











Trypanosoma brucei Cell Cycle Regulated Proteome

Fic. 2. Diagrammatic representation of workflow for protein quantitation. Cells from each harvested time point were lysed, and
extracted proteins were processed to produce reduced, alkylated tryptic peptides separately. Peptides were chemically labeled with the
indicated tandem-mass tags and were combined at a 1:1 ratio following quenching of the labeling reaction. The combined peptides were
fractionated by high-pH reverse phase chromatography into 24 fractions which were prepared for mass spectrometry and acquired on a Fusion

mass spectrometer using the MultiNotch MS3 method (47).

Proteins defined as cell cycle regulated were required to be
detected in a minimum of two out of three biological replicates
(mean 2.9 replicates) with = 1 unique peptide (mean 4.8
unique peptides), with mean Pearson correlation coefficients
between biological replicates = 0.7 and a maximum fold
change = 1.3 (mean fold change 1.7). According to these
criteria, 384 proteins were deemed cell cycle regulated (7.2%
of the quantified proteome).

Clustering of Patterns of Cell Cycle Regulation—To classify
proteins according to their pattern of temporal regulation, we
applied the K-means clustering technique. The 384 cell cycle
regulated proteins classified into 9 clusters (n = 9) using
k-means and the fuzzy score (see Methods) (Fig. 3). Clusters
were named based on the time point where peak abundance
was measured and cross-referencing to the flow cytometry
profiles of each time point. Clusters were classified as “high”
if the mean maximum fold-change of proteins within the clus-
ter was > 2.7. Proteins were named as “early G1/late G2 and
M” (3 proteins), “G1” (129 proteins), “high early G1” (6 pro-
teins), “high G1” (8 proteins), “S” (22 proteins), “early S” (53
proteins), “high S” (3 proteins), “G2 and M” (140 proteins) and
“high G2 and M” (20 proteins) (supplemental Table S2). The
gene ontology (GO) terms enriched within each cluster can be
found in supplemental Table S3. The most enriched term
in G1-phase clusters was “peroxisome fission,” whereas
S-phase clusters were enriched for terms such as “mitochon-
drial DNA replication,” “DNA repair” and “DNA replication”.
G2 and M-phase clusters were highly enriched for terms
including “mitotic cell cycle,” “chromosome segregation,” and
“kinetochore.”

To display the data, we have produced radial visualization
plots, which is a polar coordinate system. Time-points are
hours on the clock-face (i.e. related to the angle of the polar

coordinate system) and the orthogonal axis (i.e. the distance)
relates to the relative abundance of a protein across the
time-course. A number of known cell cycle regulated proteins
in T. brucei, such as CRK2, MIp2, AUK1, and CPC1 are
upregulated at time-points that correlate well with their de-
scribed functions (Fig. 4) (4, 5, 24-27). Fifty-nine of the de-
tected proteins were annotated with GO terms associated
with the cell cycle; with fourteen of these classified as cell
cycle regulated from the proteomic data set (supplemental
Fig. S3). By cross-comparison to RNA interfering target se-
quencing (RITseq) data sets it was determined that 119 of the
384 proteins in cell cycle regulated clusters are essential for
growth in one or more lifecycle stage of T. brucei in culture
(supplemental Fig. S4) (23). Of these, 40 are annotated as
hypothetical proteins of unknown function (supplemental Fig.
S4). These data are also available via an open access, inter-
active web application (http://134.36.66.166:8883/cell_cycle).

Validation of Cell Cycle Regulation Through TrypTag Data-
base—Some of the 384 proteins classified as cell cycle reg-
ulated can be found in the TrypTag endogenous tagging
database, providing microscopy images of the protein local-
ization at different cell cycle stages as complementary evi-
dence to evaluate cell cycle regulated patterns of expression
(16). Some of these proteins are known to be involved in T.
brucei cell division, including KIN-A, KIN13-1, MiIp2, KKT10,
TOEFAZ1, FAZ18, and KKIP1 (supplemental Fig. S5) (9, 24,
25, 28-32). Furthermore, it was also possible to confirm the
cell cycle regulation of four uncharacterized hypothetical
proteins of unknown function (Fig. 5). Of these, three are
classified into G2 and M-phase clusters (Tb927.10.2660,
Tb927.10.870 and Tb927.4.2870) and the other in an S-phase
cluster (Tb927.10.3970), matching the patterns of expression
in cells when endogenously tagged with a fluorescent protein.

1188

Molecular & Cellular Proteomics 17.6

8T0Z ‘9T JequianoN uo 1senb Aq /Bioauljuodowmmmy//:dny wody papeojumoq



Trypanosoma brucei Cell Cycle Regulated Proteome

early G1/late G2&M
1.001
0.751 \
Ve
0.50
/
0.25 1

high early G1

1.00+

0.75+

o

)

o
:

0.25+

high G2/M

1.00+

Maximum Normalised Fold Change

0.75+

0.501

~

0.25+

high G1

$ R TR XY TS
Tt S IR Fat eSS St Fatet et atate et

N NN

Timepoint

Fic. 3. Clustering of cell cycle regulated proteins. Cell cycle regulated proteins were clustered into nine distinct patterns of cell cycle
regulation. Clusters were named by cross-referencing the peak expression time point of each cluster to collected flow-cytometry data.

Comparison to Transcriptomic Data Set—We determined
the overlap between proteins detected as cell cycle regulated
in our proteomic data set and transcripts detected in a pre-
viously published transcriptome analysis of the cell cycle of
PCF trypanosomes (supplemental Fig. S6) (10). Of the 5323
proteins quantified in this work, 93% are detected in the
transcriptomic data set. Conversely 72% of the 6829 tran-
scripts identified are matched with proteins detected in the
proteomic data set. Proteomic and transcriptomic analyses
classify 384 proteins and 530 transcripts, respectively, as
regulated across the cell cycle, which map to a total of 836
unique genes (supplemental Table S4). In the comparison, 24
proteins and 139 transcripts in the proteomic and transcrip-
tomic data sets, respectively, could not be compared as they
were present in only one data set. Of the remaining 673 cases

where direct comparison is possible, 83 are classified as
regulated in both data sets. In contrast, 590 are classified as
cell cycle regulated in either the proteomic data set (277), or
the transcriptomic data set (313), but not both (supplemental
Table S4).

GO enrichment analysis of each of these categories was
performed (supplemental Table S5). Enrichment of cell cycle
associated GO terms was only detected in the group of either
proteins, or transcripts, identified as changing in both data
sets (chromosome segregation and kinetochore), and of tran-
scripts detected as changing only in the transcriptomic data
set (DNA replication).

The 83 cell cycle regulated genes identified in common
between both data sets includes CPC1, AUK1, CRKS3 and
multiple kinetochore proteins (KKT1, 7 and 2) (supplemental
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Fic. 4. Radial visualization plot annotated with known cell cycle regulated proteins. Time-points are represented as individual hours on
a clock-face. Individual protein groups are pulled toward the time-points they are most abundantly expressed in. Only proteins classified as
cell cycle regulated are plotted with colors matching the clusters in Fig. 3. Individual proteins known to be involved in Trypanosoma brucei cell

division are labeled.

Table S4). The class of cell cycle regulated proteins whose
cognate mRNA abundances were measured, but not cell cy-
cle regulated, includes DOT1B, KIN-A, CYC4, CYC6, CRK2,
and multiple kinetochore proteins (KKT5, 6, 10, 12, 14, 15 and
17) (supplemental Table S4). The set of 139 transcripts clas-
sified as cell cycle regulated, but not detected in our pro-
teomic data set, contains CDC45, CRK10, CYCS8, KIN-B, PLK
and multiple kinetochore components (KKT8, 9, 11 and 13)
(Supplemental Table 4). Finally, the 313 cell cycle regulated
transcripts that do not show cell cycle regulation at the protein
level includes components of the trypanosome flagellum and
various subunits of nuclear and kinetoplastid DNA poly-
merases (supplemental Table S4).

A contingency table was produced to compare the cell
cycle phase classification of the 83 proteins and transcripts
identified as changing in both data sets (supplemental Table
S6). A chi-squared test reveals that the null-hypothesis, that
there is no relationship between transcript and protein clas-
sification, is false (p = 0.0001), indicating a positive correla-
tion between transcript and protein cell cycle phase classifi-
cation. However, we observe that transcripts peaking in
abundance in G1-phase are more likely to encode for proteins
that peak in abundance in S-phase (36 out of 55 transcripts),
higher than would be expected for a random distribution (27
out of 55 transcripts). Furthermore, of the 55 G1 transcripts, a
total of 13 peak in expression at the protein level only at G2

and M-phase. Finally, of the 21 S-phase classified transcripts,
15 are identified in G2 and M-phase clusters in the proteomic
data, 87% higher than would be expected from a random
distribution, whereas only 4 are classified in S-phase clusters.

Data Visualization—All of the processed MS data and pre-
dictions of cell cycle phase classification have been made
freely available via a custom, searchable database. The data
can be browsed on a web server at http://134.36.66.166:
8883/cell_cycle. The web page displays an interactive radial
visualization plot of the 384 proteins classified as cell cycle
regulated, color coded by their cluster grouping. Clicking on
individual proteins within the radial visualization plot loads
their abundance profile over the proteomic time-course
across three biological replicates. Plots for any of the 5325
proteins detected in the data set can also be loaded through
the selection Table in the top right-hand corner of the web
page. The selection Table is fully searchable, allowing input of
gene ID or any term which may be associated with the gene
description (e.g. kinase), and can be ordered by either gene
ID, gene description, fold-change, Pearson correlation, or
cluster classification.

DISCUSSION

Comparison of Elutriation Methods—The present study
shows that elutriation efficiently enriches for G1-cells, (93%
enrichment) and that high enrichment of S-phase and G2 and
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Fic. 5. Validation of proteomic predictions of novel cell cycle regulated proteins through TrypTag. Selected images from TrypTag (16)
high-throughput microscopy database of “hypothetical proteins of unknown function” identified as cell cycle regulated from proteomic data
(A) mMNG::Tb927.10.2660 (B) mNG::Tb927.10.870 (C) mNG::Tb927.4.2870 (D) mNG::Tb927.10.3970. The four panels from top to bottom
displays a representative image of a cell in nuclear G1, nuclear S, early M and late M-phase of the cell cycle. Scale bar represents 5 um.

mNG, mNeonGreen.

M-phase cells could be obtained by reseeding elutriated
G1-phase cells. Direct enrichment of S-phase and G2 and M-
phase cells by elutriation was inefficient, possibly because of
limitations in resolving the size differences between S and G2
and M-phase cells. Compared with double-cut elutriation, as
previously described (10), the single-cut method described in
this study produced very similar enrichment efficiencies while
providing a significantly higher yield of cells, which is benefi-
cial for high proteomic coverage to capture low abundant
proteins. A recently published study that thoroughly charac-
terizes elutriation of bloodstream and procyclic form trypano-
somes supports the idea that single cut elutriation is a robust,
reproducible method for cell cycle phase enrichment (15).
Single-cut elutriation compares well to other methods used
to produce populations enriched in different cell cycle phases.
It is possible to sort cells by flow cytometry, based on DNA
content, either on live, or fixed cells, for proteomic analysis
(33). However, to produce ~200-400 pg of protein per sam-
ple requires ~1 x 108 trypanosome cells, which would require
very long sorting times using flow cytometry, especially for
S-phase cells that constitute ~15% of asynchronous cul-
tures. Other methods include drug treatments to synchronize
cells, such as hydroxyurea treatment (34, 35), or starvation
through removal of serum from culture (36). Although drug-
based synchronization methods are often more technically

expedient, compared with elutriation, these methods have
been shown to lead to artifactual proteome changes associ-
ated with an arrest phenotype, rather than changes that occur
during a physiological, unperturbed cell cycle (37).

Cell Cycle Regulated Proteins—The proteomic data suc-
cessfully identify proteins associated with cell division in T.
brucei, with increases in protein expression detected at the
expected time-points (Fig. 4). For example, CRK2 (a cdc2
related kinase), is upregulated at the 5 h time point, between
G1 and S-phase. This is consistent with reports that CRK2
function plays a role in the G1 to S transition, as CRK2
depletion leads to a G1-phase block in T. brucei (4, 5). Simi-
larly, PIF1, a DNA helicase necessary for kinetoplast DNA
replication in early S-phase (38), is upregulated at the protein
level between the 5 h and 6 h time-points. Thymidine kinase,
necessary for genomic DNA replication (39), is upregulated
between 6 h and 7 h. Furthermore, many of the proteins
upregulated between 8 h and 9 h have ascribed G2 and
M-phase functions, including components of the chromo-
somal passenger complex (AUK1, CPC1, and KIN-A) (26-28),
another cdc2-related kinase (CRK3) (4), motor proteins in-
volved in spindle assembly (MIp2 and KIF13) (24, 25, 29, 40)
and multiple kinetochore proteins (KKTs) (9). Finally, DOT1B is
upregulated late in G2 and M-phase and into G1-phase. This
is a histone methyltransferase known to modify chromatin as
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cells exit mitosis and is necessary for cell division during
differentiation from bloodstream to procyclic form cells
(41, 42).

Classification of Temporal Patterns of Protein Abundance —
The 384 cell cycle regulated proteins are divided into nine
clusters that we associate with four distinct cell cycle phases
(G1, S, G2 and M and late G2 and M/early G1) (Fig. 3 and
supplemental Table S2). The GO enrichment of individual
clusters demonstrates the association of GO terms associ-
ated with expected cell cycle phases; for example, G2 and
M-phase clusters are associated with GO terms such as
“M-phase” and “mitotic cell cycle”, and also cellular pro-
cesses associated with G2 and M phases, including “spindle
assembly” and “chromosome segregation” (supplemental Ta-
ble S3), supporting the idea that proteins of unknown function
can be associated with roles in particular cell cycle phases
based on their clustering. To this end, 46 hypothetical pro-
teins of unknown function are observed within G1-phase clus-
ters, 40 in S-phase clusters and 65 in G2 and M-phase clus-
ters, indicating potential roles for these proteins in these
distinct stages of cell division.

Surprisingly, 36 out of 48 proteins identified with a de-
scribed cell cycle associated GO term are not classified as
cell cycle regulated in our data set (supplemental Fig. S3). If a
protein has a function during the cell cycle we would expect a
cell cycle specific pattern of regulation, though this does not
necessarily have to occur at the level of protein abundance.
The proteins may, therefore, be regulated at the level of post-
translational modification, or through either modification of
interaction partners, or subcellular localization, whereas its
abundance remains relatively constant. Another formal expla-
nation could be that the peptides used to quantify these
proteins may be suffering effects of interference, leading to
ratio compression, masking real changes in protein abun-
dance (43).

Comparative Analysis of the Cell Cycle Regulated Tran-
scriptome and Proteome—Although a previously published
transcriptomic analysis of the cell cycle in PCF T. brucei (10)
identifies a similar number of genes as cell cycle regulated
(530 transcripts) as identified at the level of protein (384
proteins), there is a surprisingly low overlap between these
lists, with only 83 in common (supplemental Fig. S6 and
supplemental Table S4).

As expected, the group of 83 proteins identified in common
between both data sets contains known cell cycle regulated
proteins, and the classification of this group of proteins in two
independent studies increases confidence that they are gen-
uinely cell cycle regulated (supplemental Table S4). Although
there is limited overlap between the lists of proteins/tran-
scripts identified as regulated in the proteomic and transcrip-
tomic studies, both methodologies successfully identify
known cell-cycle regulated proteins. For example, the group
of 277 cell cycle regulated proteins that are not reported to be
regulated at the transcript level includes several cyclin pro-

teins, a cdc2-related kinase and seven kinetochore associ-
ated proteins (supplemental Table S4). Similarly, the 313 tran-
scripts classified as regulated, but not corroborated at the
protein level, includes proteins which may be involved in cell
cycle specific functions, such as kinetoplastid and nuclear
DNA replication (supplemental Table S4). The set of 139 tran-
scripts classified as cell cycle regulated, not detected in our
data set, also contains several cell cycle associated kinases,
cyclins and kinetochore associated proteins (supplemental
Table S4).

These results demonstrate the complementarity of both
data sets, as although there is only a partial overlap in the
transcripts/proteins classified as cell cycle regulated, both are
successful in identifying known regulated transcripts/proteins
that the other did not identify. There are several reasons why
these experiments may preferentially identify different sets of
transcripts/proteins. For example, utilizing proteomic tech-
niques, it is a challenge to reliably identify and quantify low
abundance proteins, as evidenced by our ability to identify
only 72% of the transcripts identified. Because of restricted
temporal expression, cell cycle regulated proteins may be of
low abundance, hence it is no surprise that, particularly in the
class of transcripts not identified in our proteomic data set,
there are known cell cycle regulated proteins only identified
by transcriptomics. Moreover, it is not surprising that some
proteins are only identified as regulated from proteomic evi-
dence, as protein abundance can be regulated by factors
independent of mMRNA abundance, such as the rates of trans-
lation and protein degradation.

There are also aspects of experimental design which may
lead to the differences observed in classification of proteins or
transcripts as cell cycle regulated. The proteomic study de-
scribed here utilizes nine time-points compared with four in
the transcriptomic study. The use of more time-points allows
for a finer grained analysis of cell cycle regulation, increasing
the probability of detecting proteins with significant changes
within the cell cycle. Additionally, the methods for classifica-
tion of a protein or transcript as cell cycle regulated are
different. The proteomic data set utilizes three biological rep-
licates of a time-course of single-cut elutriated cells, with the
reproducibility and mean maximum fold-change used to clas-
sify cell cycle regulation. The transcriptomic data set uses a
non-corroboration rate through the comparison of ranked
fold-changes between two single replicate experiments, using
either double-cut elutriation or starvation to synchronize cells
in G1-phase. The lack of biological replicates makes it difficult
to assess the statistical significance of the results and could
lead to misassignment of cell cycle regulated transcripts (false
positives). Similarly, using the comparison of ranked fold-
changes of two very distinct methods of synchronization as
the basis for classifying cell cycle regulation may lead to false
negatives, as each synchronization procedure may have
method-specific transcriptional signatures. Indeed, it is
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known that drug-based and elutriation-based cell cycle pro-
teomes differ for mammalian cells (37).

Using the remaining 83 transcripts/proteins found in com-
mon to be cell cycle regulated between both data sets, we
compared the classification of the cell cycle phases that the
transcript and protein peaks in (supplemental Table S6).
These results indicate a lag between an increase in mRNA
abundance translating into an increase in protein abundance.
For example, we observe that S-phase and G2 and M-phase
classified proteins are mainly identified as G1 and S-phase
transcripts, respectively. Alternatively, the experimental de-
sign in our proteomic study may allow for more accurate
classification of peak expression, because of a higher tempo-
ral resolution, using nine time-points, compared with four in
the transcriptome study.

Cell Cycle Regulatory Role of PSP1 Domain Proteins—We
note the enrichment of polymerase suppressor 1 (PSP1) do-
main containing proteins within the group of 831 transcripts/
proteins with evidence for cell cycle regulation. The PSP1
protein was first discovered in yeast, where it was found to
suppress mutations in temperature sensitive DNA poly-
merases (44). The C terminus of PSP1 contains a domain that
is found in up to 13 proteins in T. brucei (supplemental Table
S6). Two of these proteins have homologs in Crithidia fascicu-
lata (RBP33 and RBP45) that are subunits of the cycling
sequence binding protein (CSBP Il), which bind directly to
mRNAs that periodically accumulate across the cell cycle.
RBP33 and RBP45 are also known to be differentially phos-
phorylated across the cell cycle, which may regulate their
interaction with mRNA (45). Of the remaining 11 PSP domain
containing proteins in T. brucei, 4 are classified as cell cycle
regulated in both transcriptomic and proteomic data sets, and
one more in the transcriptomic data alone. All four proteins
detected are in the top 18 most significantly changing pro-
teins in the proteomic data, with maximum fold-changes
across the cell cycle >3.6 (supplemental Table S7). As there
is now evidence for cell cycle regulation of 7 out of 13 PSP1
domain containing proteins in T. brucei, either through
changes in abundance or phosphorylation, we propose that
this domain may be a conserved domain intimately involved in
cell cycle associated processes in kinetoplastids.

Identification of Novel Cell Cycle Regulated Proteins— From
the 384 proteins with patterns of cell cycle regulation, only 12
are associated with a cell cycle GO term (supplemental Fig.
S3). We are therefore potentially describing novel cell cycle
associated functions for hundreds of proteins in T. brucei.
However, within this group we find a few proteins, such as
PIF1, thymidine kinase and PUF9, all known to have key
functions during cell division, but lacking a cell cycle-related
GO annotation (38, 39, 46). This result highlights the need for
better curation of trypanosomatid database resources and
studies such as this can contribute evidence through the data
produced. It is also clear from Fig. 4 that proteins upregulated
in the G2 and M-phase of the cell cycle are more likely to be

annotated, reflecting the bias in the cell cycle literature toward
the study of how mitotic entry and exit is regulated.

To expand the identification of novel proteins essential for
the cell cycle in trypanosomatids, our data set was filtered to
only display hypothetical proteins of unknown function that
are essential for the growth of the parasites in culture (sup-
plemental Fig. S4) (23). Of the 119 essential proteins in cell
cycle regulated clusters, 40 are classed as hypothetical pro-
teins of unknown function with over 4-fold-changes across
the time-course. That these proteins are changing in abun-
dance across the cell cycle, and are essential for growth in
culture, points to the idea that they are essential because of
their role in cell-division. As these proteins are classed as
hypothetical proteins of unknown function, lacking obvious
sequence homology to proteins characterized in other eu-
karyotes, they could be key candidates to target with drugs
because they could selectively interfere with trypanosomatid,
rather than host, cell division.

Validation of Proteomic Data Through TrypTag—Cross-
comparison of the 384 cell cycle regulated proteins to the
TrypTag microscopy database, a project aiming to tag every
trypanosome protein with mNeonGreen (mMNG) and determine
their localization, provides orthogonal evidence for the
proteomic predictions of cell cycle regulation. We highlight four
uncharacterised proteins, annotated as hypothetical proteins
of unknown function, which show distinctive localizations dur-
ing cell division (Fig. 5). Tb927.10.2660, Tb927.10.870, and
Tb927.4.2870 were all found in G2 and M phase clusters from
the proteomic data set, matching the patterns of localization
observed by microscopy. mNG::Tb927.10.2660 exhibited a
clear accumulation on the spindle during late G2 and M
phase, whereas mNG::Tb927.10.870 and mNG::Tb927.4.2870
appeared on the flagellum attachment zone (FAZ) and spindle
poles, respectively, similarly late in the cell cycle. mNG::
Tb927.10.3970 displays a strong nuclear increase in S-phase
cells, again matching the evidence from the proteomic time-
course as an S-phase upregulated protein. A further seven
examples are presented in supplemental Fig. S5, including three
proteins initially annotated as hypothetical proteins of unknown
function upon the first analysis of the data, but now character-
ized as TOEFAZ1, FAZ18, and KKIP1 (30-32).

In summary, this study presents the first in depth analysis of
the cell cycle regulated proteome of procyclic form Trypano-
soma brucei, identifying hundreds of cell cycle regulated pro-
teins. This data set should be of use to the wider trypanosome
research community, providing valuable functional informa-
tion on uncharacterized proteins and, through the identifica-
tion of essential cell cycle regulated proteins, offering a list of
potential drug targets to selectively interfere with cell division
in this organism. Although there is an overlap between the
proteomic data and previously published transcriptomic data,
there are also major differences between the two, indicating a
complex relationship between mRNA and protein abun-
dances. Finally, combining evidence from separate, large-
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scale proteomic data sets, such as the mass spectrometry
data produced here, and the microscopy based TrypTag da-
tabase, provides powerful tools to characterize protein abun-
dance and localization of proteins in an unbiased manner.
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