFP). Parasites were grown in the presence of 50
pg/ml of each compound, or a DMSO vehicle control, for (A) 24 h or (B) 48 h. Live cells were stained with
MitoTracker Red, fixed, stained with DAPI, and imaged by fluorescence microscopy. Merged images were
created in ImageJ.
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Figure S4. Effects of compound 1 on BSF T. brucei. (A) BSF T. brucei strain 90-13 were cultured in the
presence of vehicle (DMSO) or compound 1 for 1, 3.5, or 6 hours, then subjected to immunofluorescence
with an anti-alpha tubulin antibody and DAPI staining. Tubulin staining is shown in green in single channel
images and magenta in merged images. (B) Quantitation of cell cycle stages in BSF cells treated with
compound 1. The mean of three replicates is shown (n=100-200 cells per sample per replicate). Error
bars indicate standard deviation. Asterisks indicate significant differences in treated samples compared to
the DMSO control and the corresponding time point, although only the latest DMSO time point is shown
on the graph. **P<0.01; ***P<0.005; ****P<0.0001. (C) An enlargement of one of the fields shown in (A),
with arrows/arrowheads indicating pre-abscission cells. The arrowhead indicates a cell in mid-furrow
ingression, while arrows indicate cells in the final stages of pre-abscission that remain connected by a
cytoplasmic bridge. Scale bars are 5 ym.
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Figure S5. Compound 1-treated BSF T. brucei cells display a pre-abscission arrest. (A) Quantitation of
2N2K cells according to configuration of nuclei (N) and kinetoplasts (K). Typically, most 2N2K BSF cells
are in the NNKK configuration. Bars show the mean of two replicates. For each replicate, n=100-200 cells
per sample. Error bars represent standard deviation. (B) Examples of cells with different arrangements of
nuclei and kinetoplasts as quantitated in part (A). (C) Quantitation of pre-abscission and cells with a
round morphology in BSF cultures treated with compound 1 for the indicated times. For this study, cells
were counted as “pre-abscission” if they were in mid to late stages of cleavage furrow ingression with two
clearly defined daughter anterior ends. The mean of three replicates is shown. Error bars show standard
deviation. Asterisks indicate significance as determined by one-way no matching ANOVA with Sidak
correction. * P<0.05, ** P<0.1. (D) Examples of treated BSF cells in pre-abscission (mid to late cleavage
furrow ingression, first two rows) or what look like intermediate forms between pre-abscission and round
(third row). Scale bars are 5 ym.



