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ABSTRACT
The kinetoplastid parasite Trypanosoma brucei is responsible for both human
African trypanosomiasis (HAT) and the wasting disease nagana found in cattle. Unique
to kinetoplastids are the specialized peroxisomes, named glycosomes, which
compartmentalize the first several steps of glycolysis and gluconeogenesis, nucleotide
sugar biosynthesis, and many other metabolic processes. There are many studies
surrounding the heterogeneity and complexity of glycosomes as well as how these
organelles proliferate and import their proteins. Here, I first explored new methods to
analyze glycosome heterogeneity by flow cytometry. The advancement of flow cytometry
has yielded methods that enable the identification of vesicles between 30-1000 nm in
diameter. I adapted these techniques for the identification of glycosome populations by
flow cytometry and the isolation of distinct populations via organelle sorting. With this
technology, I detected populations of glycosomes (200 nm) harboring different amounts
of a fluorescent glycosome protein reporter. I used a cell sorter to sort glycosomes
based on their eYFP expression. T. brucei is unique in that they have two Pex13s,
Pex13.1 and Pex13.2, whereas other eukaryotes have a single Pex13, and together,
Pex13.1,

Pex13.2,

and

Pex14

comprise

the

glycosome

import

complex.

Phosphoproteomics reveal that Pex13.2 is phosphorylated and here I analyzed the role
of this phosphorylation on both import complex formation and glycosomal protein import.
Using Pex13.2 phosphorylation mutants revealed that the phosphorylation state of
Pex13.2 does not impact import complex binding or the translocation of matrix proteins.
However, Pex13.2 phosphorylation may affect import complex size. Additionally, I
examined the activity and protein expression of gluconeogenic enzyme fructose 1,6bisphosphatase (FBPase) between cell strains. FBPase is localized to the glycosome
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and recent metabolic labeling experiments revealed the gluconeogenesis is active in
both stages of T. brucei. Here, I showed that FBPase is regulated in an unexpected
manner. Under low glucose conditions the enzyme activity is undetectable, but in high
glucose conditions activity levels are high. Also, I revealed that this activity pattern is
both density dependent and strain dependent. Because glycosomes are essential and
parasite specific, understanding their biology is critical for development of therapeutics.
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CHAPTER ONE
Literature Review

Human African Trypanosomiasis
Human African Trypanosomiasis (HAT) is a deadly disease caused by the
kinetoplastid parasite Trypanosoma brucei and is prevalent across Sub-Saharan Africa
(1). These extracellular parasites are passed between the mammalian bloodstream and
the insect vector, tsetse fly (Glossina spp.) (1). Within T. brucei there are three
subspecies of which two infect humans, T. b. gambiense and T. b. rhodensiense, and
the third, T. b. brucei, primarily infects cattle causing the wasting disease, Nagana (2).
Nagana causes a heavy economic burden across many countries due to livestock being
the main source of household income (3). All three T. brucei species are morphologically
indistinguishable from one another (2). Millions of people are at risk for HAT and
thousands of cases are reported per year (4, 5). T. b. gambiense accounts for 98% of
the reported cases and is found in 24 countries in west and central Africa (Figure 1.1)
(4). This species causes chronic infections in humans lasting an average of 3 years
before resulting in death (6, 7) and is rarely found in animals (8). T. b. rhodensiense
spans 13 countries in southern Africa and represents fewer than 2% of the reported
cases (9) causing acute infection (7). The infection of T. b. rhodensiense progresses to
death within 6 months (10). It is estimated that between economic and social burden,
Africa loses up to $1.5 billion annually due to this disease (11).
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Figure 1.1: Distribution of human African trypanosomiasis. (A) T. brucei gambiense
reported cases from 2018. (B) T. brucei rhodensiense reported cases from 2018.
Modified from WHO map production: Control of Neglected Tropical Diseases.

T. b. brucei is unable to infect humans because it lacks serum resistance
associated protein (SRA) (12, 13), which is present in T. b. rhodesiense, and imparts
resistance to normal human serum (NHS). SRA is a variant surface glycoprotein (VSG)like protein (14). SRA was first discovered in 1913 by Lavern and Mesnil and later
identified in other primates such as gorillas, baboons, and mandrills (15, 16). SRA
contains a trypanolytic factor (TLF1) (17), whose activity is associated with high density
lipoproteins (HDL) (17). A second trypanolytic factor (TLF2) was discovered later and is
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present in levels similar to TLF1 (1-1.2 g/mL) (18, 19). Binding assays indicate that TLF1
bind to the haptoglobin-hemoglobin endocytic pathway to enhance uptake (20–22). TLF2
is the physiological lytic factor that causes cell lysis upon endocytosis and trafficking to
the lysosome (23–25). TLF1 is lipid-rich (~40%) and TLF2 is lipid-poor (>1%), however,
both are composed of apolipoprotein L-I (ApoLI) and a haptoglobin related protein (Hpr),
which together cause trypanosome lysis (18, 22, 26). Because TLF1 and TLF2 are
present in humans and primates, T. brucei brucei cannot establish infection in those
organisms.
The mechanism in which T. b. gambiense is resistant to NHS is different from T.
b. rhodesiense. This species resists TLFs by a hydrophobic β-sheet of the specific
glycoprotein, TgsGP, which prevents APOL1 toxicity (27). Another factor is the
haptoglobin-hemoglobin receptor, TbHpHbR, which concerns the TLF-1 receptor. The
down-regulation of TbHpHbR prevented high APOL1 load (27).
Both T. b. rhodensiense and T. b. gambiense cause severe symptoms in
humans. The first stage of human African trypanosomiasis is the haemo-lymphatic
stage, which causes fever, headache, enlarged lymph nodes, joint pains, and itching.
The parasites continue to divide extracellularly in the blood and lymph nodes (7, 9) and
the disease progresses to the second, meningo-encephalic stage, when it crosses the
blood brain barrier and induces changes in behavior, confusion, sensory disturbances,
and poor coordination. HAT is also named African sleeping sickness because the
disease causing changes in sleep cycle (7, 9).
HAT is almost always fatal without treatment and the current treatments are
highly toxic, difficult to administer, and expensive (9, 28). For T. b. gambiense, the first
stage treatment is pentamidine given once a day for 7 days with side effects including
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hypoglycemia, injection site pain, diarrhea, nausea, and vomiting (7). When the
parasites cross the blood brain barrier (stage two), the treatment is either eflornithine
(every 6 hours for 14 days) or melarsoprol (every day for 10 days). The side effects of
these drugs can be severe and include encephalopathic syndromes, convulsions,
anemia,

thrombocytopenia,

peripheral

motoric

or

sensorial

neuropathies,

and

thrombophlebitis (7). T. b. rhodensiense has a different first stage drug from T. b.
gambiense, but has the same second stage treatment of melarsoprol. First stage
treatment is a drug called suramin, which requires 5 injections every 7 days and can
cause hypersensitivity reactions, albuminuria, haematuria, and peripheral neuropathy
(7). Due to lack of acceptable treatments, the identification of new drug targets is
essential.

Life cycle of T. brucei
The life cycle of Trypanosoma brucei spp. is complex and the changing
environments require metabolic reprogramming (Figure 1.2). T. brucei is transmitted by
the tsetse fly (Glossina sp.) and while in the midgut of the fly they are in their procyclic
form (PF). After the fly takes a blood meal, glucose is depleted within 15 minutes (29).
Because of this, the PF cannot depend on glucose as their main carbon source and
must adapt to the nutrients available for ATP synthesis (30–33). L-proline is the most
abundant amino acid in the midgut of the tsetse fly and the parasites rely on their
mitochondrion-based respiratory system (34) to convert proline to glutamate, then
succinate, acetate, and alanine for ATP (33).
While in the midgut of the tsetse fly, T. brucei proliferate and begin their migration
to the salivary glands where they attach via their flagellum (34, 35). There are lectins in
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the midgut which are important in the maturation rate of the parasites. When the lectins
are blocked with the addition of glucosamine, the maturation rate of the parasites was
significantly lowered (36, 37). Knocking out the gluconeogenic enzyme fructose 1,6bisphosphatase, rendered the parasite infection unable to progress to the salivary gland
stage causing them to no longer be transmissible (38). Once the parasites successfully
attach to the salivary glands they divide and differentiate into epimastigotes (34, 35).
Sexual reproduction is not obligatory in trypanosomes, but can occur in the salivary
glands at this stage producing genetic exchange and the transfer of traits such as drug
resistance and virulence (39, 40). Parasites eventually undergo cell arrest and transition
to the pre-adapted mammalian stage termed metacyclics (Figure 1.2) (34). During this
time the parasites acquire their variant surface glycoprotein coat and transit to the
salivary gland lumen ready to be transmitted into their next host (34).
After the tsetse fly has a blood meal, the metacyclics enter the bloodstream of
the host and differentiate into the long and slender bloodstream form (BF), which go on
to proliferate (Figure 1.2) (41). As parasitemia increases in the bloodstream, a
trypanosome-derived factor, stumpy induction factor (SIF), accumulates and stimulates
the slender BF to differentiate into the non-dividing short and stumpy BF (Figure 1.2)
(34, 41). The short and stumpy BF cells are pre-adapted for life in the tsetse fly. This
stumpy cell cycle arrest is important because it controls parasite abundance in the host,
increasing the chances of tsetse fly uptake to complete the life cycle (34).
BF parasites are covered in a homogenous variant surface glycoprotein (VSG)
coat that enables them to evade the immune system (14, 42). These glycoproteins are
held to the cell surface by glycosylphosphatidylinositol (GPI) anchors (34, 43). There are
hundreds of VSG genes that the parasites can express. The host immune system will
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recognize and build antibodies against the current VSG coat, and the parasites will
undergo antigenic variation to express a new VSG protein (44). This switch in proteins
allows the parasites to avoid the host immune response (14, 44–47). Typically, only one
VSG is expressed at a time and the unexpressed VSGs are scattered over many
chromosomes (44, 47, 48). Expressed VSGs are located near the telomeres in telomerelinked VSG expression sites (ES) that extend from the VSG promoters to the telomeric
repeats located downstream of the VSGs (46, 47, 49).
The mammalian bloodstream contains stable glucose levels (5mM) and T. brucei
relies on glycolysis for production of ATP (50, 51). A proteomics study found differences
in expression levels of glycolytic enzymes and mitochondrial enzymes between BF and
PF parasites (52). Multidimensional label-free semi-quantitative differential threedimensional liquid chromatography with mass spectrometry (3D-LC-MS/MS) show that a
number of glycolytic enzymes, such as phosphofructokinase and hexokinase, were an
order of magnitude more abundant in BF than in PF glycosomes (52). In contrast,
mitochondrial enzymes, such as succinyl-CoA ligase, was suppressed in BF while
elevated in PF. T. brucei has recently been identified in adipose and skin tissue and it is
unknown what parasite metabolic pathways are active in these specific environments
(Figure 1.2) (53, 54).
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Figure 1.2: Life cycle of Trypanosoma brucei. Life cycle depicting the development of
T. brucei between the insect vector and mammalian host. While in the midgut of the
tsetse fly the parasites are in their procyclic form (PF) and travel to the salivary glands
differentiating into metacyclic form. Following a blood meal the metacyclics are
deposited into the mammalian bloodstream and differentiate into long slender
bloodstream form (BF) until the stumpy induction factor (SIF) reaches levels that trigger
transition to short and stumpy form, which is pre-adapted for life in the fly. Recent
studies have shown that T. brucei can inhabit adipose and skin tissue of the mammalian
host (53, 54). The environments the parasites inhabit are highly variable in nutrient
availability. Permission granted under Creative Commons Attribution License (CC BY)
(51).
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Peroxisomes and protein import
Peroxisomes are found in most eukaryotic organisms and between taxa they
share much of the same proliferation and import machinery. The functions of these
organelles are diverse in that they perform many metabolic processes like lipid
metabolism and free radical detoxification (55). Proteins named peroxins (PEXs)
regulate peroxisome biogenesis and homeostasis. Peroxisomes are bound by a single
membrane, do not contain their own DNA, and import matrix proteins post-translationally
(56). Peroxisomal matrix proteins are nuclear encoded and synthesized on
polyribosomes in the cytosol. The matrix proteins also contain targeting signals that are
recognized by cytosolic peroxins (56–58). Peroxisome matrix proteins have one of two
targeting signals termed peroxisomal targeting sequence 1 (PTS1) and peroxisomal
targeting sequence 2 (PTS2) (59, 60). PTS1 is a highly conserved sequence of three
amino acids most commonly serine-lysine-leucine (SKL), while PTS2 is a more complex
and less conserved sequence (61). PTS1 is found on the C-terminal end of the protein,
while PTS2 is found on the N-terminus.
Proteins with a PTS1 are recognized by the cytosolic transport protein Pex5
while PTS2 is recognized by Pex7 (Figure 1.3) (62). These two peroxins, Pex5 and
Pex7, deliver the cytosolic proteins to the peroxisomes and dock with proteins Pex13
and Pex14, which are peroxisomal membrane proteins (PMPs) required for both PTS1
and PTS2 import (56, 63). Once Pex5 and Pex7 have delivered their cargo, they are
recycled back into the cytosol by ubiquitination facilitated by Pex2, Pex10, and Pex12
(RING complex) (60, 64). Pex8 is localized to the lumen of the peroxisome and links the
Pex13/14 complex of the RING complex (Figure 1.3). Both Pex13 and Pex14 are found
in all organisms that have peroxisomes, however, there are a number of species specific
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proteins. Pex17 is found in several yeast and serves as a part of the translocation
machinery with Pex13 and Pex14 (65, 66). Pex22 has been identified in yeast, fungi,
and Arabidopsis where it functions in peroxisome biogenesis (67). Additionally, Pex18
has only been seen in Saccharomyces cerevisiae and it functions as a co-receptor in
PTS2-protein import (66, 68). To date no species specific peroxins have been identified
in T. brucei.

Figure 1.3: Model of peroxisomal matrix protein import. PTS1 protein is transported
by Pex5 in the cytosol to the peroxisomal docking complex Pex13/14/17 (I). Cargo binds
to this docking complex (II). The import receptor, Pex5, assembles with Pex14 and
creates a pore for the protein to enter (III & IV). The import receptor is monoubiquitinated
to be recycled back into the cytosol by the RING complex (Pex12/10/2) and Pex4. Pex4
and Pex22 are a part of the ubiquitination cascade (V). The ubiquitinated receptor is
released (VI). Permission granted under Creative Commons Attribution License (CC
BY)(69).
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Biogenesis of peroxisomes
The proliferation of peroxisomes has been studied the most in depth in yeast.
While much of the process is conserved across multiple organisms, the peroxins
involved are sometimes different (55, 60, 70–74). Peroxisomes can proliferate via fission
of existing organelles or by de novo synthesis from the ER. Prior to fission the organelle
elongates and the number of Pex11s, a PMP, increases until division starts (75). Pex11
initiates the elongation by accumulating at specific membrane sites, which leads to the
elongation and protrusion (76) (Figure 1.4B)

The membrane constricts and several

peroxins, such as import complex peroxins (Pex13 and Pex14) and Pex3, are integrated
in the resulting daughter peroxisomes (77). The peroxins in the newly formed
peroxisome will then recruit the remaining PMPs and matrix proteins to achieve maturity
(66).
A second form of proliferation, de novo biogenesis, occurs in yeasts and
mammalian cell lines. During this process pre-peroxisomal vesicles (PPVs) that harbor
Pex3 and Pex19 bud from the ER and mature through recruitment of the remaining
peroxins, such as PMPs Pex13 and Pex14, needed for function (65, 69, 78). Pex19 is
essential in these pre-peroxisomal vesicles because it traffics the remaining PMPs, other
than Pex3, to the membranes (65). Pex3 is needed for the docking of essential peroxins
Pex13, Pex14, Pex10, Pex11, and Pex26 for peroxisome functionality (65, 78–80)
(Figure 1.4A)
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A

B

Figure 1.4: Peroxisome biogenesis. (A) De novo biogenesis involves the budding of
pre-peroxisomal vesicles from the ER containing Pex3 and Pex11. Pex19 recruits the
remaining peroxins to the vesicle to form mature peroxisomes. Growth and fission
occurs when the organelle elongates by increasing the number of Pex11 PMPs until
division starts distributing the peroxins between mother and daughter vesicles. Reprinted
with permission from Rockefeller University Press, the Journal of Cell Biology. Copyright:
Rockefeller University Press, 2011 (81). (B) S. cerevisiae model of Pex11 elongation
and fission process. Pex25 catalyzes the event by preparing the membrane for
association and accumulation of Pex11. Reprinted with permission from John Wiley and
Sons, FEBS Letters. Copyright: John Wiley and Sons, 2012 (76).

Peroxisome to glycosome evolution
Peroxisomes were first discovered in rat livers and were named after the
discovery of the organelles possessing oxidases (82). Following the discovery,
peroxisomes of similar biochemical properties were discovered in other tissues and
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organisms, including yeast. de Duve then proposed the origin and evolution of
peroxisomes on three premises: (1) the common properties of peroxisomes between
organisms suggests a phylogenetic relation, (2) the origin must go back to early stages
in evolution, such as primeval eukaryotes, and (3) the enzymatic diversity found in the
organelle is most likely the result of progressive deletion, rather than the acquisition of
new enzymes (83). It was later studied that peroxisomes are found in representatives of
all major branches of eukaryotes (84) and the organelle was most likely present in the
Last Eukaryotic Common Ancestor (LECA)(Figure 1.5)(85).
Peroxisomes are heterogeneous in morphology and enzyme content, seen
across different organisms and within organisms dependent on environment or
developmental stage (86). The morphology is consistent with a single boundary
membrane, various specific peroxisomal enzyme systems, and the mode of biogenesis
(73, 86–88). A specialized peroxisome-like organelle was first discovered in 1977 that
contained glycolytic enzymes and lacked oxidases and catalase (89). These new
organelles, termed glycosomes, were found in kinetoplastids including Trypanosoma
spp., Leishmania spp., and others. The origin of glycosomes has been traced to a
common ancestor of both the Kinetoplastea and Diplonemida lineages, but after the
separation from the Euglenida branch (Figure 1.5) (85).

It

is

proposed

that

the

glycolytic enzymes and others were most likely sequestered into peroxisomes due to
minor mistargeting of proteins, which has been observed in eukaryotic cells (90). The
preservation of the compartmentalization may be due to selective advantage.
Glycosome enzyme composition across different kinetoplastid lineages acquired
additional enzymes and the loss of others (85). Due to many of the parasites found in
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Kinetoplastea having a digenetic life cycle, this sequestration may be advantageous
when changing environments.

Figure 1.5: Glycosome evolution and development within organisms belonging to
the clade of euglenozoan protists. “P” represents when peroxisomes, which may have
been present in the last eukaryotic common ancestor (LECA). “G” represents
glycosomes and when glycolytic enzymes were most likely first compartmentalized.
Reprinted with permission from Elsevier, Current Opinion in Microbiology. Copyright:
Elsevier, 2014 (86).
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Glycosomes and protein trafficking
A unique organelle to all kinetoplastids is the glycosome, which is evolutionarily
related to peroxisomes (86, 91, 92). Many glycosomal PMPs and matrix proteins share
homology with peroxins found in peroxisomes (Table 1.1) (86, 93). Glycosomes are
unique because they harbor most of the enzymes needed for glycolysis and sugar
nucleotide biosynthesis, which are cytosolic in higher eukaryotes, and unlike
peroxisomes, glycosomes do not carry out free radical detoxification (50, 86, 91, 94).
Glycosomal matrix proteins are synthesized on free ribosomes in the cytosol and are
imported post-translationally (56, 86). As in higher eukaryotes, glycosome matrix
proteins harbor PTS1 and PTS2 signals and are delivered to the glycosomal membrane
by Pex5 and Pex7, respectively (64, 95) (Figure 1.6).
Although the import process of glycosomal matrix proteins is not fully
characterized, the general hypothesis is that when TbPex5 docks with the
TbPex14/TbPex13 complex a conformational change occurs, which allows TbPex5 to be
inserted into the membrane and release its cargo (64, 96). It is hypothesized in our lab
that TbPex5 and TbPex7 interact with the unique docking complex comprised of
TbPex13.1, TbPex13.2, and TbPex14. Other eukaryotes have a single Pex13. In human
Pex13 the N-terminus interacts with Pex5 (97). In yeast, the SH3 domain interacts with
Pex5 (98). In T. brucei the SH3 domain of TbPex13.1 interacts with TbPex13.2, TbPex5,
and TbPex19 (61, 64). After the cargo is released, TbPex5 may be mono-ubiquitinated
by TbPex4 and recycled back into the cytoplasm (93, 95).
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Targeting of
matrix proteins

Peroxin

Function

Homolog in T. brucei
(Y/N)

Pex7

PTS2 cargo, shuttling receptor

Y

Pex20

PTS2 cargo, co-receptor

N

Pex21

PTS2 cargo, co-receptor

N

Pex18

PTS2 cargo, co-receptor

N

Pex5

PTS1 cargo, shuttling receptor

Y

Docking complex and cargo-translocating
channel
Docking complex and cargo-translocating
channel

Y, unique Pex13.1 &
Pex13.2

Pex17

Receptor docking complex

N

Pex33

Receptor docking complex

N

Pex8

Docking and export complex

N

Pex4

Receptor export (ubiquitylation)

Y

Receptor export (ubiquitylation), Pex4 anchor

N

Pex14
Pex13

Matrix protein
import
machinery

Pex22
Pex2
Pex10
Pex12

Y
Y

Pex6

Receptor export (recycling), AAA-type ATPase

Y

Pex3
Pex19
Pex25

Fission

Y

Receptor export (recycling), AAA-type ATPase

Pex26

Formation of
peroxisomal
membrane from
the ER

Y

Pex1

Pex15

Direct targeting
of PMPs

Receptor export (ubiquitylation), form the RING
finger complex
Receptor export (ubiquitylation), form the RING
finger complex
Receptor export (ubiquitylation), form the RING
finger complex

Y

Receptor export (recycling), membrane
receptor for Pex1 and Pex6
Receptor export (recycling), membrane
receptor for Pex1 and Pex6
Receptor docking, forms complex with Pex19
for de novo biogenesis
Soluble chaperone and receptor, forms
complex with Pex3 for de novo biogenesis
Required for the de novo biogenesis, recruits
Rho1

N
N
Y
Y
N

Pex16

Recruits PMPs in the ER

Y

Pex1

Mediate fusion of PPVs in de novo biogenesis

Y

Pex6

Mediate fusion of PPVs in de novo biogenesis

Y

Pex23

Regulates de novo biogenesis

N

Pex30

Regulates de novo biogenesis

N

Pex11

Membrane elongation, recruits the fission
machinery

Y

Pex27

Negatively affects fission

N

Pex34

Positive regulator of fission

N

Table 1.1: Peroxin homologs found in T. brucei.
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Some of the specific interactions that mediate glycosome matrix proteins import
have been defined. Studies performed in both T. brucei and another trypanosome,
Leishmania donovani, show that Pex5 directly interacts with the PTS1 via seven
tetratricopeptide repeat (TPR) domain that forms helices (99–101), similar to mammals
and yeasts. TPRs are degenerate 34 amino acid repeats found on proteins with multiple
functions (99).
In T. brucei the overall identity of TbPex5 with other eukaryotes is low (22-27%),
but the carboxyl-terminal half, which contains the TPR, is higher (31-40%) (101). In most
systems, proteins can interact with both sides of the Pex5 helix, which suggests that
Pex5 may interact with multiple proteins simultaneously (56). When Pex5 docks, its Nterminal region interacts with the N-terminal domain of Pex14, which will ultimately lead
to the import of the cargo protein (102). However, TbPex14 is unique in that is has an
additional C-terminal helix when compared with human Pex14 (102). After docking, Pex5
is either recycled back into the cytoplasm or targeted for degradation via the really
interesting novel genes (RING) finger proteins Pex2, Pex10, and Pex12 (103) (Fig. 5).
After Pex5 docks and releases its cargo it can be monoubiquitinated by Pex4 at a lysine
residue indicating that it will be recycled back into the cytoplasm; this method is
conserved throughout eukaryotic evolution (68, 93). For degradation, Pex5 can be
polyubiquitinated and trafficked to the proteasome (66). This degradation occurs when
receptor recycling is dysfunctional and is also mediated by the RING finger group of
proteins (66, 104).
TbPex7 is found in the cytosol and is PTS2 dependent (103). Thus far, all Pex7
homologs harbor a Trp-Asn di-peptide repeat motif (105) that is predicted to bind to
multiple proteins at once. This suggests that like TbPex5, TbPex7 may bind to multiple
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proteins simultaneously before docking with the glycosome (56, 105). After releasing the
matrix proteins for import into the organelle, TbPex7 is ubiquitinated and recycled back
into the cytosol to recruit more PTS2 proteins. The mechanism in which TbPex7 docks
with the import complex and then released into the cytoplasm is less studied and not
well understood.
Very little is known about how glycosome membrane proteins are trafficked. In
other systems PMPs require three peroxins for correct localization: Pex3, Pex16, and
Pex19 (93). Trypanosoma brucei Pex19 is a cytosolic peroxin that chaperones PMPs to
the glycosomal membrane and then disassociates (75). TbPex19 forms complexes with
most of the PMPs it shuttles to keep the newly synthesized proteins properly folded
(106). A knockdown of Pex19 in T. brucei slowed parasite growth and led to the
mislocalization of glycosomal proteins such as phosphoglycerate kinase (PGK) (75).
TbPex16 was identified in T. brucei and when silenced, PF of the parasites suffered
severe ATP depletion, reduction in glycosomes, and eventual cell death (107). Without
TbPex16 many glycosomal matrix proteins were mislocalized to the cytosol (107). It is
proposed that this defect in localization resulted in cells with reduced number of
glycosomes. The glycosomes were reduced in the posterior region of the cells, which is
near the ER exit site, marked by Sec16 (108). The reduced number of glycosomes in
this region may be indicative of reduced de novo biogenesis because without TbPex16
de novo biogenesis is not functional (107).
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Recently, TbPex3 was discovered using bioinformatics and further characterized
through microscopic and biochemical analyses (109). TbPex3 is targeted to the
glycosome and interacts with the PMP receptor TbPex19, which is observed in other
eukaryotes. The depletion of TbPex3 causes mislocalization of glycosomal proteins to
the cytosol, reduced glycosome number, and eventual death of the parasite (109).

Figure 1.6: Glycosome matrix protein trafficking. Pex5 and Pex7 are cytosolic and
deliver glycosomal matrix protein harboring either a PTS1 or PTS2 signal sequence,
respectively. Pex5 docks with Pex14 to deliver the matrix protein for import. After
delivery, Pex5 can either be recycled back into the cytoplasm by monoubiquitination or
be targeted for degradation via the RING complex. After Pex7 releases its cargo it is
ubiquitinated and recycled back into the cytosol.
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Kinetoplastids have two unique Pex13s
Pex13 has been characterized across many organisms as a part of the
peroxisome protein import machinery. In general, Pex13 sequences across yeasts and
mammals are poorly conserved but the domain organization is retained, which is true in
T. brucei (64). Kinetoplastids are unique in that they have two distinct Pex13s termed
Pex13.1 and Pex13.2 (61, 64), whereas most other eukaryotes have only one. To date it
has been found that the protist Tetrahymena thermophila contains two Pex13s and
some plants, including wheat and rice (61). Pex13 has a typical structure of an Nterminal YG rich region, two transmembrane domains, and a C-terminal SH3 domain
(61) (Figure 1.7).
Pex13 in T. brucei was discovered by first identifying the Pex13 in Leishmania
major through the YG-rich motif (64). Among the 8 matches found in L. major, only one
contained an SH3 domain positioned towards the C-terminus, which is characteristic of
yeast and mammalian Pex13 sequences. With the L. major Pex13 identified, putative
orthologous proteins were found in both T. brucei and T. cruzi. Among these three
trypanosomatid Pex13s the similarity is only 30-50%, while when compared to nonkinetoplastids it drops to 7-18% (Figure 1.7) (64). The trypanosomatid Pex13s also
contain a tripeptide –TKL, indicative of a PTS1 sequence and further investigation
revealed the proteins localize to the glycosomal membrane (61, 64). Pex13 is essential
in trypanosomatids and in T. brucei both its N-terminus and C-terminus face the cytosol
(64, 110).
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Figure 1.7: Kinetoplastids have two peroxin 13s. Pex13.1 and Pex13.2 share low
sequence homology of approximately 11-16% and only 10-20% homology with higher
eukaryotes such as yeast, animal, and plants. Although the sequence identity is low,
overall protein structure remains the same. Reprinted with permission from John Wiley
and Sons, FEBS Letters. Copyright: John Wiley and Sons, 2012 (61).

In 2012, Pex13.2 was identified in T. brucei and the two isoforms, Pex13.1 and
Pex13.2, have low sequence homology of 11-16% similarity (61, 64). Pex13.2 is also a
glycosomal membrane protein involved in the import of glycosomal matrix proteins (61,
110). Pex13.2 is the only Pex13, with the exception of those in plants, to lack an SH3
domain (61). When Pex13.2 is reduced there is no growth defect observed in PF, but
there is a defect in BF (61, 110). Pex13.1 and Pex13.2 interact with one another through
the Pex13.1 SH3 domain (61) and both are important in the import of glycosomal
proteins (110). In PF, when Pex13.2 is reduced, the PTS2 containing matrix proteins
aldolase and hexokinase are mislocalized to the cytosol (110).
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Studies conducted in our lab suggest that Pex13.1, Pex13.2, and Pex14
comprise the glycosomal import complex of T. brucei (110). Coimmunoprecipitation data
show that both Pex13s interact with each other as well as Pex14. Further analysis using
2D gel electrophoresis discerned 3 different complex sizes: a high molecular weight
complex containing both Pex13.1 and Pex13.2, an intermediate complex that contains
all three peroxins, and a low molecular weight that contains Pex14 and potentially
Pex13.2 (110).

Peroxin Phosphorylation
Protein phosphorylation is one of the most common and important posttranslational modifications that regulates many cellular processes including protein
synthesis, cell division, signal transduction, cell growth, and development and aging
(111–113). Phosphorylation is reversible and protein kinases are responsible for adding
the phosphate group to serine, threonine, and tyrosine. The addition of the charged
phosphate group often triggers conformational changes that influence protein
interactions (114). There is a constant balance between phosphorylation and
dephosphorylation, mediated by kinases, phosphatases, and ATP/ADP ratios.
In yeast, approximately 75% of the proteins are phosphorylated (115) and an
analysis of 249 kinase and phosphatase deletion mutants showed that phosphorylation
is important for regulation of peroxisome biogenesis in S. cerevisiae (116). The 249
kinase and phosphatase genes were evaluated with deletion strains expressing a
chromosomally integrated peroxisomal 3-ketoacyl-CoA thiolase (Pot1p) fused to GFP.
With these strains expressing Pot1p-GFP, the formation and functionality of
peroxisomes were evaluated by four parameters: glucose repression, glycerol-mediated
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derepression, oleate induction, and peroxisome morphology. Overall, the study identified
signaling machinery that specify the requirements of early and late biogenesis of
peroxisomes (116).
Also in S. cerevisiae, the NAD+ dependent glycerol 3-phosphate dehydrogenase
(ScGpd1p), when phosphorylated, is localized to peroxisomes (117). ScGpd1p has a
PTS2 sequence and the serine residues lie near the sequence. When ScGpd1p was
mutated, using site-directed mutagenesis, to non-phosphorylated (Ser to Ala) or to
phosphomimetic aspartic acid (Ser to Asp), only the aspartic acid mutant was imported
into peroxisomes. Aspartic acid is chemically similar to phospho-serine allowing the
protein to maintain a higher level of activity and mimic phosphorylation. There is a
significant portion of ScGpd1p that remains localized to the cytosol suggesting that the
cell regulates its import through phosphorylation (117). In Hansenula polymorpha, nonphosphorylated HpPex14 was involved with typical peroxisomal import complex and
interacted with cytosolic Pex5 and Pex7 receptors. However, when HpPex14 is
phosphorylated, it induces macropexophagy and destines the peroxisome to be
degraded (118). In another study, 2D gel electrophoresis showed that phosphorylated
HpPex14 may be localizing to different sub-complexes containing a combination of
Pex14, Pex17, Pex12, and/or Pex10 (119).
In both human and mouse it was found searching through databases (Uniprot)
that Pex13 is phosphorylated although its function is unknown (115). S. cerevisiae
peroxisome studies of ScPex11 shown that the phosphorylated serine residues regulate
peroxisome proliferation and controls peroxisome abundance (120). Mutant ScPex11
strains were constructed by substituting the phosphorylation sites with either alanine or
aspartic acid. When each state is constitutively expressed it leads to ScPex11
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associating permanently with mature or proliferating peroxisomes, respectively. The
phosphorylation of ScPex11 controls peroxisome dynamics in a phosphorylationdependent regulation (120).
In T. brucei the role of Pex phosphorylation on glycosome protein import and
biogenesis is unknown. A comprehensive phosphoproteome study of both PF and BF
parasites revealed that Pex13.2 is phosphorylated at serine residues Ser214, Ser215,
Ser218, and Ser221. The impact of Pex13.2 phosphorylation on glycosome protein
import and biogenesis is unclear.

Glycosome metabolic processes
In addition to glycolysis, glycosomes house many metabolic processes such as
pentose phosphate pathway, ether-lipid biosynthesis, and purine biosynthesis (Figure
1.8) (50, 51, 121, 122). In PF, the first six steps of glycolysis, up to glyceraldehyde 3phosphate dehydrogenase (GAPDH), are housed within glycosomes, and glycolytic
enzymes comprise approximately 50% of the glycosome protein content (123). BF have
the first seven steps of glycolysis, up to phosphoglycerate kinase (PGK), within
glycosomes; and these

glycolytic proteins can take up to 95% of the glycosome

organelle (124). There are two predominant theories as to why kinetoplastids have
evolved to sequester glycolysis while in most eukaryotes this process takes place in the
cytosol. One theory is that sequestration of glycolysis to the glycosomes prevents
metabolic “turbo-explosion” (125, 126). HK and PFK are not subject to feedback
inhibition (125, 127, 128), and it is hypothesized cytosolic localization of these enzymes
would lead to unregulated glycolysis and the accumulation of toxic by-products (128).
The second theory is glycosome turnover involving autophagy (129). T. brucei
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undergoes environmental changes that require different metabolic processes (BF,
glycolysis; PF, proline catabolism). A glycosome study followed the morphology and
positioning of glycosomes during parasite differentiation from BF to PF and observed a
population of glycosomes associating with the lysosome and being degraded. This
suggests that efficient glycosome degradation may lead to the biogenesis of new
glycosomes containing the enzymes necessary for the metabolic shift at each life stage
(129).
Gluconeogenesis (GNG) is active in both BF and PF in trypanosomes (38, 130).
This metabolic process is typically active when glucose levels are low and the organism
needs

to

produce

sugars

from

non-carbohydrate

precursors.

In

PF,

phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate phosphate dikinase (PPDK)
are the only enzymes to produce phosphoenolpyruvic acid (PEP), a precursor for GNG,
in proline catabolism when grown in low glucose (38). When PF parasites are given
glycerol in low glucose media, they can use it as a carbon source for GNG to produce
energy (38). When PPDK, PEPCK, and glucokinase are all knocked out, GNG is
successfully inhibited and proves fatal to the parasite (38). A critical enzyme for GNG is
fructose 1,6-bisphosphatase (FBPase), which converts fructose 1,6-bisphosphate to
fructose 6-phosphate. Deletion of FBPase in vitro has no impact on PF parasites growth
and GNG is still active (38). This may imply that FBPase has other roles and there is an
alternate activity that produces G6P. In vivo FBPase is essential in PF parasites. Without
FBPase the parasites can no longer travel to the salivary glands of the tsetse fly and
differentiate into their mammalian infective metacyclic form (38).
It was hypothesized that BF trypanosomes did not utilize GNG because they live
in the mammalian bloodstream with a constant supply of glucose (5 mM). BF parasites
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can perform GNG when given glycerol as a carbon source (130). BF parasites are
present in other tissues of the body, such as adipose, skin, and brain (53, 54) and GNG
may be essential for the adaptation to these environments. Regulation of glycolysis and
GNG by allosteric modulation is not found in trypanosomes. In mammals, glycolysis and
GNG are typically found in the cytoplasm of a cell and PFK is regulated by the levels of
ATP, citrate, and fructose 2,6-phosphate. When ATP concentration is greater than ADP
and AMP, ATP allosterically inhibits PFK. Similarly, a high level of citrate, an early
intermediate in the citric acid cycle, also allosterically inhibits PFK due to biosynthetic
precursors being abundant. Fructose 2,6-bisphosphate, however, is an activator for
PFK. As the concentration of fructose 2,6-bisphosphate increases, the inhibitory effects
of ATP diminish, the affinity of PFK for fructose 6-phosphate increases. Conversely, as
fructose

2,6-bisphosphate

levels

decrease,

PFK

activity

decreases

and

the

gluconeogenic enzyme, FBPase, is activated. Thus far, no such allosteric regulator has
been discovered in T. brucei (126, 130, 131).

In other organisms with glycerol

metabolism in the cytosol, such as Escherichia coli and Haemophilus influenza, glycerol
kinase (GK) is inhibited by fructose 1,6-bisphosphate (132, 133). GK is highly active in T.
brucei and does not have any known inhibitors (134), but may be regulated due to the
sequestration of GK and glycolytic enzymes to the glycosome.
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Figure 1.8: Overview of the various metabolic pathways present in glycosomes.
Created with BioRender.com

Peroxisome and glycosome heterogeneity
Peroxisome heterogeneity is seen across species and tissue types. Peroxisome
composition in rats varied between brain and liver tissue. Through the use of
histochemical staining, light, and electron microscopy, D-amino acid oxidase activity was
found only in astrocytes and glial cells in the cerebellum (135, 136). Also enzyme
composition of peroxisomes differs between pre- and post-natal development in rat
livers. Subcellular organelle fractions of rat livers ranging from 3 days prenatal to 50
weeks old were collected from a sucrose gradient and peroxisomes and mitochondria
sedimented at a density of 1.243 g/mL and 1.235 g/mL, respectively. Fatty acid β-

26

oxidation, catalase, glycerol 3-phosphate dehydrogenase, and urate oxidase activities
were measured at each age. Activity levels for all of these enzymes were low in prenatal
peroxisomes. The greatest changes occurred in β-oxidation in the mitochondria, where
activity increased over the weeks, and catalase, which increased until 3 weeks of age
where it remaining consistent (137). Angermuller et al. showed by cytochemical
technique that peroxisomes in high oxygen versus low oxygen parts of the liver display a
mosaic pattern of D-amino acid oxidase suggesting that enzyme composition differs
between environments (138, 139).
In another study, peroxisomes were isolated by density-dependent metrizamide
gradient centrifugation (140) from rat normal liver cells and regenerating liver cells (141).
Two distinct populations of peroxisomes, light and heavy density, differed in morphology
(mean diameters) and enzyme composition. Pulse-studies using radioactive methionine
showed that light peroxisomes contained 2-fold higher incorporation of radioactive
methionine than the heavy fractions suggesting that new proteins were preferentially
incorporated into the light peroxisomes (141). Many of these experiments are performed
in rat livers as peroxisomes are abundant in those tissues.
A study conducted with cultured human hepatoblastoma cells used multiple
approaches to characterize peroxisomes (142). Morphology of peroxisomes in human
hepatoblastoma cells varied from small 90-100 nm in diameter organelles to 300 nm with
tail-like extensions. Immunolabeling demonstrated peroxisomes had different levels of
catalase. Gradient centrifugation revealed “lighter” peroxisomes had a significantly
higher amount of lipid beta-oxidation enzymes as compared to the “regular” peroxisomes
of higher density (142).
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Recent studies reveal peroxisome heterogeneity throughout the development of
the fungus Podospora anserina (143), where peroxisome morphology, protein import,
formation, and activity were regulated throughout fungal development and in response to
environmental cues. Vegetative and sexual cell types had structurally different
peroxisomes with different distributions. During sexual development the peroxisome
number increases at two distinct states: early ascus differentiation and ascospore
formation. Once the ascospores mature, peroxisome number decreases (143).
In relation to organelle formation, several other studies have linked peroxisome
heterogeneity to how the peroxisomes are maintained i.e. de novo biogenesis or growth
and division (87, 144). Age-related heterogeneity has been observed in yeast (144, 145).
Inheritance of peroxisomes protein 1 (Inp1) plays a role in peroxisome retention in the
mother cell while Inp2 is required to transport peroxisomes to the yeast bud by actin
filaments (145, 146).
Heterogeneity in peroxisomal membrane proteins (PMPs) is observed during
growth and division as well as dynamic formation of membrane contact sites with the
ER. In H. polymorpha, the dynamin-like protein (dnm1), which mediates fission but not
de novo formation (147), was deleted along with PMP Pex11, and then organelle
biogenesis and proliferation was observed (77). Through the use of fluorescent reporter
genes, it was observed that Pex11 is required to form both PMP subdomains pre-fission,
and is required for the redistribution of the PMPs Pex14, Pex8, Pex10, and Pex25 after
organelle fission (77). Similarly in mammalian cells, peroxisome proliferation follows a
step-wise maturation pathway in which Pex11 elongates the peroxisome by recruiting a
distinct set of PMPs, Pex3, Pex19, Pex16 (87). In fibroblast cells, super-resolution
stimulated emission depletion (STED) microscopy revealed peroxisome populations that
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were heterogeneous in size, shape, and protein distribution (148). Fixed immunostained
peroxisome diameters ranged from 130-650 nm and through the use of peroxisome
active import matrix protein marker SCP2, the distribution of Pex5 and Pex14 were
observed. Only peroxisomes containing Pex14 and Pex5 imported matrix proteins. Most
structures were labeled with Pex14 and Pex5. However, there were subpopulations that
only labeled with Pex14, which could indicate Pex14 interacting with other peroxins such
as Pex19, because of its similar binding domain, (149) or microtubules, because of its
association with tubulin (148, 150). When the binding domain of human Pex14 is
mutated it disrupts the association of Pex5 and Pex19 in vitro (149). Mass spectrometric
analysis of human Pex14 revealed that tubulin is associated with Pex14, and
experiments show that the two proteins directly bind. In Pex14 deficient cells,
peroxisomes lose their ability to move along microtubules (150).
In the kinetoplastid L. donovani, biochemical analyses revealed the presence of
multiple glycosome populations that differ in their densities and peroxin composition
(151). Glycosomal membrane proteins Pex16,11,13 were detected in high density
glycosomes whereas Pex7,1,6 were present in the low density glycosomes (151). An
analysis of glycosomal matrix proteins in L. donovani revealed the localization pattern of
argininosuccinate synthase and hypoxanthine guanine phosphoribosyl transferase to
distinct glycosome subpopulations (152). A recent study performed in T. brucei revealed
distinct localization of nucleotide synthesis (NS) enzymes to subpopulations of
glycosomes by immunofluorescence microscopy and density gradient fractionation (94).
By density fractionation, two glycosomal fractions were resolved: fraction 1 (1.15 g/mL)
and fraction 2 (1.18 g/mL). Fraction 1 contained proteins likely involved with import such
as HSP70 and Pex11, whereas fraction 2 contained higher abundance of glycosomal
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proteins, such as Pex16, Pex12, Pex11, and Pex13, which may differentiate immature
(fraction 1) versus mature (fraction 2) glycosomes. By microscopy, the localization of NS
enzymes were compared to the glycosomal marker GAPDH. The majority of NS
enzymes overlapped with GAPDH, however the ratios of the two varied among different
glycosomes (94).
Our lab has revealed at least two glycosome populations in T. brucei through the
use of transmission electron microscopy, organelle flow cytometry, immuno-electron
microscopy, and superresolution microscopy (153, 154). Using the fluorescent protein
eYFP tagged with an AldoPTS signal we have discerned bright vs dim glycosomes as
well as “empty” glycosomes that do not harbor any eYFP signal. Further, analysis of
glycosomes of PF parasites grown in either high or low glucose has yielded differing
glycosomal populations as well. Another study we are pursuing is the localization of the
glycolytic enzyme PFK versus the gluconeogenic enzyme FBPase. By superresolution
microscopy we visualize distinct patterning of the two enzymes indicating separate
localization of the two metabolic processes.

Summary
In the following chapters, I present work on glycosome heterogeneity, import
complex, and the gluconeogenesis pathway in the PF of Trypanosoma brucei. In
Chapter Two, I demonstrate new ways in which we can quantify and visualize
glycosome heterogeneity by using flow cytometry and cell sorting. We developed new
techniques using an eYFP reporter system and red lipid staining dye for detection of
small (200 nm) organelles. With the same eYFP reporter system we sorted organelles
on the basis of their eYFP content and obtained an enriched eYFP glycosome
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population. In Chapter Three, I focus on the role of Pex13.2 phosphorylation on
glycosome protein import and biogenesis. I use techniques such as immunoprecipitation,
differential centrifugation, and 2D gel electrophoresis to examine glycosomal import
complex composition and the import of glycosomal matrix proteins in cells expressing
Pex13.2 phosphorylation mutants. Lastly, in Chapter Four, I present data regarding the
gluconeogenic enzyme fructose 1,6-bisphosphatase and its unusual regulation in the
parasite. We developed a sensitive in vitro assay to measure FBPase activity alongside
protein abundance by Western blotting to assess when GNG activity in the cells.

31

References
1.

P. P. Simarro, G. Cecchi, J. R. Franco, M. Paone, A. Diarra, J. A. Ruiz-Postigo, E.
M. Fevre, R. C. Mattioli, J. G. Jannin, Estimating and Mapping the Population at
Risk of Sleeping Sickness. PLoS Negl. Trop. Dis. 6, 1–12 (2012).

2.

S. Deborggraeve, M. Koffi, V. Jamonneau, F. A. Bonsu, R. Queyson, P. P.
Simarro, P. Herdewijn, P. Büscher, Molecular analysis of archived blood slides
reveals an atypical human Trypanosoma infection. Diagn. Microbiol. Infect. Dis.
61, 428–433 (2008).

3.

R. J. Connor, The impact of nagana. Onderstepoort J. Vet. Res. 61, 379–383
(1994).

4.

W. H. Organization, Trypanosomiasis, Control and surveillance of human African
trypanosomiasis: report of a WHO expert committee (World Health Organization,
Geneva PP - Geneva, 2013; https://apps.who.int/iris/handle/10665/95732), WHO
technical report series; no. 984.

5.

J. R. Franco, G. Cecchi, G. Priotto, M. Paone, A. Diarra, L. Grout, P. P. Simarro,
W. Zhao, D. Argaw, Monitoring the elimination of human African trypanosomiasis :
Update to 2016. PLoS Negl. Trop. Dis. 2017, 1–16 (2018).

6.

F. Checchi, J. A. Filipe, D. T. Haydon, D. Chandramohan, F. Chappuis, Estimates
of the duration of the early and late stage of gambiense sleeping sickness. BMC
Infect. Dis. 10, 1–10 (2008).

7.

R. Brun, J. Blum, F. Chappuis, C. Burri, Human African trypanosomiasis. Lancet.
375, 148–159 (2010).

8.

J. R. Franco, P. P. Simarro, A. Diarra, J. G. Jannin, Epidemiology of human
African trypanosomiasis. Clin. Epidemiol. 6, 257–275 (2014).

32

9.

W. H. Organization, Sustaining the drive to overcome the global impact of
neglected tropical diseases. Second WHO Rep. neglected Trop. Dis. 3.9, 67–71
(2013).

10.

M. Odiit, F. Kansiime, J. C. Enyaru, Duration of symptoms and case fatality of
sleeping sickness caused by Trypanosoma brucei rhodesiense in Tororo,
Uganda. East Afr. Med. J. 74, 792–795 (1997).

11.

S. A. Bukachi, S. Wandibba, I. K. Nyamongo, The socio-economic burden of
human African trypanosomiasis and the coping strategies of households in the
South Western Kenya foci, 1–21 (2017).

12.

C. De Greef, E. Chimfwembe, J. Kihang’a Wabacha, E. Bajyana Songa, R.
Hamers, Only the serum-resistant bloodstream forms of Trypanosoma brucei
rhodesiense express the serum resistance associated (SRA) protein. Ann. Soc.
Belg. Med. Trop. (1920). 72, 13–21 (1992).

13.

C. De Greef, H. Imberechts, G. Matthyssens, N. Van Meirvenne, R. Hamers, A
gene expressed only in serum-resistant variants of Trypanosoma brucei
rhodesiense. Mol. Biochem. Parasitol. 36, 169–176 (1989).

14.

L. Vanhamme, E. Pays, The trypanosome lytic factor of human serum and the
molecular basis of sleeping sickness. Int. J. Parasitol. 34, 887–898 (2004).

15.

P. Kageruka, E. Mangus, E. Bajyana Songa, V. Nantulya, M. Jochems, R.
Hamers, J. Mortelmans, Infectivity of Trypanosoma (Trypanozoon) brucei
gambiense for baboons (Papio hamadryas, Papio papio). Ann. Soc. Belg. Med.
Trop. (1920). 71, 39–46 (1991).

16.

J. R. Seed, J. B. Sechelski, M. R. Loomis, A survey for a trypanocidal factor in
primate sera. J. Protozool. 37, 393–400 (1990).

33

17.

M. R. Rifkin, Identification of the trypanocidal factor in normal human serum : High
density lipoprotein. Proc. Natl. Acad. Sci. USA. 75, 3450–3454 (1978).

18.

J. Raper, M. Pilar, M. Portela, E. Lugli, U. Frevert, S. Tomlinson, Trypanosome
lytic factors : novel mediators of human innate immunity. Curr. Opin. Microbiol. 4,
402–408 (2001).

19.

B. J. Raper, V. Nussenzweig, S. Tomlinson, The Main Lytic Factor of
Trypanosoma brucei brucei in Normal Human Serum Is Not High Density
Lipoprotein. J. Exp. Med. 183, 1023–1029 (1996).

20.

B. Vanhollebeke, G. De Muylder, M. J. Nielsen, A. Pays, P. Tebabi, M. Dieu, M.
Raes, S. K. Moestrup, E. Pays, A Haptoglobin-Hemoglobin Receptor Conveys
Innate Immunity to Trypanosoma brucei in Humans. Science. 320, 677–682
(2008).

21.

B. Vanhollebeke, M. J. Nielsen, Y. Watanabe, P. Truc, L. Vanhamme, K.
Nakajima, S. K. Moestrup, E. Pays, Distinct roles of haptoglobin-related protein
and apolipoprotein L-I in trypanolysis by human serum. PNAS. 104, 4118–4123
(2007).

22.

M. P. Molina-Portela, M. Samanovic, J. Raper, Distinct roles of apolipoprotein
components within the trypanosome lytic factor complex revealed in a novel
transgenic mouse model. J. Exp. Med. 205, 1721–1728 (2008).

23.

S. L. Hajduk, K. M. Hager, J. D. Esko, Human High Density Lipoprotein Killing of
African Trypanosomes. Annu. Rev. Microbiol. 48, 139–162 (1994).

24.

K. M. Hager, M. A. Pierce, D. R. Moore, E. M. Tytler, J. D. Esko, S. L. Hajduk,
Endocytosis of a Cytotoxic Human High Density Lipoprotein Results in Disruption
of Acidic Intracellular Vesicles and Subsequent Killing of African Trypanosomes.

34

J. Cell Biol. 126, 155–167 (1994).
25.

S. L. Hajduk, D. R. Moore, J. Vasudevacharya, H. Siqueira, A. F. Torri, E. M.
Tytler, J. D. Esko, Lysis of Trypanosoma brucei by a Toxic Subspecies of Human
High Density Lipoprotein. J. Biol. Chem., 5210–5217 (1989).

26.

C. D. Kato, E. Matovu, C. M. Mugasa, A. Nanteza, V. P. Alibu, The role of
cytokines in the pathogenesis and staging of Trypanosoma brucei rhodesiense
sleeping sickness. Allergy, Asthma Clin. Immunol. 12, 1–10 (2016).

27.

P. Uzureau, S. Uzureau, L. Lecordier, F. Fontaine, P. Tebabi, F. Homble, A.
Grelard, V. Zhendre, D. P. Nolan, L. Lins, J.-M. Crowet, A. Pays, C. Felu, P.
Poelvoorde, B. Vanhollebeke, S. K. Moestrup, J. Lyngso, J. S. Pedersen, J. C.
Mottram, E. J. Dufourc, D. Perez-Morga, E. Pays, Mechanism of Trypanosoma
brucei gambiense resistance to human serum. Nature. 501, 430–437 (2013).

28.

V. Jamonneau, H. Ilboudo, J. Kobore, D. Kaba, M. Koffi, P. Solano, A. Garcia, D.
Courtin, C. Laveissiere, K. Lingue, P. Buscher, B. Bucheton, Untreated Human
Infections by Trypanosoma brucei gambiense Are Not 100% Fatal. PLoS Negl.
Trop. Dis. 6, e1691 (2012).

29.

R. Geigy, M. Huber, D. Weinman, G. R. Wyatt, Demonstration of trehalose in the
vector of African trypanosomiasis: the tsetse fly. Acta Trop. 16, 255–262 (1959).

30.

F. Bringaud, L. Rivière, V. Coustou, Energy metabolism of trypanosomatids:
Adaptation to available carbon sources. Mol. Biochem. Parasitol. 149, 1–9 (2006).

31.

E. Bursell, Aspects of the Metabolism of Amino Acids in the Tsetse Fly, Glossina
(diptera). J. Ins. Physiol. 9, 439–452 (1963).

32.

E. Bursell, Aspects of the Flight Metabolism of Tsetse Flies (Glossina). Comp.
Biochem. Physiol. 19, 809–818 (1966).

35

33.

B. S. Mantilla, L. Marchese, A. Casas-Sánchez, N. A. Dyer, N. Ejeh, M. Biran, F.
Bringaud, M. J. Lehane, A. Acosta-Serrano, A. M. Silber, Proline Metabolism is
Essential for Trypanosoma brucei brucei Survival in the Tsetse Vector. PLoS
Pathog. 13, 1–29 (2017).

34.

K. R. Matthews, The developmental cell biology of Trypanosoma brucei. J Cell
Sci. 118, 283–290 (2009).

35.

E. T. Macleod, A. C. Darby, I. Maudlin, S. C. Welburn, Factors affecting
trypanosome

maturation

in

tsetse

flies.

PLoS

One.

2

(2007),

doi:10.1371/journal.pone.0000239.
36.

I. Maudlin, S. C. Welburn, The role of lectins and trypanosome genotype in the
maturation of midgut infections in Glossina morsitans. Trop. Med. Parasitol. 39,
56–58 (1988).

37.

I. Maudlin, S. C. Welburn, Lectin mediated establishment of midgut infections of
Trypanosoma congolense and Trypanosoma brucei in Glossina morsitans. Trop.
Med. Parasitol. 38, 167–170 (1987).

38.

M. Wargnies, E. Bertiaux, E. Cahoreau, N. Ziebart, A. Crouzols, P. Morand, M.
Biran, S. Allmann, J. Hubert, O. Villafraz, Y. Millerioux, N. Plazolles, C. Asencio,
L. Rivière, B. Rotureau, M. Boshart, J.-C. Portais, F. Bringaud, Gluconeogenesis
is essential for trypanosome development in the tsetse fly vector. PLOS Pathog.
14, e1007502 (2018).

39.

L. Peacock, V. Ferris, R. Sharma, J. Sunter, M. Bailey, M. Carrington, W. Gibson,
Identification of the meiotic life cycle stage of Trypanosoma brucei in the tsetse
fly. PNAS. 108, 3671–3676 (2011).

36

40.

L. Peacock, M. Bailey, M. Carrington, W. Gibson, Meiosis and Haploid Gametes
in the Pathogen Trypanosoma brucei. Curr. Biol. 24, 181–186 (2014).

41.

K. R. Matthews, J. R. Ellis, A. Paterou, Molecular regulation of the life cycle of
African trypanosomes. Trends Parasitol. 20, 40–47 (2004).

42.

L. Marcello, J. D. Barry, Analysis of the VSG gene silent archive in Trypanosoma
brucei reveals that mosaic gene expression is prominent in antigenic variation and
is favored by archive substructure. Genome Res. 17, 1344–1352 (2007).

43.

M. Nakanishi, M. Karasudani, T. Shiraishi, K. Hashida, M. Hino, M. A. J.
Ferguson, H. Nomoto, Parasitology International TbGT8 is a bifunctional
glycosyltransferase that elaborates N -linked glycans on a protein phosphatase
AcP115 and a GPI-anchor modifying glycan in Trypanosoma brucei. Parasitol. Int.
63, 513–518 (2014).

44.

J. David Barry, R. B. T. McCulloch, in Advances in Parasitology (Academic Press,
2001), vol. 49, pp. 1–70.

45.

N. Aitcheson, S. Talbot, J. Shapiro, K. Hughes, C. Adkin, T. Butt, K. Sheader, G.
Rudenko, VSG switching in Trypanosoma brucei : antigenic variation analysed
using RNAi in the absence of immune selection. Mol. M. 57, 1608–1622 (2006).

46.

L. Vanhamme, E. Pays, R. McCulloch, J. D. Barry, An update on antigenic
variation in African trypanosomes. Trends Parasitol. 17, 338–343 (2001).

47.

J. E. Donelson, Antigenic variation and the African trypanosome genome. Acta
Trop. 85, 391–404 (2003).

48.

J. L. Muñoz-Jordán, K. P. Davies, G. A. M. Cross, Stable Expression of Mosaic
Coats of Variant Surface Glycoproteins in Trypanosoma brucei. Science (80-. ).
272, 1795–1797 (1996).

37

49.

H. Van Xong, L. Vanhamme, M. Chamekh, C. E. Chimfwembe, J. Van Den
Abbeele, A. Pays, N. Van Melrvenne, R. Hamers, P. De Baetselier, E. Pays, A
VSG expression site-associated gene confers resistance to human serum in
Trypanosoma rhodesiense. Cell. 95, 839–846 (1998).

50.

P. A. M. Michels, F. Bringaud, M. Herman, V. Hannaert, Metabolic functions of
glycosomes in trypanosomatids. Biochim. Biophys. Acta - Mol. Cell Res. 1763,
1463–1477 (2006).

51.

T. K. Smith, F. Bringaud, D. P. Nolan, L. M. Figueiredo, Metabolic reprogramming
during the Trypanosoma brucei life cycle. F1000 Fac. Rev. 6, 1–12 (2017).

52.

D. Vertommen, J. Van Roy, J. P. Szikora, M. H. Rider, P. A. M. Michels, F. R.
Opperdoes, Differential expression of glycosomal and mitochondrial proteins in
the two major life-cycle stages of Trypanosoma brucei. Mol. Biochem. Parasitol.
158, 189–201 (2008).

53.

P. Capewell, C. Cren-Travaille, F. Marchesi, P. Johnston, C. Clucas, R. A.
Benson, T.-A. Gorman, E. Calvo-Alvarez, A. Crouzols, G. Jouvion, V. Jamonneau,
W. Weir, M. L. Stevenson, K. O’Neill, A. Cooper, N. Kuispond Swar, B. Bucheton,
D. M. Ngoyi, P. Garside, B. Rotureau, A. MacLeod, The skin is a significant but
overlooked anatomical reservoir for vector-borne African trypanosomes. Elife. 5,
1–17 (2016).

54.

S. Trindade, F. Rijo-ferreira, T. K. Smith, L. M. Figueiredo, D. Pinto-neves, F.
Guegan, Trypanosoma brucei Parasites Occupy and Functionally Adapt to the
Adipose Tissue in Mice Article Trypanosoma brucei Parasites Occupy and
Functionally Adapt to the Adipose Tissue in Mice. Cell Host Microbe. 19, 837–848
(2016).

38

55.

A. Schluter, S. Fourcade, R. Ripp, J. L. Mandel, O. Poch, A. Pujol, The
Evolutionary Origin of Peroxisomes : An ER-Peroxisome Connection. Mol. Biol.
Evol. 23, 838–845 (2006).

56.

M. Parsons, T. Furuya, S. Pal, P. Kessler, Biogenesis and function of
peroxisomes and glycosomes. Mol. Biochem. Parasitol. 115, 19–28 (2001).

57.

P. B. Lazarow, Y. Fujiki, Biogenesis of Peroxisomes. Annu. Rev. Cell Biol. 1, 489–
530 (1985).

58.

P. Lazarow, Genetic approaches to studying peroxisome biogenesis. Trends Cell
Biol. 3, 89–93 (1993).

59.

H. J. Geuze, J. L. Murk, A. K. Stroobants, J. M. Griffith, M. J. Kleijmeer, A. J.
Koster, A. J. Verkleij, B. Distel, H. F. Tabak, Involvement of the Endoplasmic
Reticulum in Peroxisome Formation. Mol. Biol. Cell. 14, 2372–2384 (2003).

60.

P. U. Mayerhofer, Targeting and insertion of peroxisomal membrane proteins: ER
trafficking versus direct delivery to peroxisomes. Biochim. Biophys. Acta - Mol.
Cell Res. 1863, 870–880 (2016).

61.

A. Brennand, D. J. Rigden, P. A. M. Michels, Trypanosomes contain two highly
different isoforms of peroxin PEX13 involved in glycosome biogenesis. FEBS Lett.
586, 1765–1771 (2012).

62.

J. Ast, A. C. Stiebler, J. Freitag, M. Bölker, Dual targeting of peroxisomal proteins.
Front. Physiol. 4, 1–8 (2013).

63.

P. K. Kim, E. H. Hettema, Multiple pathways for protein transport to peroxisomes.
J. Mol. Biol. 427, 1176–1190 (2015).

39

64.

E. Verplaetse, D. J. Rigden, P. A. M. Michels, Identification, characterization and
essentiality of the unusual peroxin 13 from Trypanosoma brucei. Biochim.
Biophys. Acta - Mol. Cell Res. 1793, 516–527 (2009).

65.

G. Agrawal, S. N. Fassas, Z. J. Xia, S. Subramani, Distinct requirements for intraER sorting and budding of peroxisomal membrane proteins from the ER. J. Cell
Biol. 212, 335–348 (2016).

66.

J. J. Smith, J. D. Aitchison, Peroxisomes take shape. Nat. Rev. Mol. Cell Biol. 14,
803–17 (2013).

67.

H. Negoro, M. Sakamoto, A. Kotaka, K. Matsumura, Y. Hata, Mutation in the
peroxin-coding

gene PEX22

contributing

to high

malate

production

in

Saccharomyces cerevisiae. J. Biosci. Bioeng. 125, 211–217 (2018).
68.

M. Gualdrón-lópez, N. Chevalier, P. Van Der Smissen, P. J. Courtoy, D. J.
Rigden, P. A. M. Michels, Ubiquitination of the glycosomal matrix protein receptor
PEX5 in Trypanosoma brucei by PEX4 displays novel features. Biochim. Biophys.
Acta. 1833, 3076–3092 (2013).

69.

E. H. Hettema, R. Erdmann, I. van der Klei, M. Veenhuis, Evolving models for
peroxisome biogenesis. Curr. Opin. Cell Biol. 29, 25–30 (2014).

70.

S. F. Burnett, J. C. Farré, T. Y. Nazarko, S. Subramani, Peroxisomal Pex3
activates selective autophagy of peroxisomes via interaction with the pexophagy
receptor Atg30. J. Biol. Chem. 290, 8623–8631 (2015).

71.

M. Schrader, N. A. Bonekamp, M. Islinger, Fission and proliferation of
peroxisomes. BBA - Mol. Basis Dis. 1822, 1343–1357 (2012).

40

72.

T. Matsuzaki, Y. Fujiki, The peroxisomal membrane protein import receptor Pex3p
is directly transported to peroxisomes by a novel Pex19p- and Pex16p-dependent
pathway. J. Cell Biol. 183, 1275–1286 (2008).

73.

P. K. Kim, R. T. Mullen, U. Schumann, J. Lippincott-Schwartz, The origin and
maintenance of mammalian peroxisomes involves a de novo PEX16-dependent
pathway from the ER. J. Cell Biol. 173, 521–532 (2006).

74.

V. I. Titorenko, R. a Rachubinski, Mutants of the yeast Yarrowia lipolytica
defective in protein exit from the endoplasmic reticulum are also defective in
peroxisome biogenesis. Mol. Cell. Biol. 18, 2789–803 (1998).

75.

S. K. Banerjee, P. S. Kessler, T. Saveria, M. Parsons, Identification of
trypanosomatid PEX19: Functional characterization reveals impact on cell growth
and glycosome size and number. Mol. Biochem. Parasitol. 142, 47–55 (2005).

76.

A. Huber, J. Koch, F. Kragler, C. Brocard, A. Hartig, A subtle interplay between
three Pex11 proteins shapes de novo formation and fission of peroxisomes.
Traffic. 13, 157–167 (2012).

77.

M. N. Cepińska, M. Veenhuis, I. J. van der Klei, S. Nagotu, Peroxisome fission is
associated with reorganization of specific membrane proteins. Traffic. 12, 925–
937 (2011).

78.

D. Hoepfner, D. Schildknegt, I. Braakman, P. Philippsen, H. F. Tabak,
Contribution of the endoplasmic reticulum to peroxisome formation. Cell. 122, 85–
95 (2005).

79.

A. Aranovich, R. Hua, A. D. Rutenberg, P. K. Kim, PEX16 contributes to
peroxisome maintenance by constantly trafficking PEX3 via the ER. J. Cell Sci.
127, 3675–3686 (2014).

41

80.

Y. Matsuzono, T. Matsuzaki, Y. Fujiki, Functional domain mapping of peroxin
Pex19p: interaction with Pex3p is essential for function and translocation. J. Cell
Sci. 119, 3539–3550 (2006).

81.

C. Ma, G. Agrawal, S. Subramani, Peroxisome assembly : matrix and membrane
protein biogenesis. J. Cell Biol. 193, 7–16 (2011).

82.

C. De Duve, P. Baudhuin, Peroxisomes (microbodies and related particles).
Physiol. Rev. 46, 323–357 (1966).

83.

C. de Duve, Evolution of the Peroxisome. Ann. New York Acad. Sci. 168, 369–
381 (1969).

84.

T. Gabaldón, M. L. Ginger, P. A. M. Michels, Peroxisomes in parasitic protists.
Mol. Biochem. Parasitol. (2016), doi:10.1016/j.molbiopara.2016.02.005.

85.

M. Gualdrón-López, A. Brennand, V. Hannaert, W. Quiñones, A. J. Cáceres, F.
Bringaud, J. L. Concepción, P. A. M. Michels, When, how and why glycolysis
became compartmentalised in the Kinetoplastea. A new look at an ancient
organelle. Int. J. Parasitol. 42, 1–20 (2012).

86.

B. Szöör, J. R. Haanstra, M. Gualdrón-López, P. A. M. Michels, Evolution,
dynamics and specialized functions of glycosomes in metabolism and
development of trypanosomatids. Curr. Opin. Microbiol. 22, 79–87 (2014).

87.

H. K. Delille, B. Agricola, S. C. Guimaraes, H. Borta, G. H. Lüers, M. Fransen, M.
Schrader, Pex11pβ-mediated growth and division of mammalian peroxisomes
follows a maturation pathway. J. Cell Sci. 123, 2750–2762 (2010).

88.

R. Hua, P. K. Kim, Multiple paths to peroxisomes : Mechanism of peroxisome
maintenance in mammals ☆. BBA - Mol. Cell Res. 1863, 881–891 (2016).

42

89.

F. R. Opperdoes, P. Borst, Localization of nine glycolytic enzymes in a microbodylike organelle in Trypanosoma brucei: the glycosome. FEBS Lett. 80, 360–364
(1977).

90.

W. Martin, Evolutionary origins of metabolic compartmentalization in eukaryotes.
Philos. Trans. R. Soc. B Biol. Sci. 365, 847–855 (2010).

91.

P. A. M. Michels, V. Hannaert, The evolution of kinetoplastid glycosomes. J.
Bioenerg. Biomembr. 26, 213–219 (1994).

92.

M. Parsons, Glycosomes: Parasites and the divergence of peroxisomal purpose.
Mol. Microbiol. 53, 717–724 (2004).

93.

J. R. Haanstra, E. B. González-Marcano, M. Gualdrón-López, P. A. M. Michels,
Biogenesis, maintenance and dynamics of glycosomes in trypanosomatid
parasites. Biochim. Biophys. Acta - Mol. Cell Res. 1863, 1038–1048 (2016).

94.

M. L. S. Guther, A. R. Prescott, S. Kuettel, M. Tinti, M. A. J. Ferguson, Nucleotide
sugar biosynthesis occurs in the glycosomes of procyclic and bloodstream form
Trypanosoma brucei. PLoS Negl. Trop. Dis., 1–24 (2021).

95.

S. Bauer, M. T. Morris, Glycosome biogenesis in trypanosomes and the de novo
dilemma. PLoS Negl. Trop. Dis. 11, 1–13 (2017).

96.

R. Erdmann, W. Schliebs, Peroxisomal matrix protein import: the transient pore
model. Nat. Rev. Mol. Cell Biol. 6, 738 (2005).

97.

H. Otera, K. Setoguchi, M. Hamasaki, T. Kumashiro, N. Shimizu, Y. Fujiki,
Peroxisomal Targeting Signal Receptor Pex5p Interacts with Cargoes and Import
Machinery Components in a Spatiotemporally Differentiated Manner: Conserved
Pex5p WXXXF / Y Motifs Are Critical for Matrix Protein Import. Mol. Cell. Biol. 22,
1639–1655 (2002).

43

98.

C. Williams, B. Distel, Pex13p: Docking or cargo handling protein? Biochim.
Biophys. Acta - Mol. Cell Res. 1763, 1585–1591 (2006).

99.

A. K. Das, P. W. Cohen, D. Barford, The structure of the tetratricopeptide repeats
of protein phosphatase 5 : implications for TPR-mediated protein – protein
interactions. EMBO J. 17, 1192–1199 (1998).

100. A. Jardim, W. Liu, E. Zheleznova, B. Ullman, Peroxisomal Targeting Signal-1
Receptor Protein PEX5 from Leishmania donovani. J. Biol. Chem. 275, 13637–
13644 (2000).
101. D. Walque, J. A. K. W. Kiel, M. Veenhuis, F. R. Opperdoes, P. A. M. Michels,
Cloning and analysis of the PTS-1 receptor in Trypanosoma. Mol. Biochem.
Parasitol. 104, 107–119 (1999).
102. M. Dawidowski, L. Emmanouilidis, V. C. Kalel, K. Tripsianes, K. Schorpp, K.
Hadian, M. Kaiser, P. Mäser, M. Kolonko, S. Tanghe, A. Rodriguez, W. Schliebs,
R. Erdmann, M. Sattler, G. M. Popowicz, Inhibitors of PEX14 disrupt protein
import into glycosomes and kill Trypanosoma parasites. Science (80-. ). 355,
1416–1420 (2017).
103. N. Galland, F. Demeure, V. Hannaert, E. Verplaetse, D. Vertommen, P. Van Der
Smissen, P. J. Courtoy, P. A. M. Michels, Characterization of the role of the
receptors PEX5 and PEX7 in the import of proteins into glycosomes of
Trypanosoma brucei. Biochim. Biophys. Acta - Mol. Cell Res. 1773, 521–535
(2007).
104. H. W. Platta, F. El Magraoui, D. Schlee, S. Grunau, W. Girzalsky, R. Erdmann,
Ubiquitination of the peroxisomal import receptor Pex5p is required for its
recycling. J. Cell Biol. 177, 197–204 (2007).

44

105. T. Smith, C. Gaitatzes, K. Saxena, E. J Neer, The WD repeat: a common
architecture for diverse functions (1999), vol. 24.
106. W. B. Snyder, A. Koller, A. J. Choy, S. Subramani, The Peroxin Pex19p Interacts
with Multiple , Integral Membrane Proteins at the Peroxisomal Membrane. 149,
1171–1177 (2000).
107. V.

C.

Kalel,

W.

Schliebs,

R.

Erdmann,

Identification

and

functional

characterization of Trypanosoma brucei peroxin 16. BBA - Mol. Cell Res. 1853,
2326–2337 (2015).
108. M. Sealey-cardona, K. Schmidt, L. Demmel, T. Hirschmugl, T. Gesell, G. Dong, G.
Warren, Sec16 Determines the Size and Functioning of the Golgi in the Protist
Parasite, Trypanosoma brucei. Traffic. 31, 613–629 (2014).
109. H. Banerjee, B. Knoblach, R. A. Rachubinski, The early-acting glycosome
biogenic protein Pex3 is essential for trypanosome viability. 2, 1–9 (2019).
110. L. P. Crowe, C. L. Wilkinson, K. R. Nicholson, M. T. Morris, Pex13.2 is an
accessory peroxin that functions in the import of PTS2 proteins and localizes to
subdomains of the glycosome. mSphere. 5 (2020).
111. U. de Lichtenberg, Dynamic Complex Formation During the Yeast Cell Cycle.
Science (80-. ). 307, 724–727 (2005).
112. S. S. Taylor, M. M. Keshwani, J. M. Steichen, P. Alexandr, Evolution of the
eukaryotic protein kinases as dynamic molecular switches, 2517–2528 (2012).
113. I. Minia, C. Clayton, Regulating a Post-Transcriptional Regulator: Protein
Phosphorylation, Degradation and Translational Blockage in Control of the
Trypanosome Stress-Response RNA-Binding Protein ZC3H11. PLoS Pathog. 12,
1–31 (2016).

45

114. B. Alberts, Molecular biology of the cell (Sixth., 2015).
115. S. Oeljeklaus, A. Schummer, T. Mastalski, H. W. Platta, B. Warscheid, Regulation
of peroxisome dynamics by phosphorylation ☆. BBA - Mol. Cell Res. 1863, 1027–
1037 (2016).
116. R. A. Saleem, B. Knoblach, F. D. Mast, J. J. Smith, J. Boyle, C. M. Dobson, R. L.
Donnell, R. A. Rachubinski, J. D. Aitchison, Genome-wide analysis of signaling
networks regulating fatty acid – induced gene expression and organelle
biogenesis. J. Cell Biol. 181, 281–292 (2008).
117. S. Jung, M. Marelli, R. A. Rachubinski, D. R. Goodlett, J. D. Aitchison, Dynamic
changes in the subcellular distribution of gpd1p in response to cell stress. J. Biol.
Chem. 285, 6739–6749 (2010).
118. B. De Vries, P. Stevens, F. Salomons, I. J. Van Der Klei, M. Veenhuis, Pex14p is
Not Required for N-Starvation Induced Microautophagy and in Catalytic Amounts
for Macropexophagy in Hansenula polymorpha. Autophagy. 2, 183–188 (2006).
119. B. Agne, N. M. Meindl, K. Niederhoff, H. Einwächter, P. Rehling, A. Sickmann, H.
E. Meyer, W. Girzalsky, W. H. Kunau, Pex8p: An intraperoxisomal organizer of
the peroxisomal import machinery. Mol. Cell. 11, 635–646 (2003).
120. B. Knoblach, R. A. Rachubinski, Phosphorylation-dependent Activation of
Peroxisome Proliferator Protein PEX11 Controls Peroxisome Abundance * □. J.
Biol. Chem. 285, 6670–6680 (2010).
121. S. Allmann, F. Bringaud, Glycosomes : A comprehensive view of their metabolic
roles in T . brucei. Int. J. Biochem. Cell Biol. 85, 85–90 (2017).
122. P. A. M. Michels, V. Hannaert, F. Bringaud, Metabolic Aspects of Glycosomes in
Trypanosomatidae – New Data and Views. Parasitol. Today. 16, 29–30 (2000).

46

123. D. T. Hart, O. Misset, S. W. Edwards, F. R. Opperdoes, A Comparison of the
Glycosomes (Microbodies) Isolated from Trypanosoma brucei Bloodstream Form
and Cultured Procyclic Trypomastigotes. Mol. Biochem. Parasitol. 12, 25–35
(1984).
124. O. Misset, O. J. M. Bos, F. R. Opperdoes, Glycolytic enzymes of Trypanosoma
brucei Simultaneous purification, intraglycosomal concentrations and physical
properties. Eur. J. Biochem. 453, 441–453 (1986).
125. B. M. Bakker, F. I. C. Mensonides, B. Teusink, P. van Hoek, P. A. M. Michels, H.
V. Westerhoff, Compartmentation protects trypanosomes from the dangerous
design of glycolysis. Proc. Natl. Acad. Sci. 97, 2087–2092 (2000).
126. J. R. Haanstra, A. van Tuijl, P. Kessler, W. Reijnders, P. A. M. Michels, H. V.
Westerhoff, M. Parsons, B. M. Bakker, Compartmentation prevents a lethal turboexplosion of glycolysis in trypanosomes. Proc. Natl. Acad. Sci. 105, 17718–17723
(2008).
127. B. M. Bakker, P. A. M. Michels, F. R. Opperdoes, H. V. Westerhoff, Glycolysis in
bloodstream form Trypanosoma brucei can be understood in terms of the kinetics
of the glycolytic enzymes. J. Biol. Chem. 272, 3207–3215 (1997).
128. P. S. Kessler, M. Parsons, Probing the role of compartmentation of glycolysis in
procyclic form Trypanosoma brucei: RNA interference studies of PEX14,
hexokinase, and phosphofructokinase. J. Biol. Chem. 280, 9030–9036 (2005).
129. M. Herman, D. Pérez-Morga, N. Schtickzelle, P. A. M. Michels, Turnover of
glycosomes during life-cycle differentiation of Trypanosoma brucei. Autophagy. 4,
294–308 (2008).

47

130. J. Kovářová, R. Nagar, J. Faria, M. A. J. Ferguson, M. P. Barrett, D. Horn,
Gluconeogenesis using glycerol as a substrate in bloodstream-form Trypanosoma
brucei. PLOS Pathog. 14, e1007475 (2018).
131. M.

Nwagwu,

F.

R.

Opperdoes,

Acta

Trop.,

in

press

(available

at

http://europepmc.org/abstract/MED/6122364).
132. A. C. Pawlyk, D. W. Pettigrew, Subcloning, expression, purification, and
characterization of Haemophilus influenzae glycerol kinase. Protein Expr. Purif.
22, 52–59 (2001).
133. N.

Zwaig,

E.

C.

C.

Lin,

Science

(80-.

).,

in

press,

doi:10.1126/science.153.3737.755.
134. J. R. Haanstra, A. van Tuijl, P. Kessler, W. Reijnders, P. A. M. Michels, H. V
Westerhoff, M. Parsons, B. M. Bakker, Compartmentation prevents a lethal turboexplosion of glycolysis in trypanosomes. Proc. Natl. Acad. Sci. U. S. A. 105,
17718–23 (2008).
135. K. Horiike, H. Tojo, R. Arai, T. Yamano, M. Nozaki, T. Maeda, Localization of Damino acid oxidase in Bergmann glial cells and astrocytes of rat cerebellum. Brain
Res. Bull. 19, 587–596 (1987).
136. K. Horiike, R. Arai, H. Toji, T. Yamano, M. Nozaki, T. Maeda, Histochemical
staining of cells containing flavo-enzyme D-amino acid oxidase based on its
enzymatic activity: Application of a coupled peroxidation method. Acta Histochem.
Cytochem. 18, 1–27 (2002).
137. J. B. Krahling, R. Gee, J. A. Gauger, N. E. Tolbert, Postnatal development of
peroxisomal and mitochondrial enzymes in rat liver. J. Cell. Physiol. 101, 375–390
(1979).

48

138. S. Angermuller, D. H. Fahimi, Light Microscopic Visualization of the Reaction
Product of Cerium Used for Localization of Peroxisomal Oxidases. J. Histochem.
Cytochem. 36, 23–28 (1988).
139. S.

Angermüller,

Prog.

Histochem.

Cytochem.,

in

press,

doi:https://doi.org/10.1016/S0079-6336(89)80008-7.
140. A. Volkl, D. Fahimi, Isolation and characteriation of peroisomes from the lier of
normal untreated Rats. Eur. J. Biochem. 265, 257–265 (1985).
141. G. Luers, T. Hashimoto, H. D. Fahimi, A. Volkl, Biogenesis of peroxisomes:
Isolation and characterization of two distinct peroxisomal populations from normal
and regenerating rat liver. J. Cell Biol. 121, 1271–1280 (1993).
142. M. Schrader, E. Baumgart, A. Völkl, H. D. Fahimi, Eur. J. Cell Biol., in press
(available at http://europepmc.org/abstract/MED/7813516).
143. H. Takano-Rojas, D. Zickler, L. Peraza-Reyes, Peroxisome dynamics during
development of the fungus Podospora anserina. Mycologia. 108, 590–602 (2016).
144. S. J. Huybrechts, P. P. Van Veldhoven, C. Brees, G. P. Mannaerts, G. V. Los, M.
Fransen, Peroxisome dynamics in cultured mammalian cells. Traffic. 10, 1722–
1733 (2009).
145. S. Kumar, R. de Boer, I. J. van der Klei, Yeast cells contain a heterogeneous
population of peroxisomes that segregate asymmetrically during cell division. J.
Cell Sci. 131, jcs207522 (2018).
146. A. Fagarasanu, M. Fagarasanu, G. A. Eitzen, J. D. Aitchison, R. A. Rachubinski,
The Peroxisomal Membrane Protein Inp2p Is the Peroxisome-Specific Receptor
for the Myosin V Motor Myo2p of Saccharomyces cerevisiae. Dev. Cell. 10, 587–
600 (2006).

49

147. S. Nagotu, R. Saraya, M. Otzen, M. Veenhuis, I. J. van der Klei, Peroxisome
proliferation in Hansenula polymorpha requires Dnm1p which mediates fission but
not de novo formation. Biochim. Biophys. Acta - Mol. Cell Res. 1783, 760–769
(2008).
148. S. Galiani, D. Waithe, K. Reglinski, L. D. Cruz-Zaragoza, E. Garcia, M. P.
Clausen, W. Schliebs, R. Erdmann, C. Eggeling, Super-resolution microscopy
reveals compartmentalization of peroxisomal membrane proteins. J. Biol. Chem.
291, 16948–16962 (2016).
149. C. Neufeld, F. V. Filipp, B. Simon, A. Neuhaus, N. Schüller, C. David, H.
Kooshapur, T. Madl, R. Erdmann, W. Schliebs, M. Wilmanns, M. Sattler,
Structural basis for competitive interactions of Pex14 with the import receptors
Pex5 and Pex19. EMBO J. 28, 745–754 (2009).
150. P. Bharti, W. Schliebs, T. Schievelbusch, A. Neuhaus, C. David, K. Kock, C.
Herrmann, H. E. Meyer, S. Wiese, B. Warscheid, C. Theiss, R. Erdmann, PEX14
is required for microtubule-based peroxisome motility in human cells. J. Cell Sci.
124, 1759–1768 (2011).
151. A. Jardim, D. B. Hardie, J. Boitz, C. H. Borchers, Proteomic Pro fi ling of
Leishmania donovani Promastigote Subcellular Organelles. J. Proteome Res. 17,
1194–1215 (2018).
152. I. Lakhal-Naouar, A. Jardim, R. Strasser, S. Luo, Y. Kozakai, H. L. Nakhasi, R. C.
Duncan, Leishmania donovani Argininosuccinate Synthase Is an Active Enzyme
Associated with Parasite Pathogenesis. PLoS Negl. Trop. Dis. 6 (2012),
doi:10.1371/journal.pntd.0001849.

50

153. S. T. Bauer, K. E. Mcqueeney, T. Patel, M. T. Morris, Localization of a
Trypanosome Peroxin to the Endoplasmic Reticulum. J. Eukaryot. Microbiol. 64,
97–105 (2017).
154. S. Bauer, J. C. Morris, M. T. Morris, Environmentally regulated glycosome protein
composition in the African trypanosome. Eukaryot. Cell. 12, 1072–1079 (2013).

51

CHAPTER TWO

New Methods to Analyze Glycosome Heterogeneity in Trypanosoma brucei

Christina L. Wilkinson1*, Logan P. Crowe1*, Meredith T. Morris1,2

*

Authors contributed equally

1

Clemson University, Eukaryotic Pathogens Innovation Center and Department of

Genetics and Biochemistry
Clemson, SC 29631

2

Corresponding author

52

Abstract
Unique to kinetoplastid parasites is the peroxisome-like organelle termed the
glycosome, which harbors the first several steps of glycolysis that typically reside in the
cytoplasm of other eukaryotes. Because glycosomes contain many other metabolic
processes, such as gluconeogenesis, purine salvage, and the pentose phosphate
pathway, it is likely that sub-populations of these organelles exist with different protein
composition and function. The small size of glycosomes (200 nm) makes defining these
differences difficult. The advancement of flow cytometry has yielded methods that
enable the identification of vesicles between 30-1000 nm in diameter. Here, we have
adapted these techniques for the identification of glycosome populations by flow
cytometry and the isolation of distinct populations via organelle sorting. With this
technology, we detected populations of glycosomes harboring different amounts of a
fluorescent glycosome protein reporter, AldoPTSeYFP. We used a lipid dye, vFluor red,
to label all organelles and provide fluorescence intensities bright enough to visualize by
cytometry. Using these fluorescent labels, we identified events labeled with vFluor
(vesicles) that contained different levels of the glycosome reporter protein, suggesting
heterogeneity in the population. From a mixed sample containing organelles that
expressed the reporter eYFP, and those that do not, we enriched for AldoPTSeYFP by
10%. These new methods provide a foothold for future studies of organelle
heterogeneity in different systems and allow downstream analysis such as mass
spectrometry and proteomics to define the protein composition of different organelle
populations.
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Introduction
Glycosomes are essential, specialized peroxisomes found in all kinetoplastids (1–3).
These organelles contain the first several steps of glycolysis for which they were named
(3, 4). Within the class Kinetoplastida are numerous parasites pathogenic to humans.
Trypanosoma spp. and Leishmania spp. are eukaryotic pathogens within this class and
cause diseases such as human African trypanosomiasis (T. brucei), Chaga’s disease (T.
cruzi), and leishmaniasis (Leishmania spp.). Each of these diseases is deadly if left
untreated and millions of people across several continents and many countries are at
risk (5, 6). Due to their prevalence and lack of treatments, it is important to further our
understanding of glycosome biology for the development of therapeutics.
Whereas in most eukaryotes glycolytic enzymes reside in the cytoplasm, these
enzymes are localized to glycosomes in kinetoplastids. Like peroxisomes, glycosomes
contain multiple biochemical processes such as the pentose phosphate pathway, purine
salvage, and β-oxidation of fatty acids (7). Because the glycosome is bound by a single
lipid bilayer and does not contain its own DNA, proteins are imported post-translationally
(2). Glycosome protein composition is dynamic (8), changes in response to the
environment (9), and differs between kinetoplastids (2). Proteins called peroxin (Pex)
proteins regulate glycosome and peroxisome homeostasis, which includes protein import
(10–12), growth and division of organelles (13, 14), de novo biogenesis (15), maturation
of the organelle, and degradation of unnecessary or non-functional organelles (2, 16)
In eukaryotes there are 30 identified peroxins, and homologs for 16 of these
peroxins have been identified in kinetoplastids. The import complexes of both
peroxisomes and glycosomes facilitate the import of proteins. Most proteins destined for
the glycosome/peroxisome contain peroxisomal targeting sequence (PTS) 1 or PTS2
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(17). Cytosolic peroxins Pex5 and Pex7 carrying proteins with either PTS1 or PTS2
sequences, respectively, dock with the import complex (17, 18). In mammals and yeasts,
the import complex is comprised of Pex13 and Pex14 (19–21).
Many kinetoplastid parasites travel between vector and host, which means they
encounter vastly different environments. T. brucei is transmitted between the tsetse fly
(Glossina spp.) and mammalian hosts. The parasites must alter their metabolic system
to process the nutrients available for ATP. Several studies have revealed that
glycosomes are heterogeneous and contain different metabolic pathways. In Leishmania
donovani, through the use of a density gradients, two populations of glycosomes were
found: a light population and a dense population (22). Further analysis revealed that the
two populations contained different sets of peroxins and biochemical pathways. In
another study, immunofluorescence assays revealed the localization of two glycosomal
matrix proteins, arginosuccinate synthase and hypoxanthine guanine phosphoribosyl
transferase, are in separate glycosome populations within the same cell (23). When T.
brucei is grown under high and low glucose conditions, a fluorescent protein with a
glycosomal targeting sequence, PTS2, appears unequally distributed within the cell
population (9). Taken together, this information indicates that the glycosome population
within a single cell is heterogeneous.
The basis of glycosome heterogeneity is unknown, but is likely due in part to how
they proliferate. In yeast and mammals, peroxisomes develop by growth and fission (13,
24) as well as de novo biogenesis (25, 26) by budding off from the ER and accumulating
the remaining peroxins as they mature. In yeast, distinct pre-peroxisomal vesicles bud
from the ER containing differing proteins that then fuse together. One group of preperoxisomal vesicles contains docking proteins Pex3 and Pex19, while the other group
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contains the RING finger proteins (Pex2/10/12), and Pex11. These vesicles combine by
heterotypic fusion mediated by Pex1 and Pex6 (27, 28) to then recruit matrix proteins
until maturity. Much is unknown about the full process of de novo biogenesis, but the
heterogeneity of pre-peroxisomal vesicles suggests this process involves intermediates
that contain different protein compositions. Since kinetoplastids thrive in multiple vastly
different environments it would make sense that glycosomes are specialized for the
resources available at the different life stages. Distinguishing different glycosome
populations would allow researchers to specifically target glycosomes at these different
life stages and exploit them for therapeutics. But, it has been difficult to study
glycosomes due to their small size and the limited techniques available. Microscopy has
been the cornerstone of observing organelle differences, but there are limitations
including small sample size, incomplete staining, as well as determining true
colocalization apart from coincidence or random overlap. Other methods, such as
Western blotting, involve bulk populations and do not resolve individual cells or
organelles. The need for new techniques is apparent to study glycosomes and other
small vesicles.
Through the advancement of flow cytometry it is possible to visualize small
vesicles, between 30 and 1000 nm in diameter (29–31). Our lab has developed methods
to visualize PF T. brucei glycosomes, which are 200 nm, by flow cytometry, allowing us
to analyze tens of thousands of events. Further, we have developed methods to sort
fluorescent glycosomes using a cell sorter to enrich for vesicles containing fluorescent
proteins. These techniques allow for downstream analysis of glycosomes such as
proteomics and mass spectrometry to provide a comprehensive and non-biased model
of glycosome heterogeneity.
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Materials and methods
Trypanosoma brucei Cell Culture. PF 2913 strain T. brucei expressing T7 polymerase
and tetracycline (tet) repressor (32) were maintained in SDM79 culture medium (33). A
cell line expressing glycosomally targeted AldoPTS2eYFP was generated by cloning the
fluorescent protein and PTS tag into the pXS2 vector possessing blasticidin resistance
gene (9). Cells coexpressing HAPex13.1 and MycPex13.2 were cloned into pXS2
vectors with either blasticidin or puromycin resistance. For transfection, 20 μg of plasmid
DNA was linearized with MluI and electroporated in 4 mm cuvettes (BioRad GenePulser
Xcell; exponential, 1.5 kV, 25 μF). Twenty-four hours after transfection, culture was
supplemented with appropriate drug for selection: 15 μg/mL G418, 50 μg/mL
hygromycin; 10 μg/mL blasticidin; 1 μg/mL puromycin.
Organelle preparation. Cells (5 x 108, large scale; 5 x 107, small scale) were harvested
by centrifugation (800 x g, 10 min), washed 2x with PBS and mechanically lysed using
silicon carbide (1 volume wet weight) in STE buffer (250 mM sucrose; 25 mM Tris-HCl,
pH 7.4; 1 mM EDTA) supplemented with protease inhibitor tablet (Thermo Scientific) and
1 mM phenylmethylsulfonyl fluoride (PMSF).

Cell breakage was confirmed by

microscopy. The silicon carbide abrasive was removed via centrifugation (100 xg, 30
sec) and the supernatant collected. The abrasive was washed 2x with STE and the
supernatants combined. The lysate was then centrifuged (2,000 x g, 4o C, 15 min) to
remove nuclei and debris and the supernatant collected in a new tube. The supernatant
was further centrifuged (17,000 x g, 4° C, 15 min) to prepare an organelle-enriched
fraction. The pellet was resuspended in 300 μl HM buffer (250 mM sucrose; 6 mM
EDTA; 30 mM MOPS, pH 7.2; 0.6% v/v EtOH) and stained with vFluor red fluorescent
membrane stain (Cellarcus Biosciences) for 1 hr at RT. Organelles were re-pelleted
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(17,000 x g, 4o C, 15 min) and resuspended in 300 μl STE buffer, layered on top of a 13
ml (large scale) or 3 ml (small scale) 20% - 40% Optiprep sucrose gradient. Gradients
were centrifuged in a Beckman Coulter MLS-50 rotor (30,000 rpm, 4o C, 17 hrs).
Fractions (500 μl) were collected from the top of the gradient. Protein content from each
fraction was quantified via the Pierce BCA assay kit (Thermo Scientific).
Flow cytometry of samples. Samples prepared by sucrose gradient centrifugation
were aliquoted at a 1:100 dilution (in filtered PBS) into a 96-well plate and analyzed
using a Beckman Coulter CytoFLEX flow cytometer. Analysis was performed using FCS
Express 7 Flow (De Novo software). Sorting was performed using a MoFlo Astrios EQ
(Beckman Coulter). The CytoFLEX was set to high gain, thresholding based on vFluor
red staining (488-690/50-H) and fluidics set to fast (60 μl / min). Thresholding was set
using filtered PBS as control and gain settings were configured as follows: FSC and
SSC: 500, Violet SSC: 100, FITC: 3,000, all other fluorescence channels: 1000. To
control for coincidence, serial 1:2 dilutions were performed until events per second fell
into linear dilution range. Triton X-100 (1%) was supplemented to samples to
demonstrate detergent solubility and control for large protein aggregates. The first 15
sec of events were discarded in analysis due to noise inherent with the instrument.
To analyze AldoPTS2eYFP-labeled organelle samples, gating was performed
using parental organelles on a VSSC-H vs FITC-H (488-525/25) bivariate plot.
Confirmation of glycosomal protein in the analyzed samples was performed by resolving
5 μg of precipitated protein from the density gradient and Western blotting using
antibodies against aldolase (1:1,000,000; made against recombinant aldolase in rabbit)
and GFP (1:10,000; GF28R, Thermo Fisher Scientific).
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To analyze and sort the AldoPTS2eYFP organelles, vFluor Red (488-692/75) vs
eYFP (488-513/26) bivariate plots were created using the MoFlo Astrios (Beckman
Coulter) instrument. AldoPTS2eYFP positive gates were created with parental
organelles as the negative control and everything to the right of the parental organelles
was considered AldoPTS2eYFP positive. The negative and positive AldoPTS2eYFP
organelles were sorted. Post-sort, the two fractions were run on the CytoFLEX
(Beckman Coulter) using the same parameters as described earlier.
Flow cytometry particle size calibration. Size calibration was performed using the
Vesicle Flow Cytometry Analysis Kit (Cellarcus Biosciences). Lipo100 size standards
were stained with vFluor Red and dye was removed via dilution. Fluorescence intensity
of samples (PC5.5-A channel) were converted to molecules of equivalent soluble
fluorochromes (MESF) units using FCS Express (De Novo Software) to calculate surface
area (nm2) and diameter (nm) of particles. These values were confirmed by immuno-EM
of cells expressing AldoPTS2eYFP.
Electron microscopy: Cells expressing glycosomal AldoPTSeYFP were harvested (5
x 10⁶) and washed 2x with PBS. Cells were fixed in 2.5% glutaraldehyde, 2%
paraformaldehyde in 100 mM phosphate buffer; pH 7.4. Fixed cells were washed with
PBS, post-fixed for 1 h in 1% osmium tetroxide (Polysciences Inc., PA) and washed
with distilled water (dH2O). Cells were en bloc stained for 1 hr with 1% aqueous uranyl
acetate (Ted Pella Inc., CA) and then washed with dH2O. A graded series of ethanol
solutions was used to dehydrate samples. Cells were embedded in Eponate 12 resin
(Ted Pella Inc.) and 90 nm ultrathin sections were obtained using a Leica Ultracut UCT
ultramicrotome (Leica Microsystems Inc., IL). Sections were stained with lead citrate
and uranyl acetate. A JEOL 1200 EX transmission electron microscope (JEOL USA
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Inc., MA) was used to image sections at the Molecular Microbiology Imaging Facility,
Washington University School of Medicine, St. Louis, MO. Measurements of glycosome
diameter were performed using FIJI (34).
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Results
In previous work, we built a fluorescent glycosome reporter system to study realtime glycosome dynamics in living cells (9). Here, we use the same system to visualize
both PF 2913 parental and PF 2913 AldoPTSeYFP expressing cells by microscopy
(Zeiss Axiovert 200M wide field) (Figure 2.1A) and flow cytometry (Beckman Coulter
CytoFLEX) (Figure 2.1B). These cell lines were then used for the following experiments.

Figure 2.1: T. brucei PF AldoPTSeYFP expression. (A) Live cell imaging of PF 2913
cells expressing AldoPTSeYFP construct. Images were taken using a Zeiss Axiovert
200M wide-field fluorescence microscope using the 488 nm laser setting. (B) eYFP
signal was analyzed by flow cytometry (Beckman-Coulter CytoFLEX) and bivariate
density plots displaying eYFP signal (FITC-A) and forward scatter (FSC-A) are shown.

To prepare organelles for analysis, we used subcellular fractionation to reduce
sample complexity. Post-nuclear supernatants were resolved on a 20-40% sucrose
gradient and 500 μl fractions were collected from the top. The glycosome matrix protein
aldolase and the glycosome reporter AldoPTSeYFP were detected in fractions 2-7 and
5-7, respectively (Figure 2.2A). Glycosomes (200 nm) are much smaller than cells,
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which can range from 5-7 μm, that are typically analyzed in flow cytometry. Because of
this, forward and side scatter are unreliable parameters to identify organelles. To
overcome this issue with detection, we labeled organelles with a red dye, vFluor
(Cellarcus Biosciences), that binds to lipids and is bright enough for detection. This label
allows us to resolve lipid based organelles from background contaminants in the buffers,
protein aggregate, and other non-lipid artifacts. We used the vFluor stain as the trigger
channel for the instrument. The trigger determines if an event should be recorded and by
using the red stain as a marker, we can allow the instrument to trigger on its
fluorescence. In this instance, only events labeled with vFluor will be scored by the
instrument. The second important parameter is thresholding, which establishes the
lowest signal intensity value that an event must have before it is recorded by the
cytometer. We use filtered PBS, which is the diluent for our organelles, to establish our
threshold. We adjusted the threshold until fewer than 10 events/sec were detected.
Bivariate plots of glycosome enriched fractions reveal the presence of two
organelle populations that are eYFP-positive and eYFP-negative (Figure 2.2B). These
events were not detected after treatment with 1% detergent (Triton X-100) indicating
they are lipid based. Differences in fluorescence intensities are sometimes an artifact of
coincidence, when more than one particle passes through the interrogation
simultaneously. This results in an inflated fluorescence signal. A classic test for
coincidence is analysis of serial dilution. If differences in fluorescence intensity are not
the result of coincidence, serial dilutions should produce a linear decrease in vesicle
concentration without a change in median fluorescence (Figure 2.3).
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Figure 2.2: Analysis of organelles enriched by density gradient centrifugation. (A)
Post nuclear lysates of PF 2913 parental control cells and PF 2913 cells expressing
AldoPTSeYFP were resolved using a 3 ml 20%-40% Optiprep sucrose gradient.
Fractions #1-9 were analyzed by flow cytometry (Beckman-Coulter CytoFLEX) and
Western blotting (2.5 μg protein) using antibodies against aldolase and GFP. The
histograms show parental organelle fractions (red) and AldoPTSeYFP organelle
fractions (black). (B) Glycosome enriched fractions were analyzed by flow cytometry and
bivariate plots displaying vFluor red staining (PC5.5) and eYFP signal (FITC) are shown.
All samples were then treated with 1% Triton X-100 to demonstrate detergent solubility
of events.

Figure 2.3: Organelle fluorescence intensity does not decrease as count
decreases. Serial dilutions (x-axis) of eYFP positive organelles were analyzed by flow
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measurements taken. As the number of events decreases fluorescence remains
consistent.

Fluorescence intensity of the lipid stain, vFluor red, is proportional to surface
area and can be used to calculate vesicle size. To calibrate fluorescence intensity to size
calculation of Lipo100 size standards (Cellarcus Biosciences) were analyzed using the
same parameters as organelles. Next, the diameter of eYFP-positive events was
calculated from vFluor red fluorescence intensity by generating a standard curve for lipid
staining to equate fluorescence intensity to surface area (nm²) (Figure 2.4A and B).
These values were confirmed using immuno-EM, as an additional method for
determining size of organelles (Figure 2.4C). From these two methods we determined
average glycosome diameter to be 191.88 ± 35.41nm and 207.62 ± 29.28nm,
respectively (Figure 2.4D).

Figure 2.4: Size calculation of AldoPTSeYFP-positive glycosomes is 200 nm in
diameter. (A) Histogram of Lipo100 size standards diameter (Cellarcus Biosciences).
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(B) Histogram of AldoPTSeYFP-positive organelles diameter (nm). (C) Immuno-EM
image of AldoPTSeYFP expressing cells. (D) Quantification of number of measured
organelles, average diameter (nm) and coefficient of variance (CV) of glycosome
measurements from immuno-EM and flow cytometry analysis.

Since we determined that we were analyzing lipid bound organelles we next
wanted to examine if all glycosomes express the AldoPTSeYFP marker. We analyzed
glycosome enriched fractions by flow cytometry (Beckman-Coulter CytoFLEX) by
running 1:100 dilutions of every fraction collected off the gradient. Using the parental as
a negative control for gating AldoPTSeYFP-positive events, we found that 80% of the
collected events were AldoPTSeYFP-positive in fraction 4 (Figure 2.5A). For Western
blot analysis we acetone precipitated protein (2.5 μg) from every third gradient fraction
and probed with aldolase specific antibodies to identify glycosome positive fractions #110 (Figure 2.5B). To further understand the population of glycosomes containing the
AldoPTSeYFP signals we had immuno-electron microscopy performed against eYFP
(Figure 2.5C). We found that not every glycosome harbors an eYFP signal averaging 010 eYFP particles/glycosome.
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Figure 2.5: Analysis of AldoPTSeYFP-positive glycosomes. (A) Bivariate plots
displaying vFluor red staining (PC5.5) and eYFP signal (FITC) from glycosome enriched
fractions purified from Parental PF 2913 and 2913 AldoPTSeYFP by sucrose gradient
(Beckman-Coulter CytoFLEX). Green positive gate was made using the parental sample
as a control. (B) Western blot of acetone precipitation of every third sucrose gradient
fraction (2.5 μg/lane) and probed with antibodies against the glycosomal protein
aldolase. (C) Immuno-electron microscopy image of cells expressing AldoPTSeYFP.
Arrows indicate glycosomes with eYFP signal and without.
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To help further understand glycosome heterogeneity we wanted to sort
glycosomes through the use of a cell sorter. We chose to use the AldoPTSeYFP cell line
due to the glycosomes being heterogeneous in eYFP expression. With this cell line we
will sort eYFP positive organelles from the eYFP empty organelles. The glycosomes
were purified by sucrose gradient and fractions containing glycosomes were pooled
together. The pre-sorted samples were run on the flow cytometer (Beckman Coulter
CytoFLEX) as a control to compare to post-sort (Figure 2.6A). We used the Beckman
Coulter MoFlo Astrios at the University of Georgia Cytometry Shared Resource Lab to
sort the eYFP positive organelles from the eYFP negative. We sorted on purity mode, in
which the sorter will abort any events that were not clearly defined. We used the same
gating strategy in which we visualized the glycosomes based off of vFluor red stain and
eYFP. Post sort we ran both the eYFP positive and negative samples on the Beckman
Coulter CytoFLEX to determine the total enrichment for eYFP positive organelles we
acquired. The post sort eYFP negative sample had approximately 60% eYFP signal
while the eYFP positive was 72% (Figure 2.6B). From the pre-sort, the eYFP positive
sample increased by ~10%.
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Figure 2.6: Pre- and Post-sort analysis of AldoPTSeYFP glycosomes. (A) Pooled
glycosome positive fractions #1-10 run at 1:100 dilutions on flow cytometer (Beckman
Coulter CytoFLEX). Bivariate plots displaying vFluor red staining (PC5.5) and eYFP
signal (FITC). eYFP positive gate was made on parental plot. (B) Post-sort samples
collected from the cell sorter (Beckman Coulter MoFlo Astrios) were run on the flow
cytometer (Beckman Coulter CytoFLEX). AldoPTSeYFP pooled glycosomes were sorted
two ways: eYFP negative and eYFP positive organelles.
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Discussion
In this study we have demonstrated new ways in which T. brucei glycosome
heterogeneity can be detected and measured. We were able to identify organelles that
harbored the glycosomal reporter protein AldoPTSeYFP. These structures were
detergent labile indicating they were lipid-based structures and not protein aggregates or
buffer contaminants. Using Lipo100 beads (Cellarcus Biosciences) as standards, we
calculated that these organelles had an average diameter of 192 nm, agreeing with
immuno-EM methods. Using the cell line expressing AldoPTSeYFP reporter protein, we
used immuno-electron microscopy analysis to determine that some glycosomes
harbored AldoPTSeYFP while other did not providing evidence of glycosome
heterogeneity. In agreement with immuno-EM, flow cytometry revealed AldoPTSeYFPpositive and AldoPTSeYFP-negative populations. We next attempted to purify the two
populations via sorting. The MoFlo Astrios (Beckman Coulter) cell sorter could detect the
200 nm organelles. We were successful in enriching for an eYFP positive organelle
population.
Glycosomes harbor many different metabolic pathways, such as glycolysis,
gluconeogenesis, and the purine salvage pathway. It is unclear if all these processes
reside in the same glycosome or if they localize to different glycosomes. Previous
studies on glycosome composition in kinetoplastids included density gradient
centrifugation and microscopy. A study performed using density gradient centrifugation
in Leishmania donovani revealed two populations of glycosomes (22). One population
was light while the other heavy on the density gradient. Further analysis concluded that
the high density glycosomes contained membrane proteins Pex16, 12, 11, and 13 while
these were absent in the low density glycosomes. This same study demonstrates at
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least

two

distinct

glycosome

populations

within

a

population

of

cells.

Immunofluorescence assays of Leishmania revealed that glycosomal matrix proteins
arginosuccinate synthase and hypoxanthine guanine phosphoribosyl transferase localize
to distinct vesicles (23), which further reveals heterogeneity of the glycosomes within a
single cell.
A recent study performed in both life stages of T. brucei (PF and BF) showed that
nucleotide synthesis (NS) enzymes are localized to glycosomes, however, they both
visually (immunofluorescence assay) and biochemically (density gradient)

were

detected in different subsets of glycosomes (35). Immunofluorescence assays show NS
enzymes,

such

as

UDP-Glc

4’-epimerase

(GALE),

UDP-N-acetylglucosamine

pyrophosphorylase (UAP), and phosphomannose isomerase (PMI), overlapped with the
glycosome marker, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), although the
intensity of the signals varied widely. This suggests a mixture of immature and mature
glycosomes, or a mixture of different mature glycosomes. Further, density gradient
analysis was used to identify two glycosome fractions, 1 and 2, in which fraction 2 was
PMI-rich and fraction 1 PMI-poor. Proteins involved in protein import, HSP70 (100%) and
Pex11 (33%) were enriched in fraction 1 quantified by intensity-based absolute
quantification (35).
Microscopy and density gradients have their limitations, however. Microscopy
leads to low sample size for statistical analyses as well as the uncertainty of proteins
truly being the same space or stain overlap due to random overlap or non-specificity of
the antibodies used. However, microscopy does have the potential to visualize
heterogeneous populations of organelles within a single cell. Density gradient
centrifugation is important to distinguish and purify organelles from large populations of
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cells for biochemical analyses. The limitation here is the lack of single cell analysis. This
method does lead to more downstream analyses being performed such as mass
spectrometry and proteomics, as well as Western blotting.
With the ability to distinguish glycosomes by flow cytometry, we tested if we
could sort using a cell sorter based on fluorescence. We used the cell line expressing
AldoPTSeYFP because not every glycosome contains a fluorescent protein. Using the
Beckman Coulter MoFlo Astrios we could detect two distinct glycosome populations
using the same gating strategy performed on the CytoFLEX. Using the purity sort setting
we saw enrichment of eYFP positive glycosomes by about 10% post-sort. The purify sort
setting allows the instrument to be stringent in the sort process and if there is any
uncertainty the instrument will abort the droplet and sort it to the waste instead of the
sample tubes. Due to the pressurization the organelles undergo within a cell sorter,
some organelles may burst during the sorting process leading to a smaller yield. A way
to overcome this is to use a sucrose sheath fluid such as described in (36). Another
concern is the small size of the glycosomes may lead to multiple events per droplet
being recorded as one event. This would lead to a possible heterogeneous droplet being
sorted one way instead of separated. This may be the reason for a large yield of eYFP
organelles in the eYFP-negative sort sample. A way to overcome this is to use a smaller
nozzle size, which would decrease the stream diameter limiting the swarm effect of
multiple organelles being interrogated by the laser at one time.
A similar study of organelle sorting was performed using fluorescence-activated
mitochondria sorting (FAMS) (36). The study isolated and characterized mitochondria
from different tissues based on multiple parameters like size and protein markers.
MacDonald et al. used the BD FACS Aria III cell sorter instrument where they adjusted
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the threshold to visualize smaller particles. Following the sort, scanning electron
microscopy revealed the mitochondria were intact. Functionally distinct subpopulations
of mitochondria were validated by mtDNA content through PCR evaluation. Since
glycosomes do not harbor their own DNA this is not a method that we can use for
validation, but further analysis such as Western blotting and mass spectrometry can
further verify and interpret our isolated organelles. We can use Western blotting to follow
glycosomal proteins of interest to discern differences in glycosome populations. Mass
spectrometry can go further in giving a detailed list of proteins present in both
populations and can be evaluated for metabolic differences or protein changes between
populations.
The techniques performed in this paper can be expanded upon to study
organelle biogenesis or subpopulations of organelles containing different metabolic
processes. A study underway in our lab is tagging Pex11, which is involved in organelle
proliferation (13, 14, 24), with the fluorescent protein reporter miRFP703. The hypothesis
is that Pex11 is present in all glycosomes, including immature, while glycosomes
expressing AldoPTSeYFP are mature in having functional import complexes and contain
matrix proteins. Several studies show glycosomal proteins associated with the ER
leading to de novo biogenesis of glycosomes (15, 16, 37, 38) budding off the ER and
contain the essential peroxins, such as Pex11. De novo biogenesis has not been fully
studied in T. brucei but this formation of peroxisomes has been seen in other systems
like yeast and mammalian cells (25, 27, 39, 40). With flow cytometry we can detect
immature glycosomes with only Pex11-miRFP703 signal, and mature glycosomes with
both Pex11-miRFP703 and AldoPTSeYFP signals. These glycosomes can be sorted
with the cell sorter and downstream analysis such as proteomics and mass spectrometry
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would identify the proteins involved in both processes providing a non-biased model of
glycosome heterogeneity.
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Abstract
Glycosomes are highly specialized peroxisomes found in the protozoan parasite
Trypanosoma brucei. Peroxisome and glycosome homeostasis is governed by proteins
called peroxins (Pexs) that regulate organelle formation, proliferation, degradation and
the import of proteins that are synthesized in the cytosol. Pex13 and Pex14 are
membrane proteins that make up the protein import channel. T. brucei is unique in that
they have two Pex13s, Pex13.1 and Pex13.2, whereas other eukaryotes have a single
Pex13. Pex13.2 is phosphorylated at Ser214, Ser215, Ser218, and Ser221. In this study
we used Pex13.2 phosphorylation mutants to determine the role of this modification on
glycosome protein import and biogenesis. We found that Pex13.2 phosphorylation
mutants bind to both Pex13.1 and Pex14 and that glycosomal matrix proteins, such as
aldolase and phosphofructokinase, are imported into the glycosomal matrix in cells
expressing the mutants. Interestingly, the glycosomal import complexes of cells
expressing the Pex13.2 phosphorylation mutants were larger than control cells. This
study suggests that Pex13.2 phosphorylation may play a role in the formation of higher
molecular weight glycosome import complexes
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Introduction
The eukaryotic parasite Trypanosoma brucei is the causative agent of human
African trypanosomiasis (HAT) and is transmitted by the tsetse fly (Glossina spp.). This
pathogen is prevalent across Sub-Saharan Africa and millions of people are at risk (1,
2). T. brucei is also the source of heavy economic burden across Africa as it infects
cattle and causes the wasting disease, nagana (3). HAT is typically fatal if left untreated
and the current drugs available are expensive, difficult to administer, and toxic on their
own. Studying these parasites and finding new drug targets is imperative.
T. brucei has a digenetic life cycle, alternating between the tsetse fly and a
mammalian host (4, 5). While in the tsetse fly the parasites are in their procyclic form
(PF) and utilize proline for their energy source (6, 7). After the tsetse fly bites a
mammalian host, the parasites migrate to the bloodstream where they differentiate into
their bloodstream form (BF) and divide extracellularly. While in the bloodstream, the
parasites utilize glucose as their primary energy source due to its constant supply (5
mM) (8–10). Because they inhabit different environments, the parasites must undergo
metabolic changes to survive. Many studies have been conducted measuring transcript
levels (8, 11–14) and protein levels (15–17) at these different life stages to understand
how these parasites modify their systems to survive.
Unique to kinetoplastids are peroxisome-like organelles named glycosomes.
These organelles harbor the first several steps of glycolysis as well as many other
metabolic pathways typically found in peroxisomes (18–20). In other eukaryotes,
glycolysis is carried out in the cytoplasm. Peroxins, in short called Pex, are proteins that
regulate the assembly of functional peroxisomes. Many of the peroxins found in T. brucei
share homology with the peroxins found in yeast and mammal peroxisomes (21–24).
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Both peroxisomes and glycosomes lack their own DNA, which means that they must
import their matrix proteins post translationally (25).
Peroxisome import complexes have been studied extensively in yeast and
mammals and are comprised of Pex13 and Pex14 (26–30), that interact with the
cytosolic peroxins, Pex 5 and Pex7, which recruit proteins to the complex for
translocation (24, 31). Peroxisomal matrix proteins contain either a peroxisomal targeting
sequence (PTS) 1 or PTS2, which are recognized by Pex5 and Pex7, respectively (32).
In Saccromyces cerevisiae, deletion of Pex13 or Pex14 results in mislocalization of
glycosome matrix proteins (33). T. brucei is unique in that they have two non-redundant
Pex13 proteins termed Pex13.1 and Pex13.2 (23, 34). Most other eukaryotes have a
single Pex13. Pex13.1 and Pex13.2 share low sequence identity to one another of 1116% (34). Pex13.1 shares a similar domain structure to other Pex13s in that all have a
YG-rich region and SH3 domain (34). Pex13.1 is unique in that it harbors a PTS1
sequence of unknown function. Pex13.2 lacks an SH3 domain. In mammalian cells the
YG-rich domain binds with Pex7 (35). When Pex13.2 is silenced by RNA interference,
PTS2 containing proteins were mislocalized to the cytosol (36). Protease protection
assays revealed that the N-terminus of Pex13.2 containing the YG-rich region is
exposed to the cytoplasm (36) and positioned to interact with Pex7.
Peroxins are phosphorylated (37–39). Large-scale phosphoproteomic data from
S. cerevisiae (40) and mammalian cells (UniProt) indicate that many of the proteins
involved in peroxisomal membrane and matrix protein import exist in a phosphorylated
form in vivo. However, much of the experimental data is missing regarding the function
of this post-translational modification. Homologs for many of these phosphorylated
peroxins are found in T. brucei (Table 3.1). In the yeast proteome, approximately 70% of

84

the proteins are reported to be phosphorylated (41) and recently 249 kinase and
phosphatase deletion mutants were studied in S. cerevisiae (42). Studies indicate that
phosphorylation is important in the regulation of peroxisome biogenesis. In S. cerevisiae
the proliferation of peroxisomes is dependent upon the phosphorylation of peroxisomal
membrane protein Pex11 (38). ScPex11 was studied with phosphorylation mutants,
where

phosphorylation

sites

(Ser165,

Ser167)

were

mutated

to

alanines

(dephosphorylated) or aspartic acids (phosphomimeric). When the peroxin is locked in
either state it is permanently associated with either mature peroxisomes or peroxisomes
at the ER-peroxisome interface meaning the phosphorylation of ScPex11 is important in
protein trafficking (38). In T. brucei, Pex11 is phosphorylated (Ser25) (17), however this
phosphorylation function has not been studied. When Pex11 is overexpressed in BF it
causes growth arrest and globular glycosomes transformed into cluster of long tubules
filling the cytoplasm. When Pex11 is reduced in expression by RNA interference it
resulted in fewer, larger, glycosomes (43).
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Matrix protein
import and
receptor
recycling

Peroxin

Function

Pex5

PTS1 receptor

Y

Y

Y

Y

Pex7

PTS2 receptor

n.d.

n.d.

n.d.

n.d.

Pex14

Import complex

Y

Y

Y

n.d.

Pex13

Import complex

n.d.

Y

Y

Y, Pex13.2

Pex8

RING finger complex

n.d.

n.d.

n.d.

Y

Pex2

RING finger complex

Y

n.d.

n.d.

N

Pex10

RING finger complex

n.d.

Y

Y

Y

Pex4

Receptor export

n.d.

N

N

n.d.

Pex6

Receptor export

n.d.

n.d.

Y

n.d.

S. cerevisiae H. sapiens M. musculus

T. brucei

Membrane
protein import

Pex3

Receptor docking

Y

Y

Y

n.d.

Pex19

Cytosolic receptor for PMPs

Y

Y

Y

Y

Proliferation

Pex11

Fission machinery

Y

Y

Y

Y

Table 3.1: Phosphorylated peroxin homologs found in T. brucei, S. cerevisiae,
Homo sapiens, and Mus musculus. “Y” indicates peroxin is phosphorylated, “N”
indicates not phosphorylated, “n.d.” indicates not determined.

Our study is focused on the glycosomal membrane import complex peroxin,
Pex13.2. This protein is phosphorylated at four sites (17). Herein we determined if
Pex13.2 phosphorylation mutants could interact with Pex13.1 and Pex14 and integrate
into larger molecular weight import complexes. We also measured glycosome protein
import and glycosome biogenesis in cells expressing Pex13.2 phosphorylation mutants.
Overall, we found that the phosphorylation does not impact protein import or import
complex association, but may play a role in glycosome import complex formation.
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Materials and methods
Cell culture and transfection of T. brucei: PF 2913 expressing T7 polymerase and
tetracycline (tet) repressor (44) were maintained in either SDM79 (45) or the minimal
glucose media SDM79Θ containing 5 μM glucose (8). The expression vector for epitopetagged proteins were generated by cloning the open reading frame of Pex13.2 into the
pXS2 vector possessing the blasticidin resistance gene. The two site alanine
(S214,215A) mutant was cloned using the Q5 Site-Directed Mutagenesis kit (NEB) in the
pXS2 vector possessing a puromycin resistance gene. Both the four site alanine and
aspartic acid mutants were ordered from TWIST Biosciences. The MycPex13.2AAAA
mutant was cloned into the open reading frame pXS2 possessing a blasticidin resistance
gene while the MycPex13.2DDDD mutant was cloned into the inducible pLEW100 vector
possessing a phleomycin resistance gene. For transfection, 20 μg of plasmid DNA was
linearized (pXS2: MluI; pLEW: NotI) and electroporated in 4mm cuvettes (Bio-Rad
GenePulser Xcell; exponential, 1.5 kV, 25 μF). Twenty-four hours post transfection, the
culture medium was supplemented with the appropriate drug for selection: 15 μg/mL
G418, 50 μg/ml hygromycin, 2.5 μg/ml phleomycin, 1 μg/ml puromycin, or 10 μg/ml
blasticidin. The doxycycline inducible pLEW100 cell line, MycPex13.2DDDD, was
cultured in tet-free media to reduce leaky expression of the inducible plasmid.
Immunofluorescence microscopy: All steps were performed at room temperature.
Cells were harvested (800 x g, 10 min) and washed once with PBS. Cells were then
fixed with 2% paraformaldehyde in PBS for 45 minutes and allowed to settle on nontreated slides. The adhered cells were washed once with wash solution (0.1% normal
goat serum in PBS) and permeabilized (0.5% Triton X-100) for 30 min. The cells were
then washed twice with wash solution and blocked with 10% normal goat serum in PBS
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with 0.1% Triton X-100. Following block, primary antibodies were diluted in block
solution (C-myc [Thermo Fisher, 9E10], 1:500; aldolase, 1:500) and incubated on the
slides for 1 hr at RT. The cells were then washed 4 times for 5 min each with the wash
solution. Secondary antibody was diluted in block solution (goat anti-mouse Alexa 638,
1:1,000; goat anti-rabbit Alexa 488, 1:1,000). Slides were then washed another 4 times
for 5 min each with the wash solution. ProLongTM Glass anti fade hard mount (Thermo
Fisher) was added to each of the slides and allowed to cure for 48 hrs before imaging.
Slides were imaged using a Leica DMi8 microscope and 100X lens objective.
Differential centrifugation of glycosome protein localization: Inducible expression
MycPex13.2DDDD cells were induced with 1 μg/ml doxycycline for 48 hrs prior to
harvesting. Cells were grown to stationary growth phase (10⁷ cells/ml) and 10⁸ cells were
harvested (800 x g, 10 min) and washed once with PBS. Cells were mechanically lysed
using 1 volume wet weight silicon carbide abrasive in STE buffer (250mM sucrose,
25mM Tris-HCl pH7.4, 1mM EDTA) with a protease inhibitor tablet (Fisher Scientific
Pierce Protease Inhibitor Mini Tablets) and breakage was confirmed by microscopy. The
silicon carbide was removed by centrifugation (100 x g, 30 sec), and the supernatant
transferred to a new tube. Silicon carbide was washed 2 more times with STE and
supernatants were pooled together. To remove nuclei and ER, the collected
supernatants were centrifuged (5,000 x g, 10 min, 4° C) and the supernatant transferred
to a new tube. The glycosomal enriched fraction was separated from the cytosolic
fraction by centrifugation (17,000 x g, 10 min, 4° C). Cytosolic proteins were precipitated
with 4 volumes of cold acetone, incubated on ice for 30 min, and centrifuged (17,000 x g,
10 min, 4° C). The pelleted glycosomal enriched fraction and cytosolic proteins were
separate by SDS-PAGE and proteins were detected by Western blotting.
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Immunoprecipitations: Cells (10⁹) were harvested (800 x g, 10 min) and washed two
times with PBS. The cells were lysed in hypotonic lysis buffer 1 (HB1) (100 μM TLCK
[tosyl phenylalanyl chloromethyl ketone], 1 μg/ml leupeptin) and incubated on ice for 20
min. An equal volume of hypotonic lysis buffer 2 (HB2) was added (100 mM Hepes-KOH
pH 8, 50 mM KCl, 10 mM MgCl2, 20% [vol/vol] glycerol, 100 μM TLCK, 1 μg/ml
leupeptin). The lysates were then passed through a 28-g needle three times and
centrifuged (17,000 x g, 10 min, 4° C), and lysate (L1) was transferred to a new tube.
The pellet was resuspended in equal volumes HB1 and HB2 supplemented with 0.5%
IGEPAL and 1X phosphatase HALT inhibitor cocktail (Thermo Fisher) and incubated on
ice for 20 min. The lysate was then centrifuged (17,000 x g, 10 min, 4° C) and lysate (L2)
was transferred to a new tube. Magnetic anti-Myc beads were added to the L2 lysate
and incubated rotating end-over-end overnight at 4° C. The beads were then separated
using a magnetic rack and samples were washed three times with 5X TBS-T (100 mM
Tris pH 7.5, 750 mM NaCl, 0.5% Tween 20), washed 2 times with nanopure water, and
resuspended in 100 μl nanopure water. Beads were then analyzed by loading directly on
SDS-PAGE gels and Western blotting.
2-Dimensional blue native/SDS-PAGE: A glycosome pellet enriched by differential
centrifugation (3 x 10⁸ cells) was prepared as previously described and resuspended in
1X Native PAGE sample buffer (Thermo Fisher), 2% n-dodecyl-β-D-maltoside, 0.5%
Coomassie brilliant blue-G250. Samples were incubated rotating at 4° C for 1 hr and
centrifuged (100,000 x g, 10 min, 4° C) to remove insoluble material. The supernatant
was resolved by blue-native PAGE (BN; Invitrogen Novex NativePage 4-16% Bis-Tris
gel; dark blue cathode buffer: 50 mM Bis-Tris-HCl pH 7, 15 mM Bis-Tris-HCl, 0.2%
Coomassie brilliant blue G-250; anode buffer: 50 mM Bus-Tris-HCl pH 7). When blue
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dye front migrated one-third through the gel, the dark blue cathode buffer was
exchanged for light blue cathode buffer (0.02% Coomassie brilliant blue G-250). For
second-dimension SDS-PAGE, individual lanes were excised and incubated in
Laemmeli buffer (65.8 mM Tris-HCl, pH 6.8; 26.3% w/v glycerol; 2% sodium lauryl
sulfate; 0.01% bromophenol blue; 10 mM dithiothreitol) for 10 min, 3 times. Slices were
then incubated in SDS-PAGE running buffer (3 g Tris base; 14 g glycine; 1 g sodium
lauryl sulfate; pH 8.3; water to 1000 ml) for 10 min, 3 times. The slices were overlayed
on a 12% SDS-PAGE gel. Proteins were transferred to PVDF membranes overnight
using a wet transfer blotter (30V, 16 hrs) and analyzed by Western blotting using
antibodies against Pex13.1 (1:5,000, made against recombinant SH3 domain in rat),
Pex13.2 (1:5,000, made against recombinant Pex13.2 in guinea pig), C-Myc (Thermo
Fisher, 9E10; 1:5,000), and Pex14 (provided by Armando Jardim, McGill University,
Quebec, Canada; 1:10,000, (46)).
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Results
Proteomic studies revealed that Pex13.2 is phosphorylated at Ser214, Ser215,
Ser218, and Ser221 (17). Based on the predicted topology of the protein, the
phosphorylated residues are predicted to reside within the glycosome (Figure 3.1) (36).
To determine the role of Pex13.2 phosphorylation on glycosome protein import and
glycosome biogenesis, we expressed several Myc tagged Pex13.2 phosphorylation
mutants in procyclic form (PF) parasites: MycPex13.2 S214,215A in which Ser214 and
Ser215 are mutated to alanines, MycPex13.2AAAA in which Ser214, 215, 218, and 221
are mutated to alanines, and a phosphomimetic MycPex13.2DDDD in which all 4 serines
are mutated to aspartic acids. With the exception of MycPex13.2DDDD, all mutants were
constitutively expressed. We were unable to obtain cell lines that constitutively
expressed MycPex13.2DDDD, but did generate cells using the pLEW100 inducible
expression

vector

that

directs

tetracycline

inducible

protein

expression.

The

phosphorylation site changes were confirmed by sequencing.

Figure 3.1: Pex13.2 phosphorylation sites are inside the glycosome. The Nterminus of the membrane protein Pex13.2 is cytosolic (36). Pex13.2 is phosphorylated
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at residues 214, 215, 218, and 221, which are predicted to reside in the glycosome
matrix. These four serines have been mutated to either alanines or aspartic acids.
Created with BioRender.com.

We measured relative protein expression levels of the glycosomal import
membrane proteins across the phosphorylation mutants (Figure 3.2). We collected 2x10⁶
cells from each cell line and loaded the whole cell lysate onto an SDS-PAGE gel. The
control MycPex13.2 cells also constitutively overexpress Pex13.1 with a hemagglutinin
tag, which is seen with the increased Pex13.1 protein expression compared to the other
cell lines. Both parental PF cells and uninduced MycPex13.2 DDDD cells had reduced
Pex13.2 expression compared to the overexpressed MycPex13.2 cell lines. Pex14
protein expression is consistent across all cell lines.
We

used

immunofluorescence

assays

to

determine

if

our

Pex13.2

phosphorylation mutants localized to glycosomes. The cells were stained with antibodies
against the Myc epitope tag (green) and the glycosomal matrix protein aldolase
(magenta) (Figure 3.3). PF 2913 (Parental) cells with no Myc tag was used as a negative
control. PF 2913 cells expressing full length Myc tagged Pex13.2 (MycPex13.2) cells
were used as a control. Both Myc and aldolase localize to punctate structures typical of
glycosomal patterning. The alanine mutants MycPex13.2 S214,215A (not shown) and
MycPex13.2 AAAA, had similar punctate structures with Myc overlapping with the
aldolase control. Similarly, when the aspartic acid mutant is induced, MycPex13.2
DDDD, Myc staining overlapped with aldolase. These results indicate that the
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phosphorylation mutants localize to punctate structures and overlap with aldolase
suggesting they localize to glycosomes.

Western blots

WCL

Figure 3.2: Relative protein expression levels of MycPex13.2 phosphorylation
mutants. Whole cell lysate (WCL) was collected from parental PF cells and PF cells
expressing MycPex13.2, MycPex13.2 S214,215A, MycPex13.2 AAAA, MycPex13.2
DDDD (uninduced –doxy), and MycPex13.2 DDDD (induced +doxy). MycPex13.2 DDDD
cells were induced for 4 days with 1 μg/mL doxycycline prior to collection. Lysates were
loaded on a SDS-PAGE gel. Glycosome import complex proteins were analyzed by
Western blotting.
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Figure 3.3: Immunofluorescence assays of MycPex13.2 mutants. PF 2913 parental
cells not expressing Myc (Parental) and cells expressing MycPex13.2 were used as
controls. MycPex13.2 phosphorylation mutants (AAAA and DDDD) were labeled with
antibodies against the Myc epitope tag (green) and glycosomal marker aldolase
(magenta),

and

detected

using

STAR

580

and

STAR

635p,

respectively.

MycPex13.2DDDD cells were induced for 4 days with 1 μg/mL doxycycline prior to fixing.
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Western blots

Immunoprecipitations

Figure 3.4: Pex13.2 phosphorylation mutants interact with components of the
import complex. Lysates from parental PF 2913 cells and PF 2913 cells expressing
MycPex13.2, MycPex13.2 S214,215A, and MycPex13.2AAAA were incubated with
magnetic beads conjugated with Myc antibodies. Empty beads were used as a control.
Bound proteins were analyzed by SDS-PAGE and Western blotting.

In

parallel,

we

utilized

immunoprecipitations

to

determine

if

Pex13.2

phosphorylation mutants could still interact with members of the glycosome import
machinery (Figure 3.4) (36). Lysates from cells expressing MycPex13.2 phosphorylation
mutants were incubated with magnetic beads coupled to Myc antibodies and bound
proteins were analyzed by Western blotting. Both empty beads and parental cell line
without Myc epitope were used as negative controls. Pex13.1 and Pex14 were identified
in bound fractions of MycPex13.2 as well as all MycPex13.2 phosphorylation mutants.
These results suggest that the phosphorylation mutants bind import complex peroxins.
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We next wanted to determine if glycosome protein import was altered in cells
expressing Pex13.2 phosphorylation mutants. We used Western blotting of glycosomal
and

cytosolic

fractions

obtained

from

lysates

of

cells

expressing

different

phosphorylation mutants (Figure 3.5A and B). In Figure 3.5A we analyzed the alanine
phosphorylation mutants and used parental PF 2913 and MycPex13.2 as controls. In the
parental control the membrane proteins and matrix proteins containing PTS1 and/or
PTS2 sediment with the glycosomal fraction. This pattern is observed also in the
MycPex13.2 alanine phosphorylation mutants. Similarly, with the MycPex13.2DDDD
mutant we detect membrane proteins, Pex13.1 and Pex14 in the glycosomal fractions
(Figure 3.5 B). The fractionation also revealed low levels of cytosolic aldolase, PFK, and
FBPase. This may be the result of glycosomes that were disrupted during the cell lyses.
This residual cytosolic localization is also seen in controls suggesting it is not the result
of expressing Pex13.2 phosphorylation mutants. Together, these results indicate that
glycosomal matrix proteins are likely imported into the glycosome regardless of Pex13.2
phosphorylation.
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Western blots

Lysates

Western blots

Lysates

Figure 3.5: Expression of Pex13.2 phosphorylation mutants does not affect
glycosome protein localization. Western blots of glycosomal (G) and cytosolic (C)
fractions collected from cells expressing Pex13.2 phosphorylation mutants. (A)
MycPex13.2 alanine double (S214,215A) and quadruple (AAAA) mutants. (B)
MycPex13.2 quadruple aspartic acid (DDDD) mutants uninduced (-doxy) and induced
(+doxy). Cells were induced for 4 days prior to harvesting with 1ug/mL doxycycline.
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We used 2D Blue Native SDS-PAGE gel electrophoresis to determine whether
Pex13.2 phosphorylation mutants were incorporated into any of the higher molecular
weight import complexes. Lysates were resolved in the first dimension by blue native gel
electrophoresis and in the second dimension by SDS-PAGE to break up the complexes
into individual proteins. In control cells, parental PF 2913, and MycPex13.2, we detected
Pex13.1, Pex13.2, and Pex14 in small complexes from 60 – 480 kD. In Figure 3.6A we
analyze the import complex sizes of the Pex13.2 alanine phosphorylation mutants.
When we probe with membrane protein Pex13.1 it is detected in the small molecular
weight complexes, 60-250 kD, in all samples. Myc protein is detected in small molecular
weight complexes in MycPex13.2AAAA mutant (60-400 kD) while the MycPex13.2
S214,215A mutant incorporates Myc into intermediate complexes (60-720 kD). Similarly,
Pex13.2 protein expression is detected in small import complex (60-720 kD) of
MycPex13.2AAAA, but in intermediate import complexes in MycPex13.2 S214,215A.
Pex14 is consistently detected in small import complexes across the lysates (60 - 480
kD). Expression of MycPex13.2DDDD mutants was induced for 4 days with 1 μg/ml
doxycycline prior to harvesting. Induced MycPex13.2DDDD glycosomal membrane
proteins were detected in large molecular weight complexes (1,000 kD) to small
complexes (60 kD) (Figure 3.6B). Pex13.1 was detected in intermediate complexes (480
– 720 kD) when MycPex13.2DDDD was induced; however Pex13.1 was only detected in
small complexes (60 – 480 kD) when uninduced. Myc expression was detected in all 3
complex sizes (60 – 1048 kD). Pex13.2 and Pex14 protein was revealed in both
intermediate and small complex sizes (60 – 720 kD). These results indicate that
phosphorylation of Pex13.2 may play a role in import complex formation.
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Lysates
Lysates

Figure 3.6: Expression of Pex13.2 phosphorylation mutants may alter complex
formation. Glycosome enriched fractions were solubilized in n-dodecyl β-maltoside
containing sample buffer and resolved in the first-dimension by BN-PAGE and second
dimension by SDS-PAGE. Proteins were analyzed by Western blotting. Large (L),
intermediate (I), and small (S) complexes are boxed. Whole cell lysate (WCL) was used
as control. (A) Parental PF 2913, MycPex13.2, MycPex13.2 alanine double (S214,215A)
and quadruple (AAAA) mutants. (B) MycPex13.2 quadruple aspartic acid (DDDD)
mutants. Cells were induced for 4 days prior to harvesting with 1ug/mL doxycycline.
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These studies indicate that Pex13.2 phosphorylation is not required for
interaction with Pex13.1 and Pex14 and that glycosomal protein import is not disrupted
in cells expressing phosphorylation mutants. We analyzed the complex formation by 2D
gel electrophoresis and when Pex13.2 is not phosphorylated, the mutants do not
integrate into the higher complexes. However, when constitutively phosphorylated both
MycPex13.2 and Pex13.1 integrate into the intermediate and large complexes. These
results indicate that phosphorylation may be important in forming larger import
complexes. Native Pex13.2 and Pex14 seemed unaffected by the expression of
MycPex13.2 phosphorylation mutants and were consistently detected in the small and
intermediate complexes (60-700 kD).
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Discussion
In our study we used multiple biochemical techniques to discern the role of Pex13.2
phosphorylation

in

glycosome

protein

import

and

glycosome

biogenesis.

Phosphoproteomics analysis in T. brucei (17) revealed Pex13.2 is phosphorylated at
Ser214, Ser215, Ser218, and Ser221, but the role is unknown. With phosphorylation
mutant cell strains, we analyzed how phosphorylation affects glycosome protein import
complex association, formation, and matrix protein import into glycosomes. With
immunofluorescence

assays

we

determined

that

the

Myc-tagged

Pex13.2

phosphorylation mutants localized to punctate structures, indicative of glycosomes, and
overlapped with the glycosomal matrix protein marker, aldolase. However, this method
can be improved by imaging these cell lines by superresolution microscopy as well as
employing stimulated emission depletion (STED) to gain better insight into the patterning
of the Pex13.2 phosphorylation mutants as well as performing sucrose density gradients
to further clarify where the mutants sediment.
In S. cerevisiae cytosolic NAD+ -dependent glycerol 3-phosphate dehydrogenase
(Gpd1p) is phosphorylated at a site adjacent to the PTS2 sequence (47). When Gpd1 is
not phosphorylated, Gpd1p was not imported into the peroxisome suggesting
phosphorylation is important for peroxin mediated import (47).
Glycosomal membrane proteins, Pex13.1 and Pex14, interact with Pex13.2 (36). We
show here that the phosphorylation status of Pex13.2 is not necessary for binding import
complex proteins Pex13.1 or Pex14. A similar study utilized immunoprecipitation of
Pex11 in Pichia pastoris to determine if phosphorylation is necessary for interaction with
peroxisome fission machinery protein, Fis1p (48). Unphosphorylated PpPex11 did not
interact with PpFis1, however, the phosphorylated PpPex11 did. Although our study with
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Pex13.2 suggests that phosphorylation is not important in binding Pex13.1 and Pex14, it
is possible that that the native Pex13.2 is masking the phenotype of the Pex13.2
phosphorylation mutants. To overcome this, we will use RNA interference to silence
expression of the native Pex13.2 while overexpressing our MycPex13.2 phosphorylation
mutants and will pursue replacing wildtype Pex13.2 with mutants using CRISPR-cas9.
Future studies will also include immunoprecipitations with the phosphomimetic
MycPex13.2DDDD mutant.
Peroxisomal import complexes of higher eukaryotes have been characterized (49)
and recently the size and composition of the glycosomal import complex in T. brucei was
revealed (36). In mammalian cells, rat liver peroxisome import complex composition and
molecular weight complex sizes were characterized by 2D gel electrophoresis. Rat liver
Pex14 was found in small range of molecular weights from 200 – 500 kD whereas Pex13
was found in a broader range of complexes from 60 – 500 kD (49). The glycosomal
import complex in T. brucei was characterized as having three molecular weight
complexes with differing peroxin composition. A large molecular weight complex, >750
kD contained both Pex13.1 and Pex13.2 and an intermediate molecular weight complex,
480 – 720 kD contained all three peroxins, Pex13.1, Pex13.2, and Pex14. A small import
complex was also found containing Pex14 and small amounts of Pex13.2 (36).
We used 2-dimensional gel electrophoresis to address how Pex13.2 phosphorylation
impacted glycosome protein import complex formation. The unphosphorylated
MycPex13.2 alanine mutants form complexes similar to MycPex13.2 and parental PF
2913 cells. Both Pex13.1 and MycPex13.2 integrate into lower molecular weight
complexes (60-400 kD) while Pex13.2 and Pex14 are detected in a wide range from
small to intermediate complex sizes (60-480 kD). Interestingly, in the cells expressing
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phosphomimetic MycPex13.2DDD mutant, Pex14 may be integrating into larger
complexes as we detect protein between 720 – 1048 kD. Overall, these mutants are
overexpressed with the native Pex13.2 in the background and the true effects of the
mutants may be masked by the native Pex13.2 still present.
In this study we have explored the role of Pex13.2 phosphorylation and how it
impacts interactions with Pex13.1 and Pex14 assembly into the higher order complexes
and glycosomal protein import. Pex13.2 phosphorylation did not impact Pex13.1 and
Pex14 binding, or import of the glycosomal matrix proteins. It is important to note that the
native Pex13.2 may be masking the effects of our phosphorylation mutant cell strains.
Because of this, current work in the lab is focused on knocking down the expression of
the native Pex13.2 using RNA interference and reassessing how the phosphorylation
mutants affect the glycosome import complex. Since the glycosome is essential for T.
brucei survival, a detailed understanding of this complex may facilitate the advancement
of therapeutics.
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Abstract
Fructose 1,6-bisphosphatase (FBPase) is a key enzyme in gluconeogenesis
(GNG), which synthesizes the glucose 6-phosphate necessary to fuel glycolysis and the
pentose phosphate pathway. In eukaryotes, GNG and glycolysis are typically localized in
the cytoplasm and coordinated via allosteric regulation of the enzymes FBPase and
phosphofructokinase (PFK). Kinetoplastid parasites are unique in that these metabolic
processes are sequestered in peroxisome-like organelles termed glycosomes and their
regulation is unknown. T. brucei alternates between the glucose-rich (~5 mM)
mammalian bloodstream and the tsetse fly where glucose levels are minimal. The
parasites cycle between glycolysis for ATP production in high glucose and using
oxidative phosphorylation when glucose levels are low. FBPase was identified in the T.
brucei genome in 2003 and recent metabolic labeling experiments revealed that GNG is
active in both bloodstream form and insect stage parasites. The activity of FBPase has
been difficult to monitor in culture due to low expression levels and insensitive assays.
We have designed a sensitive in vitro coupled enzyme assay to measure FBPase
activity in glycosomal-enriched fractions and determined how extracellular glucose and
culture density influence both FBPase activity and protein expression in insect-stage
parasites. In low glucose, stationary phase cultures had high levels of FBPase activity as
compared to log phase cultures. In contrast, in high glucose conditions FBPase activity
was highest in high glucose. FBPase protein abundance did not change with culture
density indicating that differences in protein levels are not responsible for these
differences in activity.
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Introduction
The kinetoplastid Trypanosoma brucei is an extracellular parasite that causes
human African trypanosomiasis (HAT) as well as the wasting disease in cattle, nagana
(1, 2). This neglected tropical disease is endemic to sub-Saharan Africa and it is
estimated that 60-70 million people are at risk of infection (3). T. brucei is transmitted
through the bite of the tsetse fly into a mammalian host (4) and undergoes dramatic
environmental changes and must remodel its metabolism to survive (5, 6). While in the
tsetse fly the parasite is in its procyclic form (PF) and primarily utilizes proline as a
carbon source, generating ATP in their mitochondrion (5, 7, 8). Once transmitted into the
mammalian blood, the bloodstream form (BF) of the parasite relies almost exclusively on
glycolysis for ATP production (9, 10). Recent studies have found T. brucei in skin, brain,
and adipose tissues, suggesting they may utilize metabolic pathways other than
glycolysis to produce ATP while in the mammalian host (11–13).
The tsetse fly does not store glucose, which is depleted within 1t5 minutes of
taking a blood meal 15 minutes (14). In the absence of glucose, PF parasites rely on
amino acid catabolism for ATP generation. Both the fly and the parasite metabolize
proline, which is present in the fly midgut (15, 16) and catabolized inside the
mitochondrion to succinate, alanine, acetate, reduced cofactors, and ATP (17, 18). While
proline metabolism was downregulated when glucose was abundant (19), the amino
acid has been found to be essential for maintaining parasite infectivity in the tsetse fly
(8).
Glucose 6-phosphate (G6P) is a key metabolite that is produced and used by
both the glycolytic and gluconeogenic pathways (9, 20–23). In many systems these two
metabolic processes are regulated allosterically by the key enzymes fructose 1-6
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bisphosphatase (FBPase), hexokinase, and phosphofructokinase (PFK) (24, 25). The
trypanosome homologs of these enzymes are not responsive to the effectors that
mediate activity in other systems (26). T. brucei is also unique in that glycolytic and
gluconeogenic enzymes are localized to peroxisome-like organelles termed glycosomes.
In other eukaryotes, these enzymes are cytosolic (27–30). G6P is required to fuel the
pentose phosphate pathway and nucleotide sugar biosynthesis. While the parasite is in
the tsetse fly, gluconeogenesis is important as it provides G6P for the cell from proline in
low glucose environments (22, 31).
The role of FBPase in T. brucei metabolism is unclear and the gene was first
identified in 2003 (32). While FBPase knock-out parasites were viable in culture (33), the
enzyme was essential for establishment of tsetse fly infections. Further studies revealed
that gluconeogenesis is active in the BF parasites as they metabolize glycerol, which
may be essential for survival in mammalian host tissues such as skin and adipose (21,
23).
In this work, we found that FBPase activity is influenced by extracellular glucose
levels in a cell density-dependent manner. Further, FBPase activity differed significantly
between PF cell lines with monomorphic 2913 PF cells having higher FBPase activity
than pleomorphic AnTat1.1 PF cells. These changes were not accompanied by
alterations in FBPase protein abundance, suggesting a role for post-translational
modifications or unknown allosteric mechanisms in FBPase regulation.
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Materials and methods
Trypanosoma brucei Cell Culture and Transfection: PF 2913 expressing T7
polymerase and tetracycline (tet) repressor (34) were maintained in SDM79 (35), very
low level glucose medium SDM79Θ (containing 5 μM glucose) (36), or SDM79ΘG
(SDM79Θ supplemented with 5 mM glucose). For RNAi, nucleotides 262-780 of the
FBPase open reading frame were cloned into pZJM (37) to generate pZJM:FBPase262780.

For transfection, 20 μg of plasmid DNA was linearized with NotI and electroporated

in 4 mm cuvettes (BioRad GenePulser Xcell; exponential, 1.5kV, 25μF). Twenty-four
hours after transfection, culture was supplemented with appropriate drug for selection:
15 μg/mL G418; 50 μg/ml hygromycin; 2.5 μg/ml phleomycin. The RNAi cell lines are
typically maintained in tet-free media to reduce leaky expression; however this was not
required for this cell line. Cells were induced for 48 hrs with 1 μg/ml doxycycline daily
before growth for assays. Cells were than harvested for both FBPase enzymatic assays
and western blot analysis. The AnTat1.1 PF cell lines were generated by isolation of
stumpy parasites after infection with long slender forms from a mouse, followed by
differentiation to PF cells as described in (36). These cells were then maintained in
SDM79, SDM79Θ, or SDM79ΘG.
Culture Density Dependent Assays: PF 2913 and PF AnTat1.1 cell lines were seeded
at 5 x 10⁵ cells/ml in either SDM79, SDM79Θ, or SDM79ΘG. Cells were grown to log
phase density of 5 x 10⁶ cells/ml and stationary phase density of 10⁷ cells/ml. Cells were
then harvested for both FBPase enzymatic assays and western blot analysis.
TbFBPase Enzyme Activity Assay: For FBPase assays, glycosome enriched fractions
were collected by differential centrifugation. Cells were harvested (1.3 x 10⁸, 800 x g, 10
min) and washed once with PBS. Cells were then mechanically lysed using 1 volume
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wet weight silicon carbide abrasive and 0.1 μm-filtered STE (250mM sucrose, 25mM
Tris-HCl pH7.4, 1mM EDTA) with a protease inhibitor tablet (Fisher Scientific Pierce
Protease Inhibitor Mini Tablets). The abrasive was removed by centrifugation (100 x g,
30 sec) and supernatant was transferred to a new tube. The silicon carbide was washed
an additional 2 times with filtered STE and the resulting supernatants pooled. The
collected supernatant was centrifuged (5,000 x g, 4° C for 15 min) to remove the nuclear
debris and remaining intact cells. The supernatant was then transferred to a new tube
and glycosomes and other small organelles separated by centrifugation (17,000 x g, 4°
C for 15 min), yielding a glycosome enriched fraction. The supernatant was discarded
and the glycosome enriched pellet was resuspended in HBS-T (150 mM NaCl, 20 mM
HEPES, 0.1% Triton).
The reaction mixture in sterile water (30mM Tris-HCl [pH 7.2], 5mM MgCl₂,
0.5mM NADP, 0.2mM EDTA, 1U/mL G6PDH, 1U/mL PGI, 2.5mM fructose, 1-6
bisphosphate) was allowed to stand for 20 minutes for secondary reactions to take
place. A total volume of 160uL was added to each sample well. A cell equivalent of 4 x
10⁷ cell equivalents of glycosome enriched pellet (40 μL) was added in triplicate to the
plate. Recombinant TbFBPase (1 μg) was used as a positive control, while reaction mix
lacking enzyme or lysate was used to score background. NADPH production was
monitored spectrophotometrically on a Synergy H1 plate reader (excitation 340,
emission 460) every thirty seconds for thirty minutes. Relative fluorescence units (RFU)
per minute were calculated based on the slope of the linear portion of the reaction (1020 min).
Western blot analysis: Cells were harvested (5 x 10⁶, 800 x g, 10 min), washed with
PBS, lysed in cracking buffer (10% glycerol, 2% SDS, 2% β-mercaptoethanol, 100 mM
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Tris [pH 6.8], 0.1% bromophenol blue), and boiled at 95° C for 3 minutes. Proteins were
resolved in the lysate by 12% SDS-PAGE, followed by transfer to nitrocellulose.
Membranes were then probed with antibodies against TbFBPase (1:10,000; the
generous gift of Prof. Fred Bringaud, Universite de Bordeaux), tubulin (1:20,000), and
aldolase (1:10,000).
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Results
Historically FBPase protein activity has been difficult to detect in trypanosomes.
We have optimized a coupled enzyme assay using phosphoglucoisomerase (PGI) and
glucose 6-dehydrogenase (G6PDH) to hydrolyze nicotinamide adenine dinucleotide
phosphate (NADP+) (Figure 4.1A). The assay is measured using fluorescence, which is
more sensitive than absorbance at 340 nm, to measure the NADPH production over
time. Using this approach, we were able to detect FBPase activity with as little as 125 pg
of recombinant enzyme (Figure 4.1B and C). Western analysis of whole cell lysates and
serial dilutions of recombinant protein FBPase protein revealed that 5 x 106 cells
contained approximately 75 pg of FBPase (Figure 4.1D).
Our assay was robust when used with glycosome enriched fractions harvested
from PF 2913 cells grown in SDM79 (Figure 4.2A). These fractions yielded activity that
was linear throughout the reaction course with signal that was 200x above background
(Figure 4.2B). To confirm our assay was specific for FBPase, we measured activity in
cell lines in which FBPase was silenced by RNAi (Figure 4.2C). FBPase activity in
parental cells was approximately 600 RFU/min and undetectable in RNAi cells grown in
tet (Figure 4.2D). Confirming the impact of the silencing, FBPase protein was
undetectable by western blotting after RNAi.
Because the canonical role of FBPase is in gluconeogenesis under conditions of
low glucose, we assessed the impact of extracellular glucose levels on FBPase activity.
To modulate glucose in the media, we used SDM79Θ (36), which includes dialyzed fetal
bovine serum (FBS) and lacks additional glucose. To account for the potential impact of
SDM79ΘG. We predicted that FBPase activity would be greatest in the very low glucose
medium (SDM79Θ) and reduced in SDM79ΘG. Surprisingly, cells grown in SDM79Θ
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Figure 4.1: FBPase assays sensitivity. (A) FBPase assay. FBPase activity was
measured in a coupled-enzyme assay containing phosphoglucoisomerase (PGI) and
glucose-6-dehydrogenase (G6PDH). The conversion of NADP+ to NADPH was
monitored spectrophotometrically at 340 nm [340]. (B) Assay sensitivity. Serial dilutions
of recombinant FBPase (125 pg - 4 ng) were used in assays and plotted over time. (C)
The relative fluorescence units (RFU) per minute plotted as a function of time displaced
in bar graphs for three technical replicates. (D) Quantification of TbFBPase in parasite
lysate. Serial dilutions of rFBPase and whole cell lysate (WCL) were analyzed by
western blotting with anti-TbFBPase (40 kD) antibodies. Lane 1: 2 x 10⁶ cells. Lane 2:
10⁶ cells. Lane 3: 5 x 10⁵ cells. Lanes 4-9: 1:2 dilutions of rFBPase starting at 300 pg.
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exhibited minimal FBPase activity (~75 RFU/min) when compared to cells grown in
SDM79ΘG (~200 RFU/min) (Figure 4.3A). Additionally, cells grown in SDM79, which
contains more than 10 mM glucose, had significantly higher (P < 0.01, Student’s t-test).
FBPase activity (~450 RFU/min) than cells cultured in either SDM79Θ or SDM79ΘG
(Figure 4.3A).
Through the course of our studies, we noticed that FBPase activity changed
depending on the density of the culture. To score this more accurately, parasites were
seeded at 5 x 10⁵ cells/ml and FBPase activity measured at various densities until the
cells reached stationary phase (1 x 107 cells/ml) (Please note, all previous experiments
had been performed with cells in log (5 x 10⁶ cells/ml). In contrast to assays performed
on log phase cells, where FBPase activity was highest in SDM79ΘG (~200 RFU/min),
FBPase activity in stationary cells was highest in SDM79Θ (~150 RFU/min) and
undetectable in SDM79ΘG (Figure 4.3B). Next, we compared FBPase activity levels in
cells cultured in the presence or absence of glucose during log and stationary growth
phases and found significant differences within SDM79Θ (P < 0.05, Student’s t-test) and
SDM79ΘG (P < 0.01, Student’s t-test) but not in SDM79 (Figure 4.3C).
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Figure 4.2: PF 2913 cells grown in SDM79 have FBPase activity. (A) Reaction curve
of FBPase activity in glycosome enriched fractions of PF 2913 (grey triangles) and
negative control (no lysate, black circles). (B) Bar graph of FBPase activity. Three
technical replicates were performed for each of three biological replicates. Negative
control (black bars) and glycosome enriched fractions from SDM79 (grey bars). (C)
FBPase activity is undetectable in FBPase RNAi cell lines. Reaction curve of FBPase
activity in parental PF 2913 (grey triangles), induced RNAi cell lines (grey squares) and
negative control (black circles). (D) Bar graph of FBPase activity (RFU/min) showing
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data from one representative biological replicate performed in technical triplicate. Inset,
western blot of parental PF 2913 and induced FBPase RNAi cell lysates probed with
antibodies against (i) FBPase (40 kD) and (ii) aldolase (41 kD), which was used as a
loading control.

The experiments above indicated that FBPase activity is influenced by
extracellular glucose levels and culture density. While enzyme activity was detectable in
SDM79Θ and SDM79ΘG, it was significantly higher in SDM79 (P < 0.01, Student’s ttest) than either other media. In contrast to cells grown in SDM79Θ and SDM79ΘG, cells
grown in SDM79 had FBPase activity that was not density dependent (Figure 4.3A and
B).
To resolve whether differences in FBPase activity were due to changes in steady
state protein abundance, we measured FBPase levels in cells lysate from log phase and
stationary phase cultures that were grown in SDM79, SDM79Θ, and SDM79ΘG.
FBPase expression levels were highest in SDM79 when compared to SDM79Θ or
SDM79ΘG (Figure 4.3D), with the latter two media yielding similar protein levels. Unlike
FBPase enzyme activity, which changed with cell density, protein levels were similar in
log and stationary phase cultures.
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Figure 4.3: FBPase activity is influenced by extracellular glucose and cell density.
FBPase activity was measured in PF 2913 cells grown in SDM79Θ, SDM79ΘG, and
SDM79. (A) Bar graph of FBPase activity in cells grown to log phase (5 x 10⁶ cells/ml) in
each of the described media conditions (*P < 0.05, **P < 0.01, Student’s t-test). (B) Bar
graph of FBPase activity in cells grown to stationary phase (1 x 10⁷ cells/ml) in each of
the described medias (**P < 0.01, ****P < 0.0001, Student’s t-test). (C) Bar graph of
FBPase activity comparing same media log (black bars) vs stationary phase (grey bars)
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(*P < 0.05, **P < 0.01, Student’s t-test). For all assays, FBPase activity was calculated
using three biological replicates performed in triplicate. (D) Western blots of whole cell
lysates (log phase, L and stationary phase, S) probed with anti-FBPase (40 kD) and antitubulin (50 kD) used as a loading control.

The unexpected FBPase activity in PF 2913 cells may be a result of the natural
history of this cell line. These parasites were modified for tetracycline inducible gene
expression of transgenes expressed from constructs bearing a T7 promoter by an
endogenous T7 polymerase (34). This cell line has become one of the standard strains
for trypanosome genetic studies and has been cultured for decades in many
laboratories, usually in SDM79 or similar media containing abundant glucose. PF 2913
cells are also monomorphic, meaning they cannot complete the parasite lifecycle. To
address whether this unanticipated pattern of FBPase expression was specific to PF
2913 cells, FBPase activity was scored in pleomorphic PF AnTat1.1 cells that maintain
their ability to differentiate in culture and have no genetic modifications. These PF
AnTat1.1 parasites were generated by isolation of stumpy forms from an infected mouse
followed by differentiation to PF cells using glucose deprivation as described in (36). The
newly differentiated PF parasites were cultured in SDM79Θ, conditions that favor growth
in these parasites (36). To score their FBPase activity in response to culture conditions,
cells were passed into either SDM79ΘG or SDM79. Because the presence of glucose
initially inhibits PF AnTat1.1 cell growth, parasites were acclimated for two weeks (a
period required for the cells to resume growing in glucose-replete media (36)) before
use.
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Figure 4.4: FBPase activity is higher in PF 2913 as compared to PF AnTat1.1 when
both are grown in SDM79. (A) FBPase activity in PF 2913 (dark grey squares),
AnTat1.1 (light grey triangles) and negative control (black circles). (B) Bar graph of
FBPase activity (RFU/min) of representative biological replicate performed in triplicate
(**P < 0.01, Student’s t-test). PF 2913 (black bar) and PF AnTat1.1 (grey bar).

After cells were acclimated to the different conditions, FBPase activity and steady
state protein abundance were scored. Notably, FBPase was undetectable in PF
AnTat1.1 cells cultured to log or stationary phase in either SDM79Θ or SDM79ΘG
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(Figure 4.5A and B). In SDM79, however, the PF AnTat1.1 cells generated detectable
FBPase activity (~200 RFU/min), which was similar to what was seen in PF 2913
parasites under the same condition (Figure 4.4A and B). Cell density, however, did not
impact FBPase activity (Figure 4.5C). FBPase protein was detectable from cells cultured
in all conditions, with cells grown in SDM79Θ expressing higher levels of FBPase protein
when compared to cells grown in SDM79ΘG, regardless of culture density (Figure 4.5D).
Culture in SDM79 yielded the highest levels of steady state FBPase expression, an
observation that parallels PF 2913 cells grown in the same media (Figure 4.5D).
Taken together our results show that protein expression does not equate to
FBPase activity levels. Culture history and density play a large role in FBPase activity in
the PF 2913 cell line, but does not affect the activity levels in pleomorphic PF AnTat1.1
cells. SDM79 affects both protein expression levels and enzyme activity by increasing
their levels in both strains.
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Figure 4.5: FBPase activity is low in PF AnTat1.1 in SDM79 and undetectable in
SDM79Θ and SDM79ΘG. FBPase activity was measured in PF AnTat1.1 cells grown in
SDM79Θ, SDM79ΘG, and SDM79. (A) Bar graph of FBPase activity in cells grown to
log phase (5 x 10⁶ cells/ml) in each of the described media conditions (**P < 0.01,
Student’s t-test). (B) Bar graph of FBPase activity in cells grown to stationary phase (1 x
10⁷ cells/ml) in each of the described medias (**P < 0.01, Student’s t-test). (C) Bar graph
of FBPase activity comparing same media log (black bars) vs stationary phase (grey
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bars). All assays were performed with three biological replicates in triplicate (D) Western
blots of whole cell lysates (log phase, L and stationary phase, S) were probed with antiFBPase (40 kD) and anti-tubulin (50 kD).
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Discussion
In this work we report unexpected patterns in the regulation of FBPase activity
and protein expression. First, FBPase activity and expression differed in cells cultured in
different media which was surprising given the expected role of FBPase in
gluconeogenesis. FBPase activity and protein expression was 2-fold higher in media
supplemented with glucose (SDM79ΘG) when compared to cells grown in low glucose
(SDM79Θ). Additionally, we noted a further 2-fold increase in FBPase activity from cells
cultured in SDM79, which has a higher concentration of glucose (10 mM) than the
SDM79ΘG (5 mM), although other differences between the media (due to the loss of
small components of the filtered serum in the SDM79ΘG) may, in part, play a role in this
increase. FBPase activity was also subject to distinct regulation in different parasite cell
lines. PF 2913 parasites had significantly higher levels of activity than PFvAnTat1.1
cells.
Previous studies found that carbon labeled proline was integrated into byproducts of gluconeogenesis when FBPase was abolished in EATRO1125 PF cells (33),
leading authors to propose that another enzyme, sedoheptulose 1,7-bisphosphatase
(SBPase) (32) provided this activity. We did not observe this residual activity in our
FBPase-deficient cells, a difference that may reflect strain-specific variation. Our
observation that FBPase activity differed significantly between PF 2913 and PF
AnTat1.1 cells grown in the same laboratory under the same conditions supports this
hypothesis.
In addition to strain variation, we hypothesize that differences in media
components contributed to the differences in FBPase activity measured in the different
studies. While both studies were performed under glucose-depleted conditions, the
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method of glucose removal was different. Previous studies utilized conditioned media
where glucose levels were depleted by culturing the parental cell line in the media. The
depleted media was then supplemented with D-acetyl-D-glucosamine, which inhibits
glucose uptake by binding to the hexose transporter (38), and used to grow the parasites
(33). Here, the very low glucose media SDM79Θ included dialyzed FBS, a process that
removes glucose and other small molecules. Our observation that cells grown in SDM79
exhibit higher FBPase activity than SDM79ΘG, which differs only in the source of FBS,
underscores the importance of undefined media components in influencing parasite
metabolism. This is a fundamental issue in biology as it is difficult to (i) precisely define
the environments parasites encounter in the field and (ii) recapitulate those conditions in
the laboratory. It has been noted anecdotally that important small molecules are lost in
the dialysis of FBS. While we do not observe differences in growth rate between SDM79
and SDM79ΘG, it is impossible to discount the effect they may have on metabolism.
To our knowledge, this is the first documentation of a role for culture density on
FBPase activity and protein expression. However, density dependent processes are
fundamental to the cellular biology of trypanosomes and other kinetoplastids. As BF
density increases, long slender forms of the parasite perceive a quorum-dependent
signal that triggers differentiation into short stumpy forms (36). Parasite density also
affects social motility of T. brucei. When PF AnTat1.1 parasites were plated at various
concentrations, only concentrations greater than 10⁵ cells/μl exhibited social motility (39).
At the level of gene expression, cell density and available glucose levels in Leishmania
mexicana were involved in the regulation of the glucose transporter LmxGT1 (40).
LmxGT1 was down-regulated with increasing cell density and up-regulated when
glucose was removed from the media.
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The finding that FBPase activities vary when protein levels are unchanged
suggests the protein is post-translationally modified or potentially allosterically regulated.
No post-translational modifications for TbFBPase have been documented, but in other
systems it has been suggested. In plants, photosynthetic tissues have two FBPase
isozymes: cytosolic FBPase and chlorophyll FBPase. The cytosolic FBPase is more
conserved among eukaryotes while chloroplast FBPase is divergent (41). A study
performed in sugarbeets noted that the activity of cytosolic FBPase declined while
protein levels remained the same, which suggests a post-translational modification of the
enzyme (42). Similarly, a different study conducted in sugarbeets monitored the protein
levels of FBPase in response to light. There was a light dependent modulation of the
FBPase activity that decreased while protein abundance remained the same (41). T.
brucei FBPase was first discovered in the parasite genome as “plant-like” being
homologous to the proteins found in either chloroplasts or the cytosol of plants and algae
(32). It may be that FBPase found in plants and trypanosomes are regulated by the
same unknown post-translational modification.
It is not surprising that metabolism changes with environment, cell density, and
between different strains. These differences are often unpredictable and distinct
processes response differently. Variation in parasite responses provides insight into
adaptive processes that are available to the parasites as they navigate different
environments and highlights the importance of explicitly documenting growth conditions
and cell lines.
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CHAPTER FIVE
Summary and Future Directions

Kinetoplastid parasites (Trypanosoma spp., and Leishmania spp.) are found
across multiple countries and continents, particularly in developing regions. The drug
treatments available for each disease are typically expensive, hard to administer, and
can cause harmful side effects. The need for new therapeutics is essential and studying
these parasites for new drug targets is imperative. The pathogen, Trypanosoma brucei,
is responsible for human African trypanosomiasis (HAT) and is endemic to sub-Saharan
Africa with millions of people at risk (1). Unique to kinetoplastids is the peroxisome-like
organelle, termed glycosome, that compartmentalizes the majority of glycolytic and
gluconeogenic enzymes. The compartmentalization of these enzymes is essential and
when disrupted leads to cell death (2–7). Glycosomes are both essential for parasite
survival and the proteins harbored in glycosomes share low similarity with human
proteins, leading glycosomes to be a favorable drug target for HAT.
In Chapter Two, I developed new techniques to analyze glycosomes by flow
cytometry. Prior to flow cytometry, glycosomes and other small organelles were studied
by microscopy (8, 9), density gradient centrifugation (10), and immunofluorescence
assays. These techniques, however, are limited in both sample size and defining
heterogeneity in a population versus single cell. Bulk analysis is the typical method of
studying organelles, such as density gradient centrifugation and Western blotting, but
these techniques do not resolve single-cell or single organelle heterogeneity at the
organelle level. Microscopy images are difficult to interpret because of the resolution
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needed to visualize small organelles and the associated proteins. The use of flow
cytometry has increased over the years and its ability to analyze small particles refined.
Recently, techniques to visualize extracellular vesicles (30-1000 nm) by flow cytometry
(11–14) have been developed and we have modified the techniques to analyze
glycosomes (200 nm). By using a fluorescent protein reporter system in PF 2913 cells,
we have identified two populations of glycosomes. The cells express a glycosomally
targeted eYFP protein, AldoPTSeYFP, and analysis by flow cytometry and electron
microscopy reveal distinct populations of eYFP positive organelles that differ in
AldoPTSeYFP levels. With this discovery, we took our analysis a step further by using a
cell sorter to isolate different classes of glycosomes. We purified glycosomes harboring
AldoPTSeYFP from a mixed glycosome population that contained glycosomes and other
small lipid based vesicles.
Our newly developed techniques can be applied to other proteins of interest. A
study currently underway in our lab is tagging the glycosomal membrane protein, Pex11,
which regulates glycosome biogenesis (15–17). The budding of pre-peroxisomal
vesicles, de novo biogenesis, has been observed in both yeast and mammalian cells
(18–20), but has yet to be described in glycosomes. Our hypothesis is that immature
glycosomes that have recently budded from the ER contain a limited amount of peroxins,
such as Pex11, while mature glycosomes have the full import machinery required for the
import of matrix proteins, such as the fluorescent reporter protein AldoPTSeYFP. We are
currently cloning Pex11 conjugated to miRFP703, a fluorescent red protein. With cells
expressing Pex11.miRFP703 and a AldoPTSeYFP, we can follow both proteins
simultaneously by flow cytometry and purify the populations by cell sorting. We expect
that fully mature glycosomes will have Pex11.miRFP703 and AldoPTSeYFP and that
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immature glycosomes will harbor Pex11.miRFP703, but lack detectable levels of
AldoPTSeYFP. This will allow us to define two glycosomal populations and their protein
composition by mass spectrometry, proteomics, and Western blotting. Glycosomes
harbor

many

metabolic

pathways,

like

glycolysis

and

gluconeogenesis,

and

immunofluorescence assays suggest these pathways may be localized to different
organelles to avoid futile cycling, which occurs when two metabolic pathways run
simultaneously in opposite direction producing no net gain of energy (21). By labeling
matrix enzymes, such as the glycolytic enzyme phosphofructokinase and the
gluconeogenic enzyme fructose 1,6-bisphosphatase, with fluorescent reporter proteins
we can follow and purify these subpopulations for downstream analysis such as mass
spectrometry that will allow us to define the proteome of different classes of glycosomes.
In Chapter Three, I analyzed the glycosomal import complex. T. brucei is unique
in having two non-redundant Pex13 proteins, Pex13.1 and Pex13.2, whereas other
eukaryotes have a single Pex13. Previous research in our lab demonstrated that
Pex13.1, Pex13.2, and Pex14 interact in immunoprecipitation assays. Also, by 2D gel
electrophoresis, we defined three import complex sizes: a large complex containing
Pex13.1 and Pex13.2; an intermediate complex containing Pex13.1, Pex13.2, and
Pex14; and a small complex containing Pex14 and Pex13.2 (22). Pex13.2 interacts with
Pex13.1 and Pex14 and is involved with PTS2 protein import (22). In this study I defined
the role of Pex13.2 phosphorylation at Ser214, Ser215, Ser218, and Ser221 (23) on
import complex formation and glycosomal matrix protein import.
I expressed Myc epitope tagged Pex13.2 phosphorylation mutants with the
serines replaced with alanine residues (Ser to Ala), which cannot be phosphorylated or
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aspartic acid (Ser to Asp) that mimics phosphorylated Pex13.2. With these MycPex13.2
phosphorylation

mutants

immunoprecipitations,

I

biochemical

performed

immunofluorescence

fractionations,

and

assays,

two-dimensional

gel

electrophoresis to discern how phosphorylation affects glycosome import complex
formation and Pex13.2 function. Immunoprecipitation revealed that control cells, cells
expressing MycPex13.2, and MycPex13.2 Ser to Ala phosphorylation mutants bound
Pex13.1 and Pex14. A future study will determine if MycPex13.2DDDD binds with
Pex13.1 and Pex14. Cells expressing MycPex13.2AAAA and MycPex13.2DDDD
imported glycosomal matrix proteins, such as aldolase, phosphofructokinase, fructose
1,6-bisphosphatase, suggesting that the phosphorylation state did not influence the
translocation of glycosome proteins into the glycosome.
However, with 2D gel electrophoresis, we found that phosphorylation of Pex13.2
may affect the import complex size. In the PF 2913 parental cells and MycPex13.2
controls cells we detected a small complexes (60 – 480 kD) containing the import
complex peroxins, Pex13.1, Pex13.2, and Pex14. MycPex13.2AAAA mutants revealed
an increased expression of Pex13.1, however the overall peroxin expression was in the
small complex range (60 – 480 kD) with Pex13.2 and Pex14.

Cells expressing

MycPex13.2 S214,215A had complexes in the intermediate range (480 – 720 kD)
consisting of MycPex13.2 and Pex13.2. Pex13.2DDDD mutants, when induced,
revealed intermediate complexes (480 – 720 kD) containing Pex13.1, MycPex13.2,
Pex13.2, and Pex14. Further, the mutant also had a large complex (729 – 1048 kD) with
MycPex13.2 protein expression. Importantly, the native Pex13.2 protein may be masking
some of the effects of the phosphorylation mutants within the cell. A future direction of

142

this project is to use RNA interference to silence the expression of native Pex13.2 and
reevaluate the effects of the MycPex13.2 phosphorylation mutants.
In Chapter Four, I measured the activity levels of gluconeogenic enzyme fructose
1,6-bisphosphatase (FBPase), which is localized to the glycosome. FBPase is a key
enzyme in gluconeogenesis and the gene was discovered in T. brucei in 2003 (24).
Using metabolic labeling, enzyme assays, and FBPase deletion cells, gluconeogenesis
was detected in PF and BF parasites (25–27). FBPase activity is difficult to detect in cell
lysate, but here we developed a sensitive in vitro assay using glycosomal-enriched
fractions to measure the enzyme activity. Interestingly, we found that FBPase is active
when PF 2913 cells are grown in high-glucose conditions when gluconeogenesis is
expected to be inactive. The historically accepted PF culture media, SDM79, contains 10
mM glucose; although in vivo the tsetse fly contains minimal levels of glucose.
Previous research in our lab led to the development of a low glucose media,
SDM79Θ (28) as an alternative media for PF cells. When we measured FBPase activity
in PF 2913 cells grown in the low glucose SDM79Θ media, FBPase activity was not
detected. Our next question was whether glucose levels influenced FBPase activity. To
test this, we added 5 mM glucose to the SDM79Θ media (SDM79ΘG) to simulate high
glucose conditions. FBPase activity in SDM79Θ was 2-fold higher than cells grown in
SDM79Θ. Furthermore, FBPase activity in SDM79 was higher than in SDM79Θ and
SDM79ΘG.
PF 2913 cells have been continuously cultured in vitro and cannot differentiate
into BF. To determine if FBPase activity is strain specific, I measured FBPase activity in
the pleomorphic AnTat1.1 strain that can complete the lifecycle. Like PF 2913, PF
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AnTat1.1 cells grown in high glucose SDM79 expressed high levels of FBPase activity.
However, in contrast to PF 2913, FBPase activity in AnTat1.1 cells grown in SDM79Θ
low glucose conditions was undetectable in SDM79Θ and SDM79ΘG.
FBPase activity was also density dependent. In SDM79Θ, stationary phase PF
2913 cells had 2-fold higher FBPase activity than log phase cells. Inversely, stationary
phase PF 2913 cells cultured in SDM79ΘG had undetectable levels of FBPase activity.
FBPase activity of PF AnTat1.1 cells was not density dependent. Protein expression
levels did not change with culture density, suggesting the enzyme is regulated at the
post-translational level. Future studies will resolve the role of post-translational
modifications on FBPase activity.
Together, these chapters define glycosome composition at different levels
beginning with organelle biogenesis and heterogeneity, continuing studies with the role
of Pex13.2 phosphorylation on glycosome protein import and biogenesis, and ending
with studies focused on defining the regulation of the glycosome protein FBPase.
Kinetoplastid parasites are prevalent in developing countries and the current drugs
available are insufficient. We have demonstrated that glycosomes are heterogeneous
and have developed methods to further define this heterogeneity, which will provide
insight into regulation of metabolic pathways and glycosome biogenesis. We have also
initiated studies aimed at understanding the role of Pex13.2 phosphorylation on
glycosome protein import and biogenesis. Because glycosomes are essential and
parasite specific, understanding their biology is critical for development of therapeutics.
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