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Regulation of the Cell Division Cycle in Trypanosoma brucei

Ziyin Li
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The cell division cycle is tightly regulated by the activation and inactivation of a series of proteins that control the replication
and segregation of organelles to the daughter cells. During the past decade, we have witnessed significant advances in our under-
standing of the cell cycle in Trypanosoma brucei and how the cycle is regulated by various regulatory proteins. However, many
other regulators, especially those unique to trypanosomes, remain to be identified, and we are just beginning to delineate the
signaling pathways that drive the transitions through different cell cycle stages, such as the G, /S transition, G,/M transition, and
mitosis-cytokinesis transition. Trypanosomes appear to employ both evolutionarily conserved and trypanosome-specific mole-
cules to regulate the various stages of its cell cycle, including DNA replication initiation, spindle assembly, chromosome segrega-
tion, and cytokinesis initiation and completion. Strikingly, trypanosomes lack some crucial regulators that are well conserved
across evolution, such as Cdc6 and Cdt1, which are involved in DNA replication licensing, the spindle motor kinesin-5, which is
required for spindle assembly, the central spindlin complex, which has been implicated in cytokinesis initiation, and the actomy-

osin contractile ring, which is located at the cleavage furrow. Conversely, trypanosomes possess certain regulators, such as cy-
clins, cyclin-dependent kinases, and mitotic centromere-associated kinesins, that are greatly expanded and likely play diverse
cellular functions. Overall, trypanosomes apparently have integrated unique regulators into the evolutionarily conserved path-
ways to compensate for the absence of those conserved molecules and, additionally, have evolved certain cell cycle regulatory
pathways that are either different from its human host or distinct between its own life cycle forms.

he eukaryotic cell cycle represents an evolutionarily conserved

process involving an ordered and tightly controlled series of
molecular events. In general, the cell cycle can be considered two
distinct events, DNA replication (the S phase) and mitosis (the M
phase), which are separated by two gap phases (G, and G,). These
events must be regulated to ensure that they occur in the correct order
and that they occur only once per cell cycle. The cell division cycle of
Trypanosoma brucei, an early branched microbial eukaryote and the
causative agent of human sleeping sickness, follows the typical eu-
karyotic cell cycle regulatory scheme, but it also possesses a number of
unique features and appears to be more complicated than previously
thought (41). A trypanosome cell contains a number of single-copy
organelles and cytoskeletal structures, such as the nucleus, mitochon-
drion, kinetoplast (mitochondrial DNA network), basal body, Golgi
apparatus, and flagellum, all of which need to be accurately dupli-
cated and segregated prior to cell division. Therefore, well-coordi-
nated regulation of organelle segregation is essential to ensure precise
cell division, which occurs longitudinally from the anterior toward
the posterior end of the cell.

In recent years, we have witnessed significant advances in our un-
derstanding of the trypanosome cell cycle and its regulation by factors
thatare either evolutionarily conserved or unique to the kinetoplastid
parasites (Table 1). Here, I review the regulation of the trypanosome
cell cycle by these factors, with a focus on the signaling pathways that
drive the progression through different stages of the cell cycle, such as
the G,/S, G,/M, and mitosis-cytokinesis transitions. Moreover, I also
highlight the unique features and unusual mechanisms of trypano-
some cell cycle regulation and compare them with that of its human
host, as these could prove to be novel targets for chemotherapy
against this dreadful human pathogen.

REGULATION OF THE G,/S TRANSITION

The G, phase is one of the two gap phases in the eukaryotic cell
cycle in which the cell senses environmental conditions and de-
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cides whether to proliferate, quiesce, or differentiate. One of the
key regulators of the G,/S transition is the cyclin-dependent ki-
nase (CDK), which is bound and activated by a G, cyclin. In the
fission yeast Schizosaccharomyces pombe, the cyclin Pucl cooper-
ates with the CDK Cdc2 to promote the G,/S transition, whereas
in the budding yeast Saccharomyces cerevisiae, at least three cyclins
(Clnl to Cln3) are required for the G,/S transition through se-
quential activation of the CDK Cdc28 (52). Regulation of the G,/S
transition in animals is more complicated, with several families of
cyclins and CDKs regulating the G,/S transition. At early G, phase,
Cdk4 and/or Cdké6 are activated by D-type cyclins (D1 to D3), and
at late G, phase, Cdk2 is activated by binding to cyclin E (E1 and
E2), leading to passage through the G,/S boundary (47, 96). The
trypanosome genome encodes a total of 10 cyclins and 11 Cdc2-
related kinases (CRKs) (41). Seven of the 10 cyclins resemble the
budding yeast PHO80 cyclin, which is involved in signaling phos-
phate starvation, whereas the other three cyclins are homologous
to the mitotic B-type cyclins found in animals and plants (41).
RNA interference (RNAi)-mediated silencing of some of these
cyclins demonstrated that CYC2 plays a major role in promoting
G,/S transition (43, 70) and that CYC4 likely plays a minor role in
G,/S transition (70). RNAi of CRK1 or CRK2 also arrests the try-
panosome cells at the G, phase, suggesting their roles in the G,/S
transition (109, 110). CRK1 appears to interact with four cyclins,
CYC2, CYC4, CYCS5, and CYC7, whereas CRK2 only interacts
with CYC2 (36). These observations suggest the involvement of
multiple cyclins and two CRKs in G,/S control in trypanosomes,
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TABLE 1 Cell cycle regulatory proteins in Trypanosoma brucei

Minireview

Cell cycle stage regulated Gene product(s) Human homolog(s) Function Reference(s)
G,/S transition cYc2 None G, cyclin 43,70
CRK1 Not known G, CDK 109, 110
CRK2 Not known G, CDK 109, 110
DNA replication and S-phase progression ~ Orc1/Cdc6 ORC1 Origin recognition complex 35
Orclb None Origin recognition complex 20
Orc4 ORC4 Origin recognition complex 107
Tb3120 None Origin recognition complex 107
Tb7980 None Origin recognition complex 107
Mcm2-7 Mcm2-7 CMG component 20
Cdc45 Cdc45 CMG component 20
GINS (S1d5, Psfl, Psf2, Psf3)  GINS (Sld5, Psfl, Psf2, Psf3)  CMG component 20
TLK1 TLK1, TLK2 Toulsed-like kinase 64
Asf1A, Asf1B Asf1A, Asf1B Histone H3 chaperone 64
G,/M transition CYC6 Cyclin B Mitotic cyclin 42,70
CYC8 Cyclin B Mitotic cyclin 70
CRK3 Cdkl Mitotic CDK 109
CRK9 None Mitotic CDK 37
Mitosis AUKI1, CPC1, CPC2 Aurora B, none, none Chromosomal passengers 65, 71,108
TLK1 TLK1, TLK2 Toulsed-like kinase 64
KIN-A None Divergent kinesin 65
KIN-B None Divergent kinesin 65
Kif13-1 MCAK Kinesin-13 18,118
APCl, Cdc27 APC1, Cdc27 Anaphase-promoting complex 61
SMC3, SCC1 SMC3, SCC1 Cohesin 11, 34
Separase Separase Protease 11
NOP86 None Nucleolar protein 14
Cytokinesis AUKI1, CPC1, CPC2 AUKI1, none, none Chromosomal passengers 65, 71,108
PLK PLK1 Polo-like kinase 44, 62
MOBI1 MOB1 Unknown 45
PK50, PK53 NDR1 Nuclear DBF-2-related kinase 75
TRACK RACK1 Rho kinase 94
RHP RhoA RhoA-like GTPase 1
CFB2 None F-box protein 8
ARL2 Arl2 Small GTPase 90
AIR9 None Microtubule-associated protein 77
KAT80, KAT60 p80 katanin, p60 katanin Katanin 9
SPA Spastin Spastin 9

which resembles the animal cyclin/CDK system and appears to be
more complicated than the system in fungi.

DNA REPLICATION LICENSING AND REGULATION OF
S-PHASE PROGRESSION

High-fidelity DNA replication is essential for maintenance of ge-
nome stability in eukaryotes. To ensure that genomic DNA is rep-
licated only once per cell cycle, eukaryotes have evolved an intri-
cate replication licensing system. During the G, phase, DNA
replication origins are occupied by the origin recognition complex
(ORC), which consists of six related AAA+ ATPases, Orcl to
Orc6 (Fig. 1A). Subsequently, Cdc6, another AAA+ ATPase, is
recruited by the ORC onto the origins, which further loads Cdt1
and the hexameric minichromosome maintenance complex,
Mcm?2-7, onto the origins to form a prereplicative complex (pre-
RC). Assembly of the pre-RC, which is known as replication li-
censing, only occurs during G, and is tightly regulated (13, 91).
Initiation of DNA replication is then triggered by S-phase CDK
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(S-CDK) and Dbf4-dependent kinase (DDK) or Cdk7 (63). S-
CDK phosphorylates two replication factors, Sld2 and SId3 (106,
120), which generates binding sites for Dpb11, a BRCT domain-
containing protein (2). SId2 is a component of the preloading
complex (pre-LC) that also includes Dpb11, the GINS (Go-Ichi-
Ni-San) complex, which consists of SId5, Psf1, Psf2, and Psf3 (55,
60, 105), and the leading-strand polymerase € (Pol €) (80). Addi-
tionally, the GINS complex also serves as an accessory factor for
DNA Pol a-primase (21). SId3 forms a complex with Cdc45, and
this complex is recruited onto replication origins via Cdc45-me-
diated interaction with the Mcm2-7 complex (76, 99, 121). Dpb11
appears to bridge SId3-Cdc45 with Sld2, which recruits the pre-LC
to origins (63). Cdc45 also interacts with DNA Pol a-primase;
therefore, it likely recruits the latter to origins (111). The DDK
(Dbf4-Cdc7) or Cdk7 phosphorylates the N-terminal tails of sev-
eral subunits in the Mcm2-7 complex, which promotes formation
of the Cdc45-Mcm2-7 complex (100). Once the pre-LC is loaded
onto origins, Cdc6 (in budding yeast) or Cdtl (in animals) is
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FIG 1 Comparison of DNA replication initiation and licensing between fungi (A) and T. brucei (B). Note that most of the replication factors found in fungi have
orthologs in humans; therefore, humans and fungi share similar mechanisms of DNA replication. Currently, only five ORC proteins have been identified in
trypanosomes, and it remains to be determined whether there is a sixth ORC and whether the ORC proteins form a complex in trypanosomes. Also note that only

one DNA polymerase is depicted here, for the sake of simplicity.

phosphorylated and degraded by the 26S proteasome, whereas
Dpbl1, Sld2, and SId3 likely dissociate from the replisome (63),
thereby leaving alone DNA polymerase as well as Cdc45, Mcm2-7,
and the GINS complex. The latter form, the so-called CMG
(Cdc45/Mcm2-7/GINS) complex, moves along the replication
forks and functions as the replicative helicase to unwind duplex
DNA (15, 30, 53, 79). After DNA replication is initiated, at least
three independent mechanisms are involved in preventing DNA
rereplication in budding yeast: nuclear exclusion of Mcm2-7, pro-
teolysis of Cdc6 and Cdtl, and mitotic CDK-mediated inactiva-
tion of the ORC (82). In contrast, prevention of DNA rereplica-
tion in animals occurs through nuclear exclusion of Cdc6 and
degradation of Cdt1 (13).

DNA replication in eukaryotes is coupled with chromatin as-
sembly. The fundamental repeating unit of chromatin is the
nucleosome, which consists of 146 bp of DNA wrapped around an
octamer of core histone proteins (H2A, H2B, H3, and H4). His-
tone deposition can occur by DNA replication-coupled or repli-
cation-independent mechanisms that, for the former type, is me-
diated by chromatin assembly factor 1 (CAF-1), which binds to
histones H3 and H4 and delivers them to replicating DNA
through interactions with proliferating cell nuclear antigen
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(PCNA), the DNA polymerase processivity protein (for a review,
see reference 28). CAF-1 physically interacts with Asfl, a histone
H3/H4 chaperone that is required for DNA replication (29), and
the Tousled-like kinase (TLK) has been found to phosphorylate
Asf1 to promote DNA replication in animals (101, 102). However,
fungi appear to lack a TLK homolog (102), suggesting the lack of a
TLK-mediated DNA replication pathway. Nevertheless, although
there are distinctions in the regulation of DNA replication be-
tween simple and complex eukaryotic organisms, the fundamen-
tal mechanism of DNA replication is believed to be well-conserved
among all eukaryotes (26).

Regulation of DNA replication in Trypanosoma brucei appears
to be different from that in other eukaryotes. It was previously
thought that trypanosomes expressed a single Orcl/Cdc6-like
protein. This Orc1/Cdc6-like protein (TbOrc1/Cdc6) associates
with the chromatin throughout the cell cycle and is essential for
DNA replication in the procyclic form (35). However, a careful
search of the trypanosome genome using yeast and human ORC
proteins as the query identified another Orcl-like protein,
TbOrc1b, which interacts with TbOrc1/Cdc6 in vitro and in vivo
(20). Further, affinity purification of interacting proteins of
TbOrc1/Cdcé6 identified three novel proteins, among which one is
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distantly related to Orc4 and the other two (Tb3120 and Tb7980)
have little sequence homology to known ORC proteins (107). The
tight association of TbOrc1/Cdc6 with the chromatin throughout
the cell cycle strongly suggests its role as a component of the ORC,
rather than as the licensing factor Cdc6, which is known to be
either degraded (in fungi) or exported out of the nucleus (in meta-
zoa) after DNA replication. In total, trypanosomes express at least
five ORC proteins (TbOrc1/Cdc6, TbOrclb, TbOrc4, Tb3120,
and Tb7980) (Table 1), but whether the five proteins form a com-
plex and whether the sixth ORC protein is present require further
investigation.

Despite the divergence of ORC proteins, trypanosomes appar-
ently contain a well-conserved CMG complex, which possesses in
vitro helicase activity and interacts, via Mcm3, with both TbOrc1/
Cdc6 and TbOrclb in vitro and in vivo (20). However, homologs
of Cdtl, Sld2, Sld3, and the Cdc7-Dbf4 complex are not found in
the trypanosome genome (10), likely because they are highly di-
vergent. Moreover, given that TbOrc1/Cdc6 functions as a com-
ponent of the ORC rather than Cdcé, it is not clear how the CMG
complex is loaded onto the replication origins in the absence of
the Cdc6/Cdtl pair. Intriguingly, Mcm3 appears to interact with
both TbOrc1/Cdc6 and TbOrclb (20), but whether interactions
with Mcm3 are sufficient to recruit the CMG complex to the ori-
gins remains to be investigated. Additionally, unlike in yeast,
where Mcm2-7 is exported out of the nucleus after DNA replica-
tion (13, 81), Mcm2-7 in trypanosomes remains in the nucleus
throughout the cell cycle (20). Instead, Cdc45 in trypanosomes
appears to be exported out of the nucleus after DNA replication
(20). These findings suggest that trypanosomes have evolved dis-
tinct mechanisms in promoting DNA replication initiation and
preventing DNA rereplication. Based on our current understand-
ing of DNA replication initiation in other eukaryotes (26) and the
identification of the above-mentioned protein complexes in try-
panosomes (20, 35, 107), we propose a model of DNA replication
in trypanosomes (Fig. 1B). During the G; phase, the replication
origins are bound by a highly divergent ORC. Currently, at least
five ORC proteins have been identified, but whether they form a
complex remains to be examined. Subsequently, the Mcm2-7
complex is recruited onto the origins, likely via Mcm3-mediated
binding to TbOrc1/Cdc6 and TbOrclb, which leads to the forma-
tion of the prereplicative complex. This complex, however, does
not possess DNA helicase activity. When cells start to enter S
phase, the GINS complex and Cdc45 are loaded onto replication
origins through interactions with Mcmz2-7, leading to the forma-
tion of the CMG complex, which possesses DNA helicase activity
and is capable of unwinding duplex DNA. When DNA polymerase
is loaded and DNA replication starts, the CMG complex moves
along the replication forks as part of the replisome. Finally, after
DNA replication is complete, Cdc45 is excluded from the nucleus
to prevent DNA rereplication (Fig. 1B). It should be noted that
regulation of DNA replication is a complex process and requires
the interplay of many replication factors at the origins. Indeed,
homologs of TLK, Asfl, and PCNA have been identified and are
found essential for DNA replication in trypanosomes (56, 64).
Undoubtedly, more replication factors await our further explora-
tion, and more work needs to be done to integrate these factors
into existing pathways.

Intriguingly, a DNA replication licensing system analogous
to the nuclear licensing system appears to function in control-
ling the replication of mitochondrial DNA in trypanosomes,

October 2012 Volume 11 Number 10

Minireview

which is known as the kinetoplast DNA (kDNA) (58). Replica-
tion of kDNA in trypanosomes occurs, prior to the nuclear S
phase, only once per cell cycle, suggesting the presence of a
tight control mechanism, but how the kDNA copy number is
controlled is less understood. Recent studies demonstrated
that an HslVU protease, a counterpart of the eukaryotic 26S
proteasome in bacteria, regulates kDNA replication in the try-
panosome mitochondrion by controlling the abundance of
TbPIF2, a mitochondrial helicase that promotes KDNA repli-
cation (66, 74). These discoveries provided convincing evi-
dence for the presence of a licensing system in kDNA replica-
tion. However, unlike the nuclear DNA replication licensing
system, in which the licensing factors Cdc6 and Cdtl, but not
the Mcm2-7 helicase, are degraded by the 26S proteasome,
TbHsIVU protease degrades the helicase TbPIF2, suggesting
that the kDNA replication licensing system is different from
and is likely less complicated than the nuclear replication li-
censing system.

REGULATION OF THE G,/M TRANSITION

The G, phase is another gap phase in the cell cycle in which the cell
assesses the state of chromosome replication and prepares to un-
dergo mitosis and cytokinesis. Progression through the G,/M
boundary in eukaryotes is known to involve B-type cyclins and
their respective CDK partners. In the budding yeast, at least four
B-type cyclins (Clbl to Clb4) are required to activate Cdc28 for
G,/M promotion, whereas in the fission yeast, two B-type cyclins
(Cigl and Cdc13) are responsible for the G,/M transition (52). In
mammals, Cdk1 associates with several A- and B-type cyclins, and
the Cdk1-cyclin B complex is the key regulator of the G,/M tran-
sition (47). Entry into mitosis is controlled through the activation
of Cdk1-cyclin B, which sets the mitotic state. Cdk1 is held in an
inactive state by Weel- and Myt1-mediated phosphorylation dur-
ing G, phase, but it can be fully activated by Cdc25-mediated
dephosphorylation, which promotes mitotic entry (47). Cdc25 is
activated by Polo-like kinase (PLK), which is a potent regulator of
M phase and is conserved from yeast to humans (3). In addition to
activating Cdc25, PLK also promotes degradation of the Cdkl
inhibitor Weel (115). Human PLKI1 is activated by Aurora A ki-
nase in the G, phase through phosphorylation of the conserved
threonine residue in the activation loop (T-loop) of PLK1, which
constitutes the most critical event to promote the G,/M transition
(97). Moreover, Aurora A kinase also directly activates Cdc25 by
phosphorylating the latter at a site different from that phosphor-
ylated by PLK (25).

The G,/M transition in trypanosomes appears to be primarily
controlled by the CRK3 and CYC6 pair (42, 70, 109). Intriguingly,
CYC6 also forms a complex with CRK9 that is also essential for
G,/M progression (37). Moreover, in addition to pairing with
CYC6, CRK3 also interacts with CYC2 (36, 114), which is known
as the primary G, cyclin in trypanosomes (43, 70), indicating that
CYC2 may also play a role in the G,/M transition through activat-
ing CRK3. However, it is not clear how the two cyclins cooperate
with CRK3 to drive the cell cycle through the G,/M boundary.
Furthermore, RNAi of CYCS8 also delays the G,/M transition in
the procyclic form of T. brucei (70), but the CRK partner of CYC8
remains to be identified. These studies suggest that two CRKs
(CRK3 and CRK9) and multiple cyclins (CYC6, CYC2, and
CYC8) are involved in promoting the G,/M transition. The try-
panosome genome also encodes the homolog of Weel kinase
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(Tb927.4.3420), but close homologs of Mytl kinase and Cdc25
phosphatase are not found in the genome. It is likely that trypano-
somes express highly divergent Mytl and Cdc25 homologs, as in
the case of the divergent ORC proteins (107). Moreover, trypano-
somes express an essential Polo-like kinase homolog (TbPLK),
but it is excluded from the nucleus throughout the cell cycle and is
not required for mitosis (22, 44, 62). Therefore, it is unlikely that
TbPLK could play any role in activating CRK3 for mitotic entry.
How CRK3 is activated to promote mitotic entry remains a mys-

tery.

REGULATION OF SPINDLE ASSEMBLY AND CHROMOSOME
SEGREGATION

Chromosome segregation is driven by microtubule bundles,
which are termed kinetochore fibers, in the bipolar mitotic spin-
dle. In animals, spindle microtubules are nucleated either by mi-
crotubule organizing centers (MTOCs, or centrosomes) or
through chromatin-mediated pathways, whereas in yeast spindle
microtubules are nucleated by spindle pole bodies (SPBs) that are
embedded in the nuclear envelope. In contrast to cells with cen-
trosomes or SPBs, acentrosomal cells rely exclusively on chroma-
tin-directed pathways in which microtubules are nucleated and
stabilized near kinetochores by Ran GTPase and Aurora B kinase
(23). Once a bipolar spindle is established, maintenance of the
bipolar spindle requires the cooperative action of microtubule
motors, such as the plus-end-directed motor kinesin-5, the minus
end-directed motor kinesin-14, and the kinesin-13 microtubule
depolymerase MCAK (for a review, see reference 32). Aurora A-
mediated phosphorylation of kinesin-5 and MCAK and Aurora
B-mediated phosphorylation of MCAK are both required for bi-
polar spindle assembly. In addition, Aurora B also plays a critical
role in promoting chromosome biorientation by correcting mi-
crotubule-kinetochore misattachments, which are in part attrib-
uted to the regulation of MCAK activity at the kinetochores (for a
review, see reference 17). Moreover, microtubule-kinetochore at-
tachment errors are also monitored by the spindle assembly
checkpoint (SAC), which delays anaphase onset by inhibiting the
activity of the anaphase-promoting complex/cyclosome (APC/C)
until all of the kinetochores have properly attached to the spindle
microtubules. Once chromosome biorientation is established and
SAC is satisfied, Securin, the inhibitor of separase, is ubiquitinated
by APC/C and degraded, thus releasing active separase, which
then cleaves the sister chromatid Cohesin for chromosome segre-
gation. Moreover, APC/C activation also triggers cyclin B degra-
dation, which inactivates Cdk1 and thereby enables exit from mi-
tosis (for a review, see reference 86).

Trypanosomes undergo a “closed” mitosis, during which the
nuclear envelope remains intact throughout the cell cycle. The
parasite does not have centrosomes but possess MTOCs in
the form of basal bodies that nucleate flagellum but are not in-
volved in spindle assembly (83). The absence of centrosomes sug-
gests that assembly of the bipolar spindle is likely mediated by
chromatin-directed pathways. Indeed, proteins required for cen-
trosome-mediated spindle assembly, such as Aurora A kinase and
kinesin-5, are missing in the trypanosome genome, whereas those
involved in chromatin-based pathways, such as Aurora B kinase
and MCAK, are expressed and have been found essential for spin-
dle assembly and/or spindle microtubule dynamics in trypano-
somes (18, 71, 108, 118). However, the Aurora B homolog in try-
panosomes, TbAUKI, forms a unique chromosomal passenger
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complex (CPC) with two novel proteins, TbCPC1 and TbCPC2,
both of which exhibit little sequence homology to the well-con-
served chromosomal passenger proteins (INCENP, Survivin, and
Borealin) in fungi and animals (65, 68). This novel CPC displays a
dynamic localization during mitosis and cytokinesis by migrating
from chromosomes to the central spindle during the metaphase-
anaphase transition, from the central spindle to the anterior tip of
the new flagellum attachment zone (FAZ) during the mitosis-
cytokinesis transition, and finally by traveling along the cleavage
furrow between the two separating daughter cells (65, 69). It is
known that the three CPC proteins in animals function as a single
structural unit that targets Aurora B to various subcellular loca-
tions during the cell cycle (54), and INCENP, in addition to its
roles in mediating Aurora B localization, also functions as a sub-
strate activator of Aurora B (12). Another substrate activator of
Aurora B is TLK, which initially was thought to be specific to
multicellular organisms (46, 102). Surprisingly, trypanosomes ex-
press two homologs of TLK, TbTLK1 and TbTLK?2, of which only
TbTLKI is required for spindle assembly and chromosome segre-
gation and is a substrate of TbAUK1 (64) (Fig. 2), butitis not clear
whether it functions as a TbAUK1 activator like its animal coun-
terpart. Moreover, whether TbCPC1 and/or TbCPC2 functions as
an activator of TbAUK1 and whether any of them is responsible
for TbAUKI1 targeting are also not known. Further investigation
of the function of TbTLK1 and the two CPC proteins will facilitate
our understanding of TbAUKI regulation and the mechanistic
roles of TbAUKI1 in spindle assembly.

Despite lacking the kinesin-5 homolog in the genome, two or-
phan kinesins, TbKIN-A and TbKIN-B, likely cooperate with
TbAUKI1 to regulate spindle assembly in trypanosomes (65, 68)
(Fig. 2). Both kinesins are enriched in the nucleus and the central
spindle and associate with TbAUK1, but whether they are sub-
strates of TbAUK1 and how they regulate spindle assembly remain
to be investigated. Another essential mitotic kinesin found in try-
panosomes is TbKif13-1, which is a member of the kinesin-13
family and possesses microtubule depolymerase activity (18, 118).
RNAIi of TbKif13-1 resulted in defects in spindle disassembly and
chromosome segregation (18, 118), indicating the conserved roles
of the kinesin-13 family in trypanosome mitosis. It is not known
whether TbKif13-1 is regulated by TbAUK1 (Fig. 2); however,
given the conserved roles of both proteins in trypanosomes, they
likely function in the same pathway to promote kinetochore-mi-
crotubule attachment, although this remains to be examined.

Another trypanosome protein that is localized to the mitotic
spindle is a nucleolar protein, TbNOP86, which appears also to be
required for chromosome segregation (14). However, the bio-
chemical function of TbONOPS86 is not known, and we know little
about the mechanistic role of TONOP86 in chromosome segrega-
tion. Additionally, several other proteins have also been reported
to be involved in mitosis and chromosome segregation, such as
TbAGOI (24), an Argonaute protein required for RNAI, and the
small ubiquitin-like modifier (SUMO) (73). The involvement of
TbAGOI in mitosis indicates the importance of the RNAi pathway
in heterochromatin formation at the centromeres and therefore
the involvement in chromosome segregation. SUMO is known to
be conjugated to a number of mitotic proteins in other eukaryotes,
including all the components of the CPC (6). A recent proteomic
screen for SUMO-conjugated proteins in Trypanosoma cruziiden-
tified a number of cell cycle regulatory proteins that are potentially
modified by SUMO (7). These SUMO conjugates in T. cruzi in-
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FIG 2 Regulation of spindle assembly, chromosome segregation, and mitotic exit in T. brucei. Solid lines indicate confirmed regulation pathways, whereas
dashed lines indicate regulation still to be verified experimentally. Black lines indicate positive regulation, whereas red lines indicate negative regulation
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clude the T. brucei homologs of CRK2 (110), protein phosphatase
2A (PP2A) (67), several DNA replication factors, such as PCNA
(56), replication factor C, and DNA polymerase 8, and the struc-
tural maintenance of chromosome 3 (SMC3) protein, a subunit of
the sister chromatid cohesin complex that is involved in holding
together the sister chromatids (11). However, the significance of
SUMO modification on these proteins and the consequence on
trypanosome cell cycle regulation remain to be explored.
Trypanosomes express all the components of the APC/C, the
E3 ubiquitin ligase that is essential for the transition from meta-
phase to anaphase (61). Surprisingly, only two APC/C subunits,
APC1 and Cdc27, are essential for trypanosome mitosis (61).
RNAi of APC1 or Cdc27 arrested the procyclic form in metaphase
and the bloodstream form in anaphase (61), indicating that the
APC/C likely functions at different cell cycle phases in the two life
cycle forms. In principal, APC/C is responsible for degradation of
Securin in order to activate separase; however, the Securin ho-
molog in trypanosomes has not been identified, likely due to its
high sequence divergence. Nevertheless, homologs of separase
and the components of the cohesin complex (SMC1, SMC3,
SCC1, and SCC3) are all found in the trypanosome genome, and
functional studies on SMC3, SCC1, and separase demonstrated
that they are all essential for chromosome segregation (11, 34).
Trypanosomes appear to express only one subunit of the SAC
complex, TbMad2 (Tb927.3.1750), with the remaining four SAC
subunits (Mad2, Mad3, Bubl, and Bub3) all missing from the
genome. It is not clear whether TbMad2 forms a unique SAC
complex with trypanosome-specific proteins, as in the case of the
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CPC (65), or if Mad2 itself is sufficient to perform all the essential
functions of the SAC complex, such as monitoring kinetochore-
microtubule attachment errors and activating the APC/C (Fig. 2).
Finally, none of the APC/C substrates has been identified or vali-
dated in trypanosomes, which significantly hinders our under-
standing of the regulation of the metaphase-anaphase transition.
The B-type cyclin is a known APC/C substrate, and its degradation
is required for mitotic exit (86). Trypanosome CYC6 appears to be
a short-lived protein (unpublished data), but whether its degra-
dation is mediated by APC/C and is required for mitotic exit re-
quire further investigation (Fig. 2).

REGULATION OF THE MITOSIS-CYTOKINESIS TRANSITION
AND CYTOKINESIS

Cytokinesis is the final step of cell division and requires a complex
interplay of many regulatory proteins at the cytokinesis initiation
site and on the cleavage furrow. It also requires the interplay be-
tween the components of the cytoskeleton and the cell membrane
(104). The mechanisms underlying cytokinesis initiation and
completion in eukaryotes are still not well understood, but it is
believed that the core regulatory pathways are well conserved
across evolution (5, 33). The cleavage plane in fungi and animals is
known to be defined by the central spindle, and the cleavage fur-
row in these organisms contains a contractile ring structure com-
posed of actin and myosin II (33, 84, 88). Cytokinesis initiation in
animals requires two well-conserved protein kinases, Aurora B
and Polo-like kinases, both of which are concentrated on the cen-
tral spindle and the midbody, where they cooperate to regulate the
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centraspindlin complex, which consists of a kinesin-6 family
member, MKLP1, and a Rho GTPase-activating protein, MgcRac-
GAP. The centraspindlin complex then recruits the guanine nu-
cleotide exchange factor Ect2 to the midbody, and the latter acti-
vates the small GTPase RhoA for further activation of the
formation of the actomyosin contractile ring (16, 33). In fungi,
however, the Aurora-like kinase appears to be nonessential for
cytokinesis, and the Polo-like kinase constitutes an upstream
component of the so-called SIN (septum initiation network) or
MEN (mitotic exit network), which involves a number of pro-
teins, such as MOB1, DBF2, Cdcl14, for example, all well con-
served between budding and fission yeast (39). Mammalian ho-
mologs of several SIN/MEN components have also been identified
and were found to be essential for cytokinesis (Fig. 3A), but how
they are regulated by Polo-like kinase has not been well defined
(19).

Cytokinesis in trypanosomes, however, is drastically different
from that in fungi and animals (89, 116). The cleavage plane in a
dividing trypanosome cell is likely defined by the position of the
new flagellum and the FAZ (59, 84, 92, 116, 117). As a conse-
quence, cytokinesis is initiated from the anterior tip of the new
FAZ, and the cleavage furrow ingresses unidirectionally along the
long axis from the anterior toward the posterior end of the cell (59,
116, 117). Strikingly, there is no evidence for the existence of an
actomyosin contractile ring at the cleavage furrow (31), indicating
that the cleavage furrow in this early branched eukaryote may
possess an unusual structure with novel components.

Despite the different mode of cytokinesis and the lack of an
actomyosin-based cytokinetic apparatus in trypanosomes, both
Aurora B-like kinase (TbAUK1) and Polo-like kinase (TbPLK) are
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implicated in cytokinesis (44, 62, 71, 108). In addition to its mul-
tiple roles in mitosis (see above), TbAUKI apparently also regu-
lates cytokinesis initiation, furrow ingression, and abscission, al-
though the mechanistic roles of TbAUKI in these processes
remain to be defined. TbPLK is excluded from the nucleus
throughout the cell cycle, but instead it is localized to the basal
body and the bilobed structure adjacent to the Golgi apparatus
during early cell cycle stages, and during late cell cycle stages it is
concentrated at the anterior tip of the new FAZ, where it may
promote cytokinesis initiation (22, 62, 112). Apparently, instead
of being enriched on the central spindle, as in fungi and animals,
TbAUKI1 and TbPLK are both concentrated at the anterior tip of
the new FAZ duringlate stages of the cell cycle (22, 65, 68, 69, 112).
However, it remains unknown whether TbPLK and TbAUK1 in-
teract with each other or colocalize at the anterior tip of the new
FAZ. Trypanosomes apparently lack homologs of the partner pro-
teins of Aurora B and Polo-like kinases identified in other eu-
karyotes, suggesting that trypanosomes may have evolved distinct
TbAUK1- and TbPLK-mediated pathways for cytokinesis initia-
tion. In fact, both TbAUKI1 and TbPLK possess some unusual
features in subcellular localization and regulation. TbAUKI re-
sides in a novel CPC and displays a unique trans-localization dur-
ing the mitosis-cytokinesis transition (65, 68, 69), whereas TbPLK
employs its kinase domain for substrate binding, but not the Polo
box domain (PBD) as found for fungi and animals (119). Never-
theless, it is very likely that TbPLK and TbAUKI cooperate, by
regulating some common factor(s) at the anterior tip of the new
FAZ, to promote cytokinesis initiation (Fig. 3B), and future efforts
should be focused on identifying this factor(s) and understanding
its role(s) in cytokinesis initiation. Intriguingly, a recent study
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reported the identification of a highly divergent Rho-like small
GTPase, TbRHP, and its RhoGAP, TbOCRL, in trypanosomes
(1). RNAI of both proteins resulted in defects in cytokinesis, in
addition to a spindle formation defect (1), suggesting a key role
for them in trypanosome cytokinesis. Unlike in humans, in
which active RhoA is enriched at the site of cleavage furrow
formation (87), TbRHP is found diffusely localized throughout
the cytoplasm (1). However, it should be noted that these pro-
teins may contain a pool of inactive TbDRHP that may obscure
the visualization of active TbRHP. Nevertheless, identification
of the RhoA-like small GTPase and its GAP partner suggests
that a RhoA-mediated cytokinesis pathway is present in try-
panosomes, likely downstream of TbAUKI1 and TbPLK, but
whether the latter regulates the activation of TbRHP and, if it
does, how the two kinases activate TORHP to promote cytoki-
nesis require further investigation (Fig. 3B). Despite these un-
knowns in the signaling pathway, it is clear that TbDRHP partic-
ipates in cytokinesis through interactions with TRACK, a
homolog of the receptor for activated C kinase 1 (RACK1),
which is known to be involved in controlling the onset and
progression of cytokinesis in trypanosomes (94).

Trypanosomes also express a few SIN/MEN pathway proteins,
such as homologs of MOB1 (MOB1A and MOB1B) and the ho-
mologs of yeast DBF2 kinase and human NDR1 kinase (PK50 and
PK53). Intriguingly, trypanosome MOB1 appears to play different
roles in the two life cycle forms. It is required for the completion of
cytokinesis in the bloodstream form, but it is involved in position-
ing the cleavage furrow in the procyclic form (45). PK50 and PK53
are both essential for cytokinesis initiation in the bloodstream
form (75). Surprisingly, neither PK50 nor PK53 interacts with
MOBIL in vivo in trypanosomes (75), arguing whether they func-
tion together like their yeast and human counterparts. Moreover,
it is also not known whether MOB1 and PK50/PK53 are regulated
by TbPLK. Nevertheless, it appears that some of the cytokinesis
regulatory pathways that are conserved in fungi and animals likely
also function in trypanosomes (Fig. 3B).

Although Polo-like kinase and Aurora B kinase are key players
in the signaling pathways of cytokinesis, regulation of cytokinesis
initiation and completion involves more than 100 proteins in the
midbody and the cleavage furrow in fungi and animals (89, 103),
and many of these proteins are conserved among fungi and ani-
mals (88). However, the number of cytokinesis proteins identified
in trypanosomes is still limited. Recently, a few proteins have been
shown to be essential for cytokinesis in trypanosomes, such as a
type I1I phosphatidylinositol 4-kinase (93), KMP-11 (72), the pro-
tein arginine methyltransferase (27), the small GTPase ARL2 (90),
Katanin and Spastin (9), the F-box protein CFB2 (8), a microtu-
bule-associated protein, AIR9 (77), adenylyl cyclases (95), and a
kinetoplastid-specific kinesin, TbKIN-C, and its partner kinesin,
TbKIN-D (50, 51), but how they are involved in cytokinesis has
not been well established. Among these proteins, some are associ-
ated with basal bodies and/or the flagellum (72, 98), whereas oth-
ers are localized predominantly in the cytoplasm (27, 93) or are
involved in regulating microtubule dynamics (9, 50, 51, 90). Since
defects in basal body replication/segregation and flagellum attach-
ment unambiguously inhibit cytokinesis in trypanosomes, it is not
possible to assign a direct role for these basal body and flagellar
proteins in cytokinesis. Nevertheless, the involvement of many
cytoskeletal proteins in cytokinesis suggests the requirement of
the coordination between cell morphogenesis and cell division.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Significant advances in our understanding of the molecular mech-
anisms of trypanosome cell division have been made over the past
decade, thanks to the availability of the genome sequence, the
power of reverse genetics methods, and the fast advances in the
exploration of cell cycle regulation in other model eukaryotes that
have offered important references for trypanosome cell cycle stud-
ies. It is well established that many cell cycle regulatory pathways
in trypanosomes have been very well preserved during evolution,
although trypanosomes did evolve unusual checkpoint control
mechanisms and employ a number of trypanosome-specific cell
cycle regulators, some of which are likely the functional, but not
the structural, orthologs of the regulators in other eukaryotes.
Moreover, it is also well perceived that there are significant differ-
ences in cell cycle regulation between different life cycle stages,
although the molecular mechanisms underlying these differences
remain elusive.

Despite these advances, however, there are still many unan-
swered questions and likely many more unique cell cycle regula-
tory pathways awaiting our further exploration. So far, we have
little information about the components of the cleavage furrow
and the components of the kinetochores. We still do not know
exactly how the CPC travels across the nuclear envelope to reach
the anterior tip of the new FAZ and how CPC promotes cytokine-
sis. We also don’t know how new membranes are delivered to the
cleavage furrow and how the abscission machinery works to cleave
the membrane and the microtubule cytoskeleton. Moreover, little
is known about the cell cycle checkpoints in trypanosomes and
how they differ from the checkpoints in humans and between the
different life cycle stages. Our current efforts in analyzing trypano-
some homologs of those conserved cell cycle regulators discovered
in fungi and animals have greatly facilitated the dissection of the
trypanosome cell cycle, but this approach clearly is not applicable
for depiction of the unique cell cycle regulatory pathways in try-
panosomes. Future endeavors should be directed toward the use
of a combination of biochemistry, bioinformatics, genetics, and
proteomics approaches for in-depth exploration of the trypano-
some-specific regulators and integration of these regulators into
the existing pathways. For example, tandem affinity purification
of protein complexes provides an unparalleled method for iden-
tification of novel partners of known cell cycle regulators (40, 65).
A forward genetics approach, through an RNAI screen, can also
provide great promise for identification of novel cell cycle regula-
tors (78), but an efficient mutant selection scheme is necessary to
distinguish between the true cell cycle regulators and those playing
indirect roles in cell cycle control. Moreover, investigation of the
cell cycle-regulated transcriptome (4) and proteome offers a
global view of the expression pattern of cell cycle regulatory pro-
teins and certainly could uncover numerous cell cycle regulators.
Finally, quantitative phosphoproteomics, sometimes combined
with chemical genetics, have been employed to systematically
identify the substrates of mitotic kinases, such as Aurora B kinase,
Polo-like kinase, and CDXKs in fungi and animals (38, 48, 49, 57,
85). Similar studies have not been carried out in trypanosomes,
but recent establishment of the SILAC proteomics system in try-
panosomes (113) provided the foundation for application of the
phosphoproteomic approach to depict the signaling networks of
trypanosome mitotic kinases. Undoubtedly, exploration of the
unusual pathways and their novel regulators in trypanosomes not
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only will further our understanding of the mechanisms of cell
cycle control but also could provide novel drug targets for chemo-
therapy.
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