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. Abstract

The protozoan parasite Trypanosoma brucei escapes its mammalian
host’s immune response by switching expression of its major surface antigen,
variant surface glycoprotein (VSG), which forms a protective coat around the
cell. The actively expressed VSG is transcribed from one of 14 bloodstream
expression sites (BESs), which also encode variable repertoires of
expression site associated genes (ESAGs), most of which localise to the
parasite surface. These genes form distinct families, are co-transcribed with
VSG, and the repertoire expressed changes upon in situ switch. Specific
ESAGs are known to protect the parasite from human serum lytic effects,
modulate the host’s innate immune response, mediate uptake of essential
nutrients, and may adapt the parasite to the serum of different mammalian
hosts. In addition to BES-linked ESAGS, these families also encompass non-
BES encoded genes related to ESAGs (GRESAGSs), some of which, unlike

the ESAGs, are expressed in both mammalian and insect lifecycle stages.

To investigate the functional relationship between BES and non-BES
(GR)ESAGS, | established a system to specifically ablate only BES-derived
transcript or multiple (GR)ESAG family members. The former was carried out
by tagging BES-linked ESAGs with GFP, and then targeting the GFP ORF by
RNAI. The latter involved pan-family RNAI constructs, designed using regions
with high identity across individual (GR)ESAG families. Pan-family, but not
BES-specific, knockdown induced growth defects, showing that transcript
from the active BES itself is not essential for parasite survival in vitro. To
investigate this further, a strategy based on Cre recombinase genome
engineering was developed to specifically reduce the ESAG repertoire
contained within the active BES. Stable cell lines ready for recombination
were obtained, and will be used for analysis of modified BESs.

Together, the results achieved show that (GR)ESAG families, as opposed
to the actively-expressed ESAG copy, are important for parasite survival in
vitro, and there is redundancy between BES-linked and non-BES transcripts.
Therefore, the often-overlooked GRESAGs may play more significant roles

than originally thought.
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Chapter 1.

Chapter 1. Introduction

1.1. Contingency genes of pathogens

Survival and persistence of any pathogen in their host is paramount to
ensuring forward transmission and spread. Pathogens must therefore adapt
to an environment that has evolved specifically to repel this challenge, and
control or eradicate the threat, initiating a molecular ‘arms race’ between the
host and invader. Infectious protozoa, fungi, bacteria and viruses have all
developed mechanisms that facilitate host colonisation and overcome its
defences. In some cases this requires rapid adaptation of the microorganism
to different environments and challenges, which is often mediated by
‘contingency’ genes (Moxon et al. 1994; Barry et al. 2003). These enable
rapid phenotypic changes through either switching expression of specific
genes ‘on’ or ‘off, a common feature of bacteria called phase variation; or
switching expression within a gene family to an immunologically distinct
variant, called antigenic variation (Moxon et al. 2006; Deitsch et al. 2009).
Phase variation can be considered a simplified version of antigenic variation,
with phase control often mediated through genetic changes (changing the
DNA sequence of the organism); whereas true antigenic variation commonly
involves large heterogenic gene families, whose often mutually exclusive
expression is under epigenetic control (Deitsch et al. 2009; Duraisingh and
Horn 2016). Both of these strategies are used to facilitate immune evasion,
host cell invasion and adherence, and virulence factor production in
numerous bacterial, fungal and protozoan pathogens (Deitsch et al. 1997;
Moxon et al. 2006; Deitsch et al. 2009). What is striking are the common
themes shared by these microorganisms to enable antigenic variation.
Pathogen contingency genes are often located in subtelomeric regions of
their genome (in both eukaryotes and eubacteria such as Borrelia spp.), and
have become disproportionately large in these organisms to encode
contingency gene families and specialised transcription units that facilitate
their expression (Barry et al. 2003; Li 2012; Obado et al. 2016). These
dynamic genomic regions undergo high rates of recombination, which has
enabled expansion and diversification of contingency gene families, and

plays important roles in controlling antigenic variation (Barry et al. 2003;
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Palmer and Brayton 2007; Vink et al. 2012). A well-studied and extreme
example of a pathogen that relies on antigenic variation to evade its host’s
immune response is the kinetoplastid parasite Trypanosoma brucei, which
will form the focus of this thesis.

1.2. Antigenic variation in Trypanosoma brucei

T. brucei are unicellular flagellate protozoan parasites of mammals.
Spread by the bite of an insect vector (tsetse flies of the genus Glossina),
they cause disease of man (human African trypanosomiasis, or sleeping
sickness) and animals (animal African trypanosomiasis, or nagana) in sub-
Saharan Africa (Barrett et al. 2003). Human disease is caused by two
specific subspecies of T. brucei: T.b.gambiense and T. b. rhodesiense;
while disease of animals is caused by all T. brucei trypanosomes (including
subspecies T. b. brucei) and related parasites Trypanosoma congolense and
Trypanosoma vivax. Other T.brucei subspecies, T.b.evansi and
T. b. equiperdum, have escaped Africa by adapting to mechanical and sexual
transmission, respectively (Claes et al. 2005; Lai et al. 2008; Desquesnes et
al. 2013; Cuypers et al. 2017). T. b. evansi is spread by biting insects and
infects a range of animals (including camels, equines, and dogs) causing a
disease known as surra; while T. b. equiperdum causes dourine in horses
(Desquesnes et al. 2013; Gizaw et al. 2017). All of these parasites are known
to undergo antigenic variation in their respective mammalian hosts;
T. b. brucei is the most widely researched and best understood, with the
features of this system thought to be shared by related subspecies.
Mechanisms underpinning antigenic variation in the more distantly related
T. congolense and T. vivax remain to be elucidated (Barbet and McGuire
1978; Barry 1986).

1.2.1. Variant surface glycoprotein (VSG)

A catalogue of >3000 VSG genes are encoded by the T.b. brucei
genome, around 80% of which consists of partial genes or pseudogenes

(Cross et al. 2014). These are located in subtelomeric arrays on the 11
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‘megabase’ chromosomes (MBC, 1-6 Mb, analogous to chromosomes in
other diploid organisms), and subtelomerically in ~1-5 ‘intermediate’
chromosomes (IC, 200-900 kb) and ~100 ‘minichromosomes’ (MC, 50-
150 kb) whose cores are made of 177-bp repeat elements (Ersfeld et al.
1999). The encoded ~50-60 kDa protein is highly glycosylated and attached
to membranes by a C-terminal glycosylphosphatidylinositol (GPI)-anchor
(Ferguson et al. 1988; Mehlert et al. 1998). Despite low primary sequence
similarity between variants, the tertiary structure of these proteins is predicted
to be conserved, and consists of two long N-terminal a-helices that sit
perpendicular to the cell membrane, producing an elongated shape (Figure 1;
Blum et al. 1993; Carrington and Boothroyd 1996). Approximately 5x10¢ VSG
dimers form a monolayer of around 12-15nm thick on the cell surface
(Vickerman 1969; Auffret and Turner 1981; Jackson et al. 1985). This dense
intercalated coat is thought to shield invariant surface proteins from view of
the host's immune system, and inhibit complement activation by the
alternative pathway (through deposition of complement component 3b on the
parasite surface; Ferrante and Allison 1983), while allowing access to
nutrients (Mehlert et al. 2012). However, structural modelling of invariant
proteins with large extracellular domains (ESAG4 and ISG, introduced later)
indicated that they may extend out of the VSG coat (Schwede et al. 2015).
As antibodies specific to one of these invariant proteins are generated in
infected hosts, they must be exposed to the immune system, although it is
unknown whether this occurs at the parasite surface or upon cell lysis
(Jackson et al. 1993). VSG elicits a humoral response from the host that
results in clearance of parasites expressing this variant (Dempsey and
Mansfield 1983; Diffley 1985). Therefore the antigenicity of VSG may act to
‘distract’ the immune system from invariant surface proteins. This may be
analogous to the virulence factor Protein A employed by
Staphylococcus aureus, where this ‘superantigen’ dominates the humoral
immune response, limiting the production of protective antibodies against
other pathogen antigens, thus enabling immune evasion (Pauli et al. 2014).
VSG is known to be released into the host serum, which may enhance this
feature (Diffley et al. 1980). Continuous recycling of the VSG coat occurs

through the flagellar pocket, the sole site of T. brucei endo- and exocytosis
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(Engstler et al. 2004). This facilitates removal of immunoglobulin-VSG
complexes from the parasite surface, preventing activation of the classical
complement pathway and phagocytosis by macrophages, therefore
promoting survival (Engstler et al. 2007; Cheung et al. 2016).

N-terminal
domains

C-terminal
domains

v
-
e
L

59 nm 6.0 nm

Figure 1. Structure of VSG221 homodimer. Space-filling model of VSG dimer, the N-
terminal domain of one monomer is shown in blue, the other in grey (Freymann et al. 1990).
C-terminal domains are coloured in purple (Chattopadhyay et al. 2005); N-linked
oligosaccharide in the N-terminal domain is shown in red. The two long a-helices in each
monomer that contribute to the elongated tertiary structure can be seen. N- and C-terminal
domain structures were solved independently, so their relative positions are estimated in this
model. Adapted from Schwede et al. 2015.

1.2.2. VSG expression sites

The actively expressed VSG is transcribed from one of 14 bloodstream
expression sites (BESs) located subtelomerically on MBC and IC (Hertz-
Fowler et al. 2008). The repertoire of BESs was realised through sequencing
projects, first by sequencing T. b. brucei bacterial artificial chromosome
(BAC) library clones, and later completed by transformation-associated
recombination (TAR) cloning (Berriman et al. 2002; Becker et al. 2004).
Despite evidence of extensive recombination between BESSs, they share a

conserved architecture and a number of unrelated genes separate the
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telomere proximal VSG gene from the BES promoter (Figure 2; Hertz-Fowler
et al. 2008). Unusually, co-transcription of these expression site associated
genes (ESAGs) with VSG is mediated by RNA Polymerase | (which
exclusively synthesises rDNA in other eukaryotes) from the active BES when
in the bloodstream stage of the parasite lifecycle (Giinzl et al. 2003). ESAG
repertoires vary dramatically between BESSs, but follow a conserved order.
ESAG6 and ESAG7 are located directly downstream of the BES promoter,
closely followed by ESAG5 and an ESAG3 pseudogene. ESAG4, ESAGS
and ESAG3 follow this in the majority of BESs, with ESAG12 occasionally
intervening between ESAG4 and ESAGS8. A unit of ESAG2, pseudogenic
ESAG11 and ESAG1 commonly complete the set of ESAGs and are found
just upstream of a region consisting of variable numbers of 70-bp repeats.
This region separates VSG from ESAG coding genes and occasionally
contains ESAG3 and VSG pseudogenes. Around half of all BESs also
contain an upstream region with an additional BES promoter and encode a
single gene, ESAG10. Why these genes are located, and maintained, at
these privileged and unusual genomic loci is unknown, and remains a topic of
debate. The use of RNA Polymerase |, as opposed to RNA Polymerase I, to
transcribe the active BES may be linked to the higher processivity (around
10-fold) of the former (Pays et al. 1990); thus enabling the production of
greater amounts of VSG mRNA, and maintain levels of this abundant protein,

a theory which may also be applicable to the ESAGs (Pays et al. 2001).

Specialised metacyclic expression sites (MESs) are the sole loci of VSG
transcription for the quiescent, mammalian infective lifecycle stage found in
the tsetse fly salivary gland lumen. Six MESs have been identified, and the
VSG encoded at five of these sites is known to be expressed in vitro (Kolev
et al. 2012; Cross et al. 2014). Again, telomere adjacent VSG is transcribed
from these sites by RNA Polymerase | but, unlike BESs, these expression
sites do not encode intervening ESAGs or 70-bp repeat regions (Figure 2),
and are the only example of monocistronic transcription in trypanosomes
(Alarcon et al. 1994, Ginger et al. 2002; Cross et al. 2014). Despite the active
MES lacking ESAGs, these genes are transcribed in the metacyclic stage
(Graham and Barry 1991; Helm et al. 2009; Christiano et al. 2017). This may

13
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actually represent transcription of non-expression site genes related to
ESAGs (GRESAGS), which will be discussed in more detail later. Reduction
in the length and number of coding genes of MESs, compared to BESs, is
hypothesised to require fewer resources, for example RNA Polymerase |
complexes and trans-splicing of mRNA, therefore reducing the burden for

MES activation in these non-dividing cells (Christiano et al. 2017).

Generic BES structure

11y
7 6 Sy 3y 4 8 3 2 1 VSG
---L-—‘ — _— o ey e —
ESAGs
Generic MES structure @ Pseudogene
VSG F  Promoter = 70 bp repeat
___L-_. =» ORF e Telomeric repeat

Figure 2. Generic bloodstream and metacyclic VSG expression site structures.
Diagrammatic representation of the sites of VSG transcription in the bloodstream and
metacyclic lifecycle stages. BESs are heterogenic but share a similar architecture, with
varying repertoires of ESAGs separating the promoter and telomere proximal VSG, whereas
MESs are more compact and have a much simpler structure, lacking ESAGs and 70-bp
repeats. Not drawn to scale.

1.2.3. VSG switching

In order to evade the host humoral response, the VSG coat must be
periodically switched for an antigenically distinct variant, which can occur via
a number of different mechanisms. Frequency of VSG switching is a delicate
balancing act: a sub-population of cells with distinct VSG coats must be
maintained to replace those cleared by the humoral response against the
previous coat, but switching must not occur too often to prevent exposure of
a vast repertoire of variants to the host immune system, and immunity
generated. This topic has been researched and reviewed extensively (Horn
2014; Hovel-Miner et al. 2015) and will only be covered briefly here.
Transcription is initiated at all BESs, but quickly silenced in all but one, the
active BES, resulting in expression of a single VSG gene (Vanhamme et al.
2000; Kassem et al. 2014). Switching of the actively transcribed VSG occurs
by four known mechanisms: in situ switch, telomere exchange, duplicative
gene conversion and mosaic gene formation (Figure 3). Transcription, or in

situ, switching relies on the silencing of transcription of the active BES, and
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Telomere exchange Transcriptional

(in situ) switch

Figure 3. T.brucei variant antigen switching mechanisms. Flags represent BES
promoters and arrows indicate active transcription. Coloured box borders correspond to the
expressed VSG. A, Gene conversion is the most common switching mechanism in vivo and
relies on DNA recombination of an intact VSG gene into the active expression site from the
silent repertoire. The previously active gene is concurrently lost. B, Mosaic gene formation
involves recombination of multiple VSG gene fragments into the active BES to create a novel
gene, and also results in deletion of the previously active gene. C, In telomere exchange, or
crossover, introduction of a new VSG into the active BES is accompanied by the telomere
associated with this gene, while the previously active VSG is moved to a silent telomere. D,
Transcription from the active BES is terminated, and is initiated at a previously silent BES.
Known as an in situ switch. Adapted from Vink et al. 2012.

activation of another, resulting in expression of a different VSG and ESAG
repertoire (Bernards et al. 1984; Myler et al. 1984). Telomere exchange
involves DNA recombination between the active BES and an inactive BES or
chromosome end, but appears to be a rare event (Pays et al. 1985; Rudenko
et al. 1996; Hertz-Fowler et al. 2008). Finally, gene conversion and mosaic
gene formation rely on recombination of whole VSG genes, or multiple
fragments, into the active BES respectively, from the vast silent VSG
catalogue, resulting in loss of the previously active VSG gene (Bernards et al.
1981; Pays et al. 1983; Roth et al. 1989; Kamper and Barbet 1992). Of these
two, the former appears to be the predominant mechanism of switching,
while the latter plays a role in generating VSG diversity and prolonging

infection (Robinson et al. 1999; Mugnier et al. 2015). Antigenic variation has
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been observed to occur in a hierarchy, with complete subtelomeric VSGs
dominating early infection (Morrison et al. 2005). It is unknown if this
represents transcriptional (in situ) switching, or gene conversion between the
active BES and telomere-adjacent functional VSG genes on silent BESs or
other loci, such as MCs, which appear to be a reservoir for functionally
competent VSG genes (Cross et al. 2014). Activation of intact VSG genes in
silent subtelomeric arrays follows, and is superseded by mosaic gene
formation from pseudogene fragments later in infection (Marcello and Barry
2007). Control of monoallelic VSG expression and switching mechanisms is
tightly regulated and has been linked to DNA replication, nuclear organisation
and epigenetic factors (Glover et al. 2013b; Horn 2014; Li 2015; Hovel-Miner
et al. 2015; Duraisingh and Horn 2016; Devlin et al. 2017).

1.3. Functions of ESAGs and related genes

ESAGs are characterised by their genomic localisation and co-
transcription with VSG from the active BES in bloodstream form (BSF)
parasites exclusively (Cully et al. 1986). These genes form 12 distinct
families that are encoded in various combinations on the highly pleomorphic
BESs. Each family also encompasses non-BES (chromosome-internal and
subtelomeric) genes homologous to the BES ESAGs. These are known as
genes related to ESAGs (GRESAGS) and, like all other protein-coding genes
in eukaryotes, are transcribed by RNA Polymerase Il (Alexandre et al. 1990).
Unlike ESAGs, many GRESAG family members are thought to be
constitutively expressed in both the BSF, and the procyclic form (PCF) insect
lifecycle stage (Pays et al. 1989; Alexandre et al. 1990; Graham and Barry
1991). BES-encoded ESAGs and non-BES GRESAGs represent the two
arms of (GR)ESAG families, which vary dramatically in size and diversity
(Berriman et al. 2005; Hertz-Fowler et al. 2008; discussed in more depth
later). Intra-family ESAG sequences are highly conserved, while GRESAG
family members are often more divergent. The functions of the majority of
(GR)ESAG families remain a mystery despite a great deal of interest in the
field. The privileged genomic location of ESAGSs, their co-transcription and

co-switching (in the case of in situ switching) with VSG, as well as their BSF
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specific expression, lead to theories that these genes may encode parasite
virulence factors, or enable adaptation to the bloodstreams of different
mammalian hosts. The latter fuelled by the evidence that in situ switching
occurs early in infection, and a hypothesis that a BES encoding host specific
ESAGs would provide an advantage and be selected at this stage (Marcello
and Barry 2007). The roles of GRESAG family members are less well
understood; research of these families is complicated by lack of adherence to
the correct nomenclature, with GRESAG family members often referred to as
ESAGs. Furthermore, although these genes represent 12 distinct families,
they are often grouped as a single entity, making contributions of individual
families difficult to decipher. Intra-family sequence similarity also introduces
errors when mapping transcriptomic data. ESAG coding sequences were
generated by sequencing the BESs of the common laboratory Lister 427
strain, while the reference genome sequence is that of the TREU 927 strain,
in which the BESs have not been sequenced to completion (Berriman et al.
2005; Hertz-Fowler et al. 2008). So ESAG transcripts from 427 cells may
erroneously map to GRESAGs of the 927 genome, potentially leading to
artefactual interpretations. Recently a group has shown that transcriptomic
data can be accurately mapped even between highly conserved ESAG
sequences, and has used this technique to re-analyse published datasets
(Hutchinson et al. 2016). Application of this mapping method to
transcriptomic research, and consistency in nomenclature, will help clarify
literature and aid in the elucidation of the roles of these families. In this
section | will discuss what we know about each family and present evidence
that these families may be involved in a number of aspects of parasite

biology.

1.3.1. The T. brucei transferrin receptor

Iron is essential for parasite survival, and is scavenged from the host
bloodstream as a complex with transferrin (Schell et al. 1991; Steverding
1998). The T. brucei transferrin receptor (TfR), a heterodimer formed of
ESAG6 and ESAG7, is the most well studied ESAG product (Steverding et
al. 1994; Chaudhri et al. 1994; Ligtenberg et al. 1994; Salmon et al. 1994;
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Steverding et al. 1995). These homologous proteins share similar N-termini
encoding a signal peptide, but divergent C-termini, with ESAG6 encoding a
GPl-anchor addition sequence used to attach the TfR to the plasma
membrane (Pays et al. 1989; Schell et al. 1991). Both subunits are
heterologously glycosylated and, while this does not appear necessary for
dimerisation or transferrin binding, modelling of the interaction between TfR
and VSG suggests that it maintains the accessibility of transferrin without
dispersing VSG molecules and exposing invariant antigens (Figure 4; Maier
and Steverding 2008; Mehlert et al. 2012). Amino acids 205-215 and 223-238
of ESAG6 and ESAG7, respectively, are responsible for transferrin
interaction (Salmon et al. 1997). Based on homology of both proteins with the
N-terminal domain of VSG, these residues form surface exposed loops to
generate a ligand-binding domain at the receptor's most membrane distal
point (Blum et al. 1993; Salmon et al. 1997; Steverding 2000). One
transferrin molecule interacts with the heterodimeric complex, but ESAG6
and ESAG7 homodimers are incapable of binding transferrin (Chaudhri et al.
1994; Ligtenberg et al. 1994; Salmon et al. 1994; Steverding et al. 1995).
Immunoelectron microscopy has localised the TfR to the parasite flagellar
pocket, where binding to host transferrin can occur (Ligtenberg et al. 1994;
Salmon et al. 1994). Endocytosis traffics the receptor and ligand to
endosomes, where the low pH releases transferrin to be degraded in the
lysosome, while TfR is recycled back to the pocket to continue the uptake
cycle (Steverding 2000; Kabiri and Steverding 2000).

Each (GR)ESAG6 and (GR)ESAG7 family encode a single non-BES
copy. However, TfR appears to be expressed exclusively from the BESs, with
20% of all ESAG6 transcript originating from inactive BESs (Pays et al. 1989;
Ansorge et al. 1999). Starving the parasite of iron through the use of
chelators, or growth in sub-optimal serum (discussed later), results in up-
regulation of the TfR and its escape from the flagellar pocket onto the cell
body (Fast et al. 1999; Mufmann et al. 2003; MufBmann et al. 2004).
However, recent work has identified that cell body-localised receptor is not
able to bind transferrin, and may represent ESAG6 homodimers (Tiengwe et
al. 2017). Either ESAG6 or ESAG7 can be successfully knocked out of the
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Side Side

Top Top

Figure 4. Modelling of TfR and its interaction with transferrin and the VSG coat. A,
T. brucei heterodimeric TfR flanked by two VSG MITatl.2 homodimers. Homology between
ESAG6/7 and the VSG N-terminal domain was used to produce this model structure. TfR
and VSG are decorated with N-glycans and C-terminal GPl-anchors, one on each VSG
monomer and ESAG6. B, Arrangement of TfR and VSG in the parasite coat. This model
indicates that the receptor may be recessed into the coat, potentially to shield it from view of
the host immune system. C, Interaction between transferrin and TfR can occur within the
VSG coat. Key: VSG, blue; TfR, green; VSG and TfR N-glycans, yellow; GPI-anchor,
orange; transferrin, red; transferrin N- and O-glycans, purple. Adapted from Mehlert et al.
2012.

19



Chapter 1.

active BES, but removal of both simultaneously has not been observed,
suggesting that it is essential for parasite survival. This is in line with reports
of RNAi-mediated TfR knockdown resulting in growth defects (Batram et al.
2014; Tiengwe et al. 2016).

1.3.2. Other ESAGs with less well defined function

Definitive roles for the other ESAGs are not as well understood as that for
the TfR, and have generally received less attention. ESAG4 encodes a
receptor-type adenylate cyclase, with a large extracellular N-terminal region,
and shorter intracellular C-terminal catalytic domain separated by a
membrane-spanning helix (Pays et al. 1989). Enzymatic activity of ESAG4
was confirmed by functional complementation of adenylate cyclase-deficient
yeast mutants (Ross et al. 1991; Paindavoine et al. 1992). The (GR)ESAG4
family encompasses a number of non-BES encoded receptor-type adenylate
cyclases that are expected to share a similar structure to ESAG4 (Alexandre
et al. 1990; Naula and Seebeck 2000; Salmon et al. 2012a). GRESAG4s are
known to be transcribed in both BSF and PCF (Pays et al. 1989; Alexandre
et al. 1990, 1996), and some family members have been shown to have
lifecycle stage-specific expression (Saada et al. 2014; Shimogawa et al.
2015). ESAG4 and GRESAG4s localise to the flagellar membrane, shown by
immunoelectron  microscopy and immunofluorescence  microscopy,
respectively (Paindavoine et al. 1992; Saada et al. 2014), while native
fluorescence microscopy of green fluorescent protein (GFP)-tagged ESAG4
shows a flagellar membrane and flagellar pocket localisation (Gadelha et al.
2015). In fact, multiple GRESAG4s are present at the BSF cell surface at any
one time (Bridges et al. 2008), and PCF-specific GRESAG4s appear to
localise to distinct flagellar membrane subdomains (Saada et al. 2014).
These apparent receptors are hypothesised to have a role in cAMP
signalling, and require ligand binding for dimerisation and catalytic activity
(Naula et al. 2001; Bieger and Essen 2001), with ligand specificity thought to
be conferred by their divergent N-terminal domains (Paindavoine et al. 1992;
Alexandre et al. 1996; Seebeck et al. 2001).
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As mentioned, the definitive role of this (GR)ESAG family is unknown, but
some activities have been elucidated. ESAG4 is capable of modulating the
host’s innate immune system by inhibiting tumour necrosis factor alpha
production, suggesting a role as a parasite virulence factor (Salmon et al.
2012b). This feature was thought to occur upon phagocytosis and lysis of
T. b. brucei in the host’s liver (Salmon et al. 2012b), but the discovery of a
GRESAG4 in highly fuseogenic vesicles released by the parasite may
provide another route of adenylate cyclase delivery to host cells (Szempruch
et al. 2016). Knockdown of ESAG4 and the two most closely related
GRESAG4s (Th927.11.17040 and Tb927.10.16190, one of which is up-
regulated in the PCF; Saada et al. 2014) impaired cytokinesis, a phenotype
rescued by introduction of re-coded ESAG4 (resistant to knockdown; Salmon
et al. 2012a). While removal of ESAG4 from the active BES (of the AnTat
1.1E strain) did not affect the growth or infectivity of cells, it was
accompanied by up-regulation of the same two GRESAG4s (Salmon et al.
2012a). These results demonstrate the essentiality of, and a redundancy
between, this (GR)ESAG4 sub-family. Interestingly, knockdown of these
ESAG4-like GRESAG4s did not induce the same defect in PCF cells (Saada
et al. 2014). Given that ESAG4 is exclusive to BSF, this implies a different
function or requirement between lifecycle stages. In fact, knockdown of the
two ESAG4-like GRESAGA4s together, or another PCF-specific GRESAG4,
appears to impact social motility of PCF cells, generating a ‘hypersocial
phenotype; while ablation of another PCF-specific GRESAG4 reduced cell
motility (Saada et al. 2014). Distinct expression profiles, localisations, and
potential ligands of GRESAG4s suggests that this family are directly, or
indirectly, involved in a number of different functions which include

cytokinesis, social motility and modulating the host immune response.

The (GR)ESAG10 family encode putative folate and biopterin
transporters. Trypanosoma are auxotrophic for both molecules, and must
therefore obtain them from the environment (Ouellette et al. 2002). ESAG10
is homologous to a Leishmania donovani biopterin/folate transporter BT1,
and is predicted to encode 12 transmembrane domains, but its ligand has not

been experimentally tested (Lemley et al. 1999). A role as a folate transporter

21



Chapter 1.

appears likely, as this activity was identified for the three most ESAG10-like
GRESAG10s (Dewar et al. 2016). A cell body and flagellar pocket
localisation has been shown for one of these GRESAG10s when tagged with
GFP (Gadelha et al. 2015). Unusually, ESAG10 appears to be transcribed
from BESs during the insect lifecycle stage (Hutchinson et al. 2016),
suggesting that silencing of the upstream BES promoter may not be as strict

in PCF as BSF cells; the implications of this are unknown.

1.3.3. A number of ESAGs localise to the host-parasite interface

Another factor contributing to the hypothesis that the ESAGs may be
parasite virulence factors is that the majority are predicted to encode
membrane-associated domains, including signal peptides, GPIl-anchor
addition sequences and membrane-spanning helices (Figure 5A). This
localisation has been confirmed for a number of ESAGs of unknown function,
as well as those discussed above. GFP-tagged GRESAG5 has been shown
to localise to the flagellar pocket and endosomal system (Gadelha et al.
2015). Members of the (GR)ESAG5 family encode two BPI
(bactericidal/permeability-increasing protein)/LBP (lipopolysaccharide-binding
protein)/PLUNC (palate, lung and nasal epithelium clone)-like domains
(Barker et al. 2008), which have diverse functions in other eukaryotes, but
their role in trypanosomes is unknown. RNAI targeting ESAG5 did not induce
a phenotype (Batram et al. 2014). However, this experiment was conducted

in cells with an active BES encoding an ESAG5 pseudogene.

Along with families discussed so far, ESAG2, GRESAG11 and ESAG12
were found to be significantly represented in a T.b. brucei cell surface
proteome, and were shown to have a range of cellular localisations when
visualised by endogenous locus tagging with GFP (Figure 5B; Gadelha et al.
2015). Cell body localisations were identified for ESAG2 and GRESAGL11,
with the latter also decorating the flagellar membrane, which is consistent
with a potential role at the host parasite interface (Gadelha et al. 2015). While
ESAG12 localised to the endosomal system, and may be present at the
surface at low levels (Gadelha et al. 2015). ESAG1 and ESAG3, which were

not significantly enriched in the proteome, showed signal consistent with an
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Tb427.BES65.6 ESAG12 i

B

ESAG1

ESAG6

GRESAG10 GRESAG11 ESAG12 I

Figure 5. The majority of ESAGs encode membrane-associated domains and have a
range of localisations. A, Diagrammatic representations of ESAG protein architecture.
Predicted features and Pfam domains are annotated. Cellular localisations are indicated on
the right; code: C, cytoplasm; CB, cell body; E, endosomes; ER, endoplasmic reticulum; FM,
flagellar membrane; FP, flagellar pocket; N, nuclear; S, secreted. Protein feature prediction
performed with SignalP, PredGPlI and TMHMM. Specific ESAGs were modelled as a
representative of their family (gene IDs shown). References within text. B, Native
fluorescence microscopy of ESAGs and GRESAGs tagged at the endogenous locus with
GFP shows that most (GR)ESAG families encode surface-associated proteins. Signal from
GFP is shown in yellow. Cells have been counterstained with concanavalin A (ConA, blue)
and DAPI (magenta). The flagellar pocket is indicated by yellow arrowhead. Adapted from
Gadelha et al. 2015.
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endoplasmic reticulum localisation when GFP-tagged (Figure 5B; Gadelha et
al. 2015). The functions of all of these proteins remain to be elucidated, but
knockdown of (GR)ESAG1, (GR)ESAG2, (GR)ESAG3 and (GR)ESAG12
family members is known to induced growth defects (Batram et al. 2014).

1.3.4. Potential roles for (GR)ESAG families in parasite transmission

BSF cells undergo differentiation into a transmission-adapted quiescent
‘stumpy’ form upon reaching a critical cell density (Reuner et al. 1997). This
is driven by a quorum sensing mechanism whereby ‘slender’ proliferative
cells respond to accumulation of an unknown small, soluble parasite-derived
molecule known as stumpy induction factor (SIF) (Vassella et al. 1997).
Accumulation of stumpy form cells limits the levels of parasitaemia while
maintaining a transmission-competent cell reservoir. This prevents excessive
damage to the host, prolonging the infection and therefore the opportunity for
transmission (reviewed by MacGregor et al. 2012; Silvester et al. 2017).
Differentiation to the stumpy form is accompanied by loss of monoallelic
control of BES transcription, and a reduction in BES-associated transcripts,
although transcription still initiates and is eventually silenced at all BESs
(Amiguet-Vercher et al. 2004). Consistent with this finding, transcriptomic
analysis of slender and stumpy form cells indicated a reduction in ESAG
transcripts in the latter (Kabani et al. 2009), while transcription of some
(GR)ESAG family members, specifically GRESAG9 and GRESAG4 genes,
are up-regulated in the transmission-adapted stage (Jensen et al. 2009;
MacGregor et al. 2014).

The (GR)ESAG9 family is unusual in containing only one ESAG9 gene
encoded on BES11, but a number of non-BES family members (Berriman et
al. 2005; Hertz-Fowler et al. 2008). Some of these (GR)ESAG9s of unknown
function are specifically transcribed in stumpy form cells, and upon
translation are secreted (Barnwell et al. 2010). (GR)ESAG9 therefore
represents another potential family with a role at the host-pathogen interface.
Differential expression of one GRESAG9 appears to be controlled by a short
element in the gene’s 3° UTR, which was also found to be responsive to

CcAMP analogues (Monk et al. 2013). A genome-wide RNAI screen recently
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identified a negative regulator of GRESAG9 transcription, REG9.1 (regulator
of ESAGY9), which, when ablated, resulted in spontaneous differentiation to
stumpy form, and up-regulated transcription of GRESAG9 and two other cell
surface-associated gene families (Rico et al. 2017).

Transition from slender to stumpy is associated with a peak in adenylate
cyclase activity (Mancini and Patton 1981; Vassella et al. 1997). Intracellular
CAMP increases in slender form cells between log phase growth and peak
parasitaemia, then returns to normal upon differentiation (Mancini and Patton
1981). cAMP analogues were also able to stimulate transition from slender to
stumpy form (Vassella et al. 1997). However, conflicting literature indicates
that these effects are in fact mediated by cAMP hydrolysis products, and
cAMP may not play a direct role in differentiation (Laxman et al. 2006;
Laxman and Beavo 2007). Eight of the nine BESs shown to be active in vitro
encode an ESAG4 (Hertz-Fowler et al. 2008), so a tempting hypothesis
would be that silencing of BES transcription, associated with transition to
stumpy form, is responsible for the observed drop in adenylate cyclase
activity. ESAG4 protein levels reduce by 92% upon transition to stumpy form,
yet ablation of ESAG4 and the two ESAG4-like GRESAG4s did not affect
differentiation (Salmon et al. 2012a), so their role in this process may be
indirect. Up-regulated transcription of a GRESAG4 may represent a
replacement for housekeeping adenylate cyclase activity of ESAG4, given
that some members of this family have redundant functions (Salmon et al.
2012a). Expression of stumpy associated transcripts, GRESAG9 and PAD
(proteins associated with differentiation, discussed later) are also modulated
by cAMP (MacGregor and Matthews 2012; Monk et al. 2013). Further
dissection of the cAMP signalling pathway, and its role in BSF differentiation,
is required to confirm a role for the (GR)ESAG4 family in this process.

1.3.5. Avrole for ESAGs in active BES transcription

Expression of VSG from a site other than the active BES has been shown
to result in gradual attenuation of BES transcription and transition to a
stumpy-like phenotype (Batram et al. 2014). These cells express PAD1 (a
stumpy-form marker and transducer of the cis-aconitate differentiation signal
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on their cell surface membrane; Dean et al. 2009), have a reduced growth
rate, and become sensitive to cis-aconitate, all of which are reversible
(Batram et al. 2014), which is not the case for true stumpy form cells (Dean
et al. 2009). It has been suggested that this phenotype represents a
safeguard capable of enabling cell survival or differentiation upon in situ
switch to a non-functional BES, encoding either an ineffectual ESAG
repertoire or defective VSG (Figure 6; Zimmermann et al. 2017). Three
ESAGs have been proposed to be involved in BES attenuation signalling,
and when their transcripts or encoded protein become limiting, the safeguard
mechanism kicks in (Batram et al. 2014; Zimmermann et al. 2017). This is
based on activation of a PAD1 transcription reporter assay upon
(GR)ESAGL, (GR)ESAG2 or ESAGS8 knockdown (Batram et al. 2014). The
assay utilises GFP flanked by PAD1 UTRs, which are known to be involved
in stage-specific transcription of this gene (MacGregor and Matthews 2012),
so GFP expression is taken as a proxy for differentiation to stumpy-form
(Batram et al. 2014). Therefore, ablation of these (GR)ESAGs appears to
induce differentiation, and is accompanied by a growth defect (Batram et al.
2014). However, ESAG1 and ESAG8 can be knocked out of the active BES
without consequence (Carruthers et al. 1996; Hoek and Cross 2001), so their

role in sensing BES attenuation is unclear.

ESAGS8 is the only protein of this group not to encode membrane-
associated domains (Figure 5A). Instead, nuclear localisation signal, RING
(really interesting new gene) finger and leucine-rich repeat (LRR) domains
are encoded by this cytoplasmic and nucleolar protein (Hoek et al. 2000).
Given its cellular localisation and protein-protein interaction-mediating
domains, a role in controlling BES transcription was speculated for these
proteins. However, while no such role has been confirmed, an interaction
between ESAGS8 and essential cytoplasmic protein PUF1 (of the Puf family of
RNA regulatory proteins) has been shown (Hoek et al. 2002).
Overexpression of PUF1 made parasites avirulent, but this does not appear
to be dependent on interaction with ESAG8 (Hoek et al. 2002). Another
potential role for this ESAG is one in mitochondrial activation, suggested after
identification of ESAGS interaction with PIE8 (protein interacting with ESAGS8)
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in a yeast two-hybrid screen (Pérez-Morga and Pays 1999). This protein’s
localisation to the mitochondrion coincided with its reactivation upon stumpy-
to-procyclic form differentiation (Pérez-Morga and Pays 1999). However,
interaction between these two proteins has not been shown in T. brucei, and

ESAGS’s specific role in mitochondrial activation has not been confirmed.

Activation of new ES
|
VSG coat exchange
|
Old ES attenuates

ES-activity above 50% ES-activity below 50%

New ES is non-functional New ES is functional New ES is non-functional
[ | |
Old ES remains active Old ES is silenced Old ES is attenuated |<--- SIF
[ | |
Switch is reversed Proliferation Stumpy differentiation
|
Tsetse uptake

Y Y
Survival Antigenic variation Development

Figure 6. BES switching safeguard model. If in situ switching to a non-functional BES (or
ES) occurs, this model proposes two mechanisms of parasite adaptation. When activation of
a new non-functional BES occurs, but transcription from the old BES remains above 50%,
then the switch can be reversed, enabling parasite survival (blue). Alternatively, if
transcription from the previously active BES drops below 50%, and the new BES cannot
sustain parasite survival, SIF-independent differentiation to stumpy form occurs, facilitating
survival through transmission (red). Successful in situ switch to a functional BES is shown in
green. ESAG1, ESAG2 and ESAGS8 are proposed to have a role in sensing expression site
activity at the step highlighted in blue and red. Adapted from Zimmermann et al. 2017.

1.3.6.  Adaptation to different hosts

One common theory is that ESAGs play a role in adapting the parasite to
the bloodstreams of different mammalian hosts, with specific ESAG
repertoires providing a survival advantage in certain hosts (Pays et al. 2001;
Pays 2006). This hypothesis fits neatly with the hierarchical switching of
VSG: with in situ switching occurring early in infection, and then

recombination-based switching mechanisms taking over, thus maintaining
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expression of the same ESAG repertoire. If specific repertoires do provide an
advantage in certain hosts, cells that have activated this ‘host-specific’ BES
may outcompete those that have not, ensuring that this BES becomes
dominant throughout the course of infection. This section will discuss the
evidence for a role of ESAGs in host specificity, which is founded mostly on
the T.brucei TfR and T.b.rhodesiense-specific protein, SRA (serum

resistance-associated).

The finding that TfRs encoded on different BESs had variable affinities for
transferrin from different mammals (Bitter et al. 1998) sparked great interest
in the possibility that this could indicate an adaptation to life in different host
bloodstreams, and a great deal of conflicting evidence has been produced
since. An ESAG6/ESAGT7 pair are found adjacent to the promoter in every
BES shown to be active in vitro (Hertz-Fowler et al. 2008), and relatively
small changes in the primary sequence of these highly conserved proteins
results in drastic changes in TfR ligand-binding affinity (Bitter et al. 1998;
Gerrits et al. 2002). However, the high abundance of parasite-accessible host
transferrin argues against the need for a high-affinity receptor, as even low-
affinity receptors should be able to mediate uptake of sufficient iron for
survival (Steverding 2003). Combined with the fact that around 20% of
ESAG6 transcript is derived from inactive BESs, with various affinities for
transferrin, then high-affinity receptors may still be present in the flagellar
pocket (Ansorge et al. 1999). Another hypothesis was that expression of a
high-affinity TfR would maintain transferrin uptake even in the presence of a
humoral response against the receptor (Gerrits et al. 2002), but titres of anti-
TfR antibody generated during chronic murine infection were insufficient to
deprive cells of iron (Steverding 2006). Despite these findings, cells
expressing TfR with low affinity for canine transferrin displayed a number of
different methods for adapting to this serum; these included switching to
different BESs encoding TfRs with higher affinity for this transferrin variant,
overexpression of TfR, recombination of TfR components from other BESs
into the active BES, and increased transcription of ESAG7 from silent BESs
(Gerrits et al. 2002; Muf3mann et al. 2004; Van Luenen et al. 2005). These

findings strongly indicate that expression of high-affinity TfR is important for
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parasite survival. However, no correlation between TfR affinity and host could
be identified for two BESs preferentially active in human and mouse infection
(Salmon et al. 2005). When reviewing this literature, it is worth noting that
other ESAGs with unknown functions and ligands are expressed from the
same loci; therefore, affinity for host transferrin may not be the only pressure
exerted on selection of the active BES. For example, investigation of ESAGS6,
ESAG7 and ESAGS3 expression during growth of T. b. gambiense in a range
of sera identified that specific genes were preferentially transcribed when
grown in pig and human sera (Cordon-Obras et al. 2013). These cells had a
faster growth rate and greater transferrin uptake than those grown in goat
sera, which transcribed a broader range of these three genes (Cordon-Obras
et al. 2013). If host specific BESs do exist, this evidence suggests that

T. b. gambiense lacks a ‘goat-adapted’ expression site.

A T. b. rhodesiense-specific ESAG, SRA, is encoded on a single BES,
and provides resistance to the trypanolytic activity of human apolipoprotein
L1 (APOLZ1; reviewed by Pays et al. 2014). Briefly, APOL1 in human serum is
complexed with haemoglobin, among other components, and is endocytosed
by the parasite upon interaction with the T. brucei haptoglobin-haemoglobin
receptor in the flagellar pocket (Vanhollebeke et al. 2008). APOL1 forms
anion channels in the lysosome membrane, causing osmotic swelling due to
influx of chlorine ions, eventually resulting in cell lysis (Pérez-Morga et al.
2005). SRA localises to endosomes (Bart et al. 2015) where it interacts with
APOL1, prevents pore formation and inhibits lysis (Vanhamme et al. 2003).
Introduction of SRA alone into T. b. brucei was sufficient to induce resistance
to human serum-mediated lysis (Xong et al. 1998). SRA is used as an
example of a role for ESAGs in host adaptation as it is transcribed
exclusively from a single expression site, the resistance-associated
expression site (RES; Figure 7), which must be active for cells to survive in
human serum (Xong et al. 1998). Removal of human serum resulted in
spontaneous reversion of resistance, suggesting that the ‘human-adapted’
BES is selected against when T. b. rhodesiense is exposed to mouse or rat
serum (in which these cells were grown; Xong et al. 1998). T. b. gambiense,

the other human infective subspecies, does not encode SRA and has
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developed constitutive resistance to APOL1-mediated lysis through distinct
adaptations. These include reduced uptake of APOL1 due to down-regulated
expression of (Kieft et al. 2010), and a single amino acid substitution in
(DeJesus et al. 2013), the T.b.gambiense haptoglobin-haemoglobin
receptor, as well as stiffening of the parasite endosomal membrane by a
subspecies-specific protein, TgsGP (Uzureau et al. 2013; Capewell et al.
2013).

T. b. rhodesiense RES I Promoter
=» ORF
7 6 5 SRA VSG
___LH -— ) = 70 bp repeat
# Assembly gap
¢ Telomeric repeat

Figure 7. Structure of the T.b.rhodesiense resistance-associated expression site
(RES) that confers resistance to human serum. The RES is a relatively small BES and
has a reduced ESAG repertoire, encoding only ESAG7, ESAG6, ESAG5 and subspecies
specific-SRA. Not drawn to scale.

If the ESAGs do indeed have roles in parasite adaptation to different
hosts, then a reasonable assumption is that species with wider host ranges
would have evolved more diverse ESAGs. Relatively few studies have
addressed this potentially interesting question. Examination of ESAG6
sequences in T.b.equiperdum (narrow host range), T.brucei and
T. b. evansi (both with broad host ranges) showed a correlation between host
range and ESAG diversity, with the latter two species encoding a greater
number of more diverse ESAG6 variants than the former (Isobe et al. 2003;
Witola et al. 2005). However, analysis of ESAG6, ESAG5, ESAG2 coding
sequences of T.b. brucei, T.b. gambiense, and T. b. equiperdum BESsSs,
obtained through TAR cloning, contradicted these findings (Young et al.
2008). T. b. gambiense, with an intermediate host range, encodes fewer and
more homogenous BESs than T. b. equiperdum (narrow host range), with
only ESAG2 displaying greater diversity in T. b. gambiense out of the three
loci investigated (Young et al. 2008). T. b. brucei with the broadest host
range has the most, and most diverse, BESs of the three parasites (Young et
al. 2008). Recent evidence suggests that the genetic distance between
T. b. gambiense and T.b. brucei strains is larger than that between
T. b. brucei and T. b. equiperdum (Cuypers et al. 2017). Given that the
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evolutionary dynamics of BESs are not fully understood, the higher degree of
BES heterogeneity seen in T. b. equiperdum compared to T. b. gambiense
may be due to a more recent divergence from T. b. brucei. With enough time,
the BES diversity of T. b. equiperdum may reduce to reflect its narrow host
range. However, while all three BES loci (ESAG6, ESAG5 and ESAG2) show
evidence of adaptive evolution in T.b. brucei and T. equiperdum, only
ESAG2 in T. b. gambiense appears to be under diversifying selection (Young
et al. 2008). Complete sequencing of these TAR clones (and the BESs of
other related parasites), would help clarify if BES number or ESAG diversity
correlate with host range. This would also identify any novel ESAGs encoded
by different species (such as SRA in T. b. rhodesiense), and certainly paint a
clearer picture about how BESs have evolved since these parasites diverged

from their common ancestor.

1.4. Evolution of (GR)ESAG families

Each (GR)ESAG family is comprised of BES-encoded ESAGs and
homologous chromosomal-internal or subtelomeric GRESAGs. Just as
sequencing of T. b. brucei BESs identified the repertoire of ESAG family
members, sequencing of the genome revealed the true extent of these
families (Berriman et al. 2005; Hertz-Fowler et al. 2008). ESAGs appear to
be a T. brucei-specific adaptation, as they are not found in more distantly
related parasites, while GRESAG sequences are (Jackson et al. 2013). This
section will discuss what we know about the (GR)ESAG families of T. brucei

and their evolutionary origins.

1.4.1. (GR)ESAG families of T. brucei

(GR)ESAG families are highly variable in terms of the number of genes
they encompass and their diversity. While closely related ESAG family
members are contained to the T. brucei BESs, GRESAGs are found
throughout the genome in chromosomal-internal and subtelomeric loci, and
can vary from just one family member to hundreds, including partial genes

and pseudogenes (Table 1; Figure 8; Berriman et al. 2005). Albeit
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Table 1. Size and distribution of (GR)ESAG families in T. b. brucei.

(GREESAG ESAG GRESAG Reciprocal Distribution
family copies copies monophyly  T.congolense T.vivax T.cruzi

1 11 21 Yes

2 11 18 Yes + +

3 26 112 No ¥ i

4 12 53 Yes + +

5 13 7 Yes + 1

6 14 1 Yes + +

7 16 1 Yes + T

8 14 2 Yes + +

9 1 17 Yes

10 7 7 Yes + + +
11 11 12 No

12 5 1 Yes

Copy numbers are provided for BES (ESAG), and non-BES (GRESAG), linked family
members, including pseudogenes. Reciprocal monophyly is achieved where mutually
exclusive clades of ESAGs and GRESAGs occur. The presence of (GR)ESAG family
homologues in other trypanosomes (T. congolense IL3000, T. vivax Y486 and T. cruzi CL
Brener) is marked by a plus sign. Data presented here is adapted from Hertz-Fowler et al.
2008; and Jackson et al. 2013.

maintaining a similar structure, BES ESAG repertoires are highly
heterogeneous (Figure 9). These unusual loci undergo extensive
recombination throughout their length, with increasing frequency towards the
telomere (Young et al. 2008; Hertz-Fowler et al. 2008). Variable ESAG
repertoires have been shaped by numerous duplications and deletions,
making each BES a mosaic (Hertz-Fowler et al. 2008). Regardless of this,
the majority of ESAGs are monophyletic, suggesting that they have a
common origin and have evolved exclusively after transposition to BESs
(Jackson et al. 2013). Some (GR)ESAG families encode ESAG-like
GRESAGs (genes that are more closely related to ESAG family members
than GRESAGs of the same family), representing either the ESAG ancestor,

or secondary transposition from BESs (Jackson et al. 2013).

Only a single non-BES family member is encoded by the (GR)ESAGS,
(GR)ESAG7 and (GR)ESAG12 families. GRESAG6/7 are found as a tandem
pair at a strand switch region of chromosome 7 and may have originated
through secondary transposition from a BES. These genes do not appear to

be transcribed (Pays et al. 1989), and it is unknown if their products would
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Figure 8. GRESAG genes are often distributed in subtelomeric regions. These families
are found throughout chromosomal-internal and subtelomeric loci on the 11 T. brucei MBC,
and are commonly associated with other GRESAGs and VSG arrays. Grey and coloured
bars represent open reading frames of protein coding genes. Bars above black lines indicate
transcription to the right, bars below the lines shows transcription to the left. Chromosomes
9-11 have been split over multiple lines.
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Figure 9. BESs are highly heterogeneous. Diagrammatic representation of the 14 unique
T. b. brucei BESs. Size and ESAG repertoires vary dramatically between BESs, but an
overall structure is conserved. Half of the BESs include a 13 kb upstream region containing
an additional promoter. Some BESSs, such as BES8 and BES10, have lost the majority of
ESAGs and have not been successfully activated in vitro (Hertz-Fowler et al. 2008). BES-
specific telomere proximal VSG gene names are shown in BES labels. Drawn to scale.
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form a functional TfR. Given the essentiality of iron for parasite survival, this
may explain the presence of ESAG6/7 in every BES that has been shown to
be active, including the T. b. rhodesiense RES (Schell et al. 1991; Xong et al.
1998; Hertz-Fowler et al. 2008). Homologues of (GR)ESAG6 and
(GR)ESAG7 are encoded adjacent to procyclin loci, named PAG1-2 and 4-5
(procyclin-associated genes; Koenig-Martin et al. 1992). Like the components
of the TR, PAG1 and PAG4 are predicted to encode a GPIl-anchor addition
site, while PAG2 and PAG5 do not. Unlike the BES ubiquitous ESAG6 and
ESAG7, ESAG12 is found in only five BESs and was first identified when
sequencing of the T. b. brucei BES repertoire was completed (Hertz-Fowler
et al. 2008). The single GRESAG12 is nearly identical to the ESAG12s and
may have a redundant function given that BESs lacking ESAG12 can be
activated in vitro (Hertz-Fowler et al. 2008), and knockdown of the entire

family induces a growth defect (Batram et al. 2014).

(GR)ESAGY and (GR)ESAG11 families are unusual in that only one BES
encodes an ESAGY, while the majority of BESs encode ESAGL11, but they
are all pseudogenic (Hertz-Fowler et al. 2008). A number of full-length
GRESAGI11 genes are found in the T. b. brucei genome, often associated
with GRESAG2 and GRESAGL1, and in this way are similar to their BES-
located relatives (Redpath et al. 2000). ESAG11 genes are not monophyletic,
which may be due to secondary transpositions from the BESs, making it
difficult to determine which family members evolved first (Jackson et al.
2013). The conserved ESAG2/ESAG11 pseudogene/ESAGL unit is replaced
by ESAGY9 and VR (VSG related) genes on BES11 (Hertz-Fowler et al.
2008). The (GR)ESAGY family includes a number of non-BES members at
subtelomeric loci, the products of which were discussed earlier. Infrequent
identification of ESAG9 on BESs may be linked with the stumpy-specific
expression, and presumably function, of GRESAG family members. If the
(GR)ESAGY9 family do have a role in parasite transmission, then activation of
the BES encoding ESAG9 may be beneficial in infection niches such as
adipose tissue or skin where the parasite does not face the same pressures
experienced during life in the bloodstream. Elucidation of the functions of

these families may shed light on their unusual distribution amongst the BESs.
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GRESAG1 and GRESAG2 genes, some of which are pseudogenic, are
often found in subtelomeres and strand-switch regions with GRESAGL11.
GRESAG1s are known to be transcribed in BSF cells (Morgan et al. 1996)
and, again, may have a redundant function to ESAG1, given that it can be
disrupted without consequence in the active BES (Carruthers et al. 1996), but
knockdown of (GR)ESAG1 members induces growth defects (Batram et al.
2014). GRESAG?2 is known to be transcribed from a procyclin gene locus in
PCF cells (Berberof et al. 1991). Knockdown of (GR)ESAG2 family members
has been shown to induce a growth defect and significant loss-of-fithess in
two independent investigations in BSF (Batram et al. 2014), but not PCF
(Hutchinson et al. 2016); so the significance of GRESAG2 expression in this
lifecycle stage is unknown. It is also unclear if the induced phenotype was
caused by knockdown of ESAG2 or GRESAG2 proteins (Batram et al. 2014;
Hutchinson et al. 2016).

The largest family, consisting mainly of gene fragments and
pseudogenes, is (GR)ESAG3, which has a huge repertoire of subtelomeric
members. This genomic distribution has drawn comparisons between the
(GR)ESAG3 family and subtelomeric VSG arrays (that also contain
GRESAGS3 pseudogenes), in which the majority are pseudogenes, and a
suggestion that this family undergoes antigenic variation (Jackson et al.
2013). Given the endoplasmic reticulum localisation of GFP-labelled ESAG3
(Gadelha et al. 2015), this hypothesis seems unlikely, but still begs the
question as to why this family has undergone such a major expansion.
Receptor-like adenylate cyclases of the (GR)ESAG4 family are also
abundant and, unlike the (GR)ESAG3 family, encode mainly putatively
functional members. GRESAG4 genes are commonly found in tandem, and
some family members have been characterised and divided into four sub-
families, GRESAG4.1-4 (Alexandre et al. 1990, 1996; Naula et al. 2001). The
ESAG4 expansion appears to have originated from a GRESAG4 located in
the subtelomeric boundary of chromosome 11, and the largest sub-family,
GRESAG4.4, was expanded through segmental duplication of a tandem
array of adenylate cyclase genes between chromosomes 4 and 8 (Jackson et
al. 2013).
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ESAG10 is encoded by around half of T. b. brucei BESs on an upstream
region containing an additional promoter (Hertz-Fowler et al. 2008). It is likely
then that there is a functional redundancy between (GR)ESAG10 family
members. Three (GR)ESAG10 genes on chromosome 8, closely related to
ESAG10, encode folate transporters, and probably compensate for lack of
ESAG10 when a BES without this upstream region is active (Dewar et al.
2016). Four other GRESAG10 genes (three on chromosome 1, the other on
chromosome 10) encode putative biopterin transporters. Two chromosomal-
internal GRESAGS8 genes encoding RING and LRR domains are annotated
in the genome. These are more closely related to other conserved LRR-
encoding genes, suggesting that they may represent more distant ancestors
of ESAG8 (Jackson et al. 2013). This implies that ESAGS8 is expressed
exclusively from the BES, which is consistent with the finding that ESAGS8
can be knocked out of this locus without consequence (Hoek and Cross
2001), and BESs lacking ESAGS8 can be activated in vitro (Hertz-Fowler et al.
2008). However, RNAI targeting all ESAG8 sequences induced a growth
defect (Batram et al. 2014), suggesting that ESAGS8 expression is important
for cell survival and that the two GRESAG8s cannot compensate for loss of
ESAGS8. These contradictory results indicate that further investigation is
needed to understand the roles of this (GR)ESAG family.

(GR)ESAGS is a relatively small but diverse family (Barker et al. 2008).
The seven GRESAGS genes are located mainly at chromosomal-internal loci
and do not appear to encode pseudogenes, while ESAGS5 is pseudogenic on
two BESs (both of which can be activated in vitro; Hertz-Fowler et al. 2008).
Intra-family redundancy is probable given that RNAI targeting ESAG5s and a
closely related GRESAGS (that probably arose through transposition from a
BES; Jackson et al. 2013) did not affect cell growth (Batram et al. 2014). The
T. b. rhodesiense RES encodes an ESAGS5 that clusters separately from
those encoded by T.b. brucei BESs (Barker et al. 2008). If a role in
adaptation is to be believed for the ESAGSs, then perhaps this ESAG5 has
evolved to function in human serum, given that it is preferentially expressed
during infection of man (Xong et al. 1998), and has diverged from its (non-

human infective) T. b. brucei-encoded relatives.
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1.4.2. Evolutionary origins of (GR)ESAG families and their

conservation between African trypanosomes

A number of (GR)ESAG families are conserved in other African
trypanosomes, so may have a common origin. ESAGs appear to be a
T. brucei-specific adaptation, as they are only distantly related to homologues
in other species; while GRESAG family members are more well conserved
(Jackson et al. 2013). (GR)ESAG1 and (GR)ESAG12 families show no
homology outside of T. brucei, and may thus have evolved de novo in this
parasite (Jackson et al. 2013). Some families, such as (GR)ESAG3-5, 8 and
10, are conserved between the African trypanosomes T. congolense and
T.vivax, and the more distantly related American trypanosome T. cruzi
(Alexandre et al. 1996; Barker et al. 2008; Jackson et al. 2013). In all but
(GR)ESAGS, these families encode common domains that are shared
between larger protein families, suggesting a more ancient origin.
T. congolense and T.vivax encode one and two GRESAG3 genes,
respectively, highlighting the scale of family expansion that has taken place
in T. brucei. One GRESAGS5 locus on chromosome 4 is conserved between
these African trypanosomes and T. cruzi, and may represent the ancestral
(GR)ESAGS5 family progenitor. Whilst other T. brucei and T. congolense
GRESAGS5s cluster together, T. vivax genes are monophyletic, suggesting
that expansion of this family happened after the split of T. vivax from the
T. brucei/T. congolense common ancestor, but prior to divergence of these
two species. A similar distribution is observed for GRESAG4, where T. brucei
and T. congolense sequences are paraphyletic, while these families are
monophyletic in both T.vivax and T.cruzi (Jackson et al. 2013). All
GRESAG10 genes are conserved between T. brucei and T. congolense, and
the chromosome 8 GRESAG10 locus is conserved between all four species
(Jackson et al. 2013).

ESAGL11 was first identified by screening a BSF cDNA expression library
with antiserum raised against T. brucei ISG (invariant surface glycoprotein)
(Redpath et al. 2000). Like GRESAGL11, ISG is preferentially transcribed by
BSF cells and localises to the whole cell surface membrane (Ziegelbauer et
al. 1992; Redpath et al. 2000; Gadelha et al. 2015). The functions of both of
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these families remain a mystery. ISG and (GR)ESAG11 families are
proposed to be related based on shared predicted secondary structure and
distribution of conserved cysteine residues (Jackson et al. 2013).
Homologues of the ISG/(GR)ESAG11 family are also found in T. vivax and
T. congolense. Although homologues of GRESAG9 cannot be identified in
other African trypanosomes, it has been suggested that this family is distantly
related to the large and highly polymorphic T. cruzi mucin-associated surface
protein (MASP) family (Barnwell et al. 2010). Like GRESAGSY, these surface-
associated proteins are predicted to encode a N-terminal signal peptide and
C-terminal GPIl-anchor addition site (Figure 5A); they are thought to
participate in immune evasion and invasion of host cells, but a definitive

function is unknown (De Pablos and Osuna 2012).

TfR components, (GR)ESAG6 and (GR)ESAG7, and their PAG relatives,
are homologous to the N-terminal domain of VSG; specifically the a-type
VSG lineage (a-VSG; Hobbs and Boothroyd 1990; Salmon et al. 1997;
Jackson et al. 2012). This is one of two that generate antigenic diversity in
T. brucei, and are grouped by the number and position of conserved cysteine
residues (Carrington et al. 1991; Marcello and Barry 2007). Both the TfR and
PAGs have homologues in T. congolense, which lacks a-VSG. The opposite
is true for T. vivax, which encodes a-VSG-like genes, but not TfR genes or
PAGs, suggesting that these families diverged from a-VSG in the
T. brucei/T. congolense common ancestor, after the speciation of T. vivax
(Jackson et al. 2012). T. congolense TfR genes are scattered throughout the
subtelomeres, while all but one pair are found on T. brucei BESs. The
encoded proteins are expected to perform the same function due to
conservation of amino acids in the transferrin-binding domain. Another ESAG
is thought to have evolved from VSG: the (GR)ESAG2 family are
homologues of b-VSG, the second lineage responsible for antigenic diversity
in T.brucei. Two b-VSG-like families are found in T. congolense;
phylogenetic analysis confirms that (GR)ESAG2 sequences form a clade
within one of these families (Fam13), and are more closely related to Fam13
than T. brucei b-VSG (Jackson et al. 2012). This suggests that, like the TfR,
(GR)ESAG2/Fam13  diverged  from b-VSG in the common
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T. brucei/T. congolense ancestor, as opposed to independent evolution post-
speciation. While (GR)ESAG2 genes are not thought to be involved in
antigenic variation, other Fam13 members encode published T. congolense
VSG, and are variant antigens in this species (Jackson et al. 2012). T. vivax
does encode a b-VSG-like family, but it is only distantly related to b-VSG
subfamilies of T. brucei and T. congolense (Jackson et al. 2012). Finally,
SRA is another example of a VSG-related ESAG with a novel function (De
Greef and Hamers 1994; Campillo and Carrington 2003). Both TfR
components, PAG, (GR)ESAG2 and SRA are thought to share a similar N-
terminal fold to VSG, highlighting the functional plasticity of the VSG structure
(Carrington and Boothroyd 1996; Salmon et al. 1997; Campillo and
Carrington 2003; Jackson et al. 2013).

Generally speaking, the largest expansion of (GR)ESAG families has
occurred in T. brucei, with the majority of families containing more members
than those of T.congolense (TfR and (GR)ESAG2/Faml3 are notable
exceptions), and T. vivax encoding the smallest (GR)ESAG families. While
the BES-linked ESAG family members represent a T. brucei-specific
expansion, other GRESAG family members are found in chromosomal-
internal and subtelomeric loci in all species. As discussed at the start of this
chapter, subtelomeres provide a means to generate genetic diversity due to
high rates of recombination, and these genomic regions are utilised by
pathogens to evolve large and diverse gene families. The expansion of
(GR)ESAG families may therefore be a result of their subtelomeric location.
The differential expansion observed between the African trypanosomes could
be linked to how these parasites generate diversity in their respective variant
antigen repertoires, which appear to have higher recombination frequency in
T. brucei and T. congolense than T. vivax (Jackson et al. 2012). Given the
similar genomic location of GRESAGs and genes involved in antigenic
variation in these species, it stands to reason that recombination-based
diversification of antigen repertoires may also apply to the GRESAGs.
Complete sequencing of the T.congolense and T.vivax subtelomeric
regions, and identification of their VSG expression sites, could lead to the

definition of more (GR)ESAG family members, or species-specific ESAGs, as
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well as shedding light on the mechanisms underlying antigenic variation in

these parasites.

1.5. Antigenic variation and linked genes in other parasites

Nine out of the 12 T. b. brucei ESAGs have cell surface localisations or
are secreted. Although specific roles for the majority of these proteins are
unknown, it is clear that the parasite has linked genes involved in antigenic
variation with those encoding proteins that function at the host-parasite
interface, through conservation of ESAGs and VSG at BESs. Numerous
other parasites are known to undergo antigenic variation, but do they also
link other genes with those involved in this process? Three examples of other
parasites that may share this common theme with T. brucei are discussed
here: the apicomplexa Plasmodium falciparum and Babesia spp., and a

fellow T. brucei excavate, Giardia lamblia.

1.5.1. Apicomplexan parasites

A number of parasitic protozoa of the phylum apicomplexa have
undergone expansion of subtelomeric gene families thought to be involved in
mediating host-parasite interactions (Reid 2015). P. falciparum and
Babesia spp. both live intracellularly in erythrocytes of their respective hosts,
causing malaria and babesiosis, respectively. These parasites encode large
gene families with roles in antigenic variation, and appear to link these genes
with those encoding proteins that function at the host-pathogen interface.
P. falciparum erythrocyte membrane protein 1 (PfEMP1) is a cytoadhesin
encoded by the highly pleomorphic var family encompassing around 60
genes (Gardner et al. 2002). This extremely diverse family is found in groups
of 1-3 genes in most of the P. falciparum subtelomeres, and in tandem
clusters at chromosomal-internal loci (Gardner et al. 2002). Mutually
exclusive var gene expression, and transport of the encoded PfEMP1 variant
to the erythrocyte surface, results in a specific adhesive phenotype; antigenic
variation occurs through switching var gene expression to an immunologically

distinct variant, and changes tissue tropism due to interaction of PfEMP1 with
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specific host receptors (Scherf et al. 1998). Similar to T. brucei, control of var
gene expression appears to be regulated by epigenetic factors (Duraisingh
and Horn 2016), and recombination shapes diversity of the family (Kraemer
et al. 2007). Two other variant gene families are found interspersed at
subtelomeres, associated with var genes. These are the repetitive
interspersed (rif), and the subtelomeric variant open reading frame (stevor)
gene families, which encode ~150 RIFIN and ~30 STEVOR proteins,
respectively (Cheng et al. 1998; Gardner et al. 2002). Both families are
known be exported to the erythrocyte membrane, and undergo expression
switching (Kyes et al. 1999; Fernandez et al. 1999; Kaviratne et al. 2002;
Lavazec et al. 2006, 2007; Blythe et al. 2008). Also, both are thought to
encode single-pass transmembrane proteins, and expose semi-conserved N-
terminal regions to the external milieu (Bachmann et al. 2015). Along with
PfEMP1, RIFIN and STEVOR mediate rosetting, whereby infected cells bind
to uninfected erythrocytes forming rosettes (Rowe et al. 1997; Niang et al.
2009, 2014; Goel et al. 2015). This is thought to contribute to parasite
virulence and immune evasion. Like T. brucei, P. falciparum maintains
expanded gene families encoding variant antigens and proteins that mediate
host-pathogen interactions at subtelomeric loci. In contrast to T. brucei, the
families described here appear to combine antigenic variation with host-
pathogen interaction functions, a need that may have been lost in the African

trypanosome due to the shielding nature of the VSG coat.

The protein mediating antigenic variation in Babesia bovis is known as
variant erythrocyte surface antigen (VESA), a heterodimer encoded by multi-
copy vesia and ves1B gene families and, as its name suggests, is
transported to the surface of infected host erythrocytes (Allred et al. 2000;
Xiao et al. 2010). 72 ves71a and 43 ves1B genes are found throughout the
B. bovis chromosomes, the majority of which are arranged in a head-to-head
orientation (Brayton et al. 2007). These units are known as loci of active
transcription (LAT), with expression driven by bidirectional promoters located
in the ves1a-ves1B intergenic region (Al-Khedery and Allred 2006; Wang et
al. 2012). Transcription occurs from a single LAT at a time, and appears to

involve chromatin remodelling (Zupanska et al. 2009; Huang et al. 2013).
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B. bovis is the most studied species of the genus and thus represents the
prototype for antigenic variation across Babesia spp.. Sequencing of
B. bigemina and B. divergens genomes has revealed homologues of vesl
genes that have diverged between species (Jackson et al. 2014). B. bovis
and B. bigemina encode similar sized vesl repertoires, while the family is
smaller in B. divergens and are typically found in subtelomeric arrays, as
opposed to oriented in LATs (Jackson et al. 2014). The second largest
B. bovis gene family, named SmORF (small open reading frame), is found
closely associated with vesl genes throughout the genome (Brayton et al.
2007). This novel gene family is not represented in the other Babesia spp.
discussed here, but diverse families with similar genomic distributions to
SmORF genes, named ves2, are found in these species and are homologous
to the N-terminal encoding sequence of vesl (Jackson et al. 2014).
Phylogenetic analysis shows that, while all vesl genes share a common
ancestor, ves2 in B. bigemina and B. divergens has diverged independently
from vesl genes in these species (Jackson et al. 2014). Similar to VSG of
T. brucei and var of P. falciparum, diversity of vesl genes is driven by
recombination that appears to occur less frequently in SmORF and ves2
genes (although SmORF repertoires are known to vary between B. bovis
strains; Ferreri et al. 2012; Jackson et al. 2014). Proteomic analysis of
B. bigemina shows that multiple VESA2 (encoded by ves2) variants are
expressed at the same time (or switch very rapidly) and that they may be
more abundant than VESAL in this species (Jackson et al. 2014). Multiple
SmMORF genes are also transcribed simultaneously (Ferreri et al. 2012).
These results suggest that vesl and SmORF/ves2 gene expression is not
controlled by the same mechanism in spite of their genomic proximity.
Functions have not been defined for SMORF or VESA2, but they are
predicted to be secreted, and may therefore function at the host-parasite
interface (Brayton et al. 2007; Jackson et al. 2014). It is also thought that
SMORF may have evolved independently in B. bovis to perform the same
function as VESA2 in B. bigemina and B. divergens (Jackson et al. 2014).
Although these Babesia gene families are generally not subtelomerically
located, it does appear again that this parasite links gene families encoding
proteins involved in antigenic variation with those that function at the host-
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parasite interface. The co-option of a variant antigen gene, in vesl, to
perform a (presumably) different function in ves2, is analogous to the

evolution of proteins with novel functions from VSG in T. brucei.

1.5.2. Giardia lamblia

G. lamblia is a parasite of mammals and colonises the small intestine
lumen, where it lives exclusively extracellularly (Adam 2001). Here it persists
and causes disease despite generation of host humoral response (Nash
1997). Immune evasion is achieved through antigenic variation, driven by
switching the expression of variant-specific surface proteins (VSPs) that
cover the parasite surface (Nash 2002). A single VSP is expressed at one
time, controlled post-transcriptionally through an RNAi-like mechanism
(Morrison et al. 2007; Prucca et al. 2008), and involves histone modification
(Carranza et al. 2016). Controversy surrounds the G. lamblia vsp repertoire
size, which varies from ~70-300 depending on the analysis, but inversely to
T. brucei and P. falciparum, they are rarely found in subtelomeres (Morrison
et al. 2007; Adam et al. 2010; Li et al. 2013). Instead, they are present in
linear arrays of up to 10 genes, and in tandem pairs, in either head-to-head
or tail-to-tail configuration (Adam et al. 2010). Diversity of the family appears
to have occurred via duplication and recombination of vsp genes (similar to
generation of variant antigen diversity in the other parasites discussed here)
despite their mainly chromosomal-internal locations (Adam et al. 2010).
Interestingly, the vsp family expansion appears to have occurred at a similar
time to expansion of mammal species, and this co-evolution may represent
the parasitic origin of G. lamblia (Sun et al. 2010). While the function of VSP
outside of antigenic variation is not well understood, there is evidence of
expression of host-specific variants independent of pressure exerted by the
immune response, suggesting that VSP may have a role in mediating host-
parasite interactions and adapting G. lamblia to different mammals (Singer et
al. 2001). Despite the lack of genes linked with the vsp family, G. lamblia may
have combined antigenic variation and host-adaptation functions in its variant
antigen repertoire, forgoing the need to link these genes as previously

discussed here.

44



Chapter 1.

1.6. Aims

The majority of (GR)ESAG families (9 out of 12) function at the host-
pathogen interface. Specific family members, the ESAGs, are co-transcribed
with the T. brucei variant antigen from privileged genomic loci, and in situ
switching results in expression of a different VSG and ESAG repertoire. As
discussed above, while definitive functions for the majority of these proteins
are unknown, current evidence implies roles in parasite transmission,
adaptation to different hosts and BES transcription attenuation, suggesting
that these families are of central importance for parasite survival. However,
some ESAGs can be removed from the active BES, supposedly functionally
compensated by GRESAG family members, which complies with the
activation of BESs lacking various ESAGs. The questions remain then,
whether (GR)ESAG families are essential for parasite survival, and if intra-
family redundancy exists. By answering this, and elucidation of the roles of
these families, we may be able to better understand the linking of these
families with the parasite variant antigen, which appears to also occur in
other parasitic organisms. Research presented in this thesis seeks to
investigate the essentiality of (GR)ESAG families, and disentangle the roles
played by ESAGs and their GRESAG counterparts.
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Chapter 2. Methods

2.1. Bioinformatics

Signal peptide and GPIl-anchor addition sequence were predicted using
SignalP v3.0b (Nielsen et al. 1997; Nielsen and Krogh 1998) and PredGPI
(Pierleoni et al. 2008), respectively. Transmembrane domains were predicted
using TMHMM v2.0c (Sonnhammer et al. 1998; Krogh et al. 2001). Multiple
DNA sequence alignments were produced using MAFFT v7 (Katoh and
Standley 2013), and edited with Jalview v2.0 (Waterhouse et al. 2009).
Neighbour-joining clustering was generated from MAFFT alignments by
Phylo.io 1.0.0 (Robinson et al. 2016).

2.1.1. PSI-BLAST

T. brucei TREU 927 and Lister 427 predicted proteome sequences were
downloaded from TriTrypDB release 9.0 (http://tritrypdb.org), and Lister 427
BES sequences combined with the TREU 927 proteome to create a
searchable database. To identify (GR)ESAG5 and (GR)ESAG10 family
members, iterative searching of this custom made database was carried out
to completion using Position-Specific Iterated (PSI)-BLAST (NCBI; Altschul et
al. 1997) from the BLAST+ suite (Camacho et al. 2009) with an e-value
threshold of 2x103, using ESAG5 and ESAG10 proteins as input sequences
(Tb427.BES15.4 and Th427.BES15.1, respectively). BLASTn searches were
performed against a transcript version of this database or the VSGnome
(Cross et al. 2014) DNA database.

2.2. Molecular biology

Unless otherwise stated, T. b. brucei Lister 427 wild type genomic DNA
was used as PCR template. Restriction enzymes were used at 20- and 10-
fold excess to digest inserts and plasmids, respectively, and at 1.5-fold
excess in plasmid linearisation for parasite transfection. Generally, plasmid
and insert were used at 1:3 molar ratio in ligation reactions carried out with

T4 DNA ligase at room temperature for 1 h, 12°C for 4 h or overnight at 4°C
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(depending on the reaction complexity), cloned into XL1-Blue Escherichia coli
by heat shock, and grown at 37°C for 16 h. Silica-adsorption-based DNA
purification was routinely carried out on PCR products, digestion reactions
and plasmid isolated from E. coli. Constructs were Sanger sequenced over
the ligation site to ensure the expected in silico sequence had been obtained.
Prior to transfection into T. b. brucei, plasmids were linearised with Notl
(unless otherwise stated), purified by anion-exchange chromatography and
precipitated in ethanol. Oligopeptides and synthetic DNA (in the form of
gBlocks Gene Fragments) were purchased from Integrated DNA
Technologies and are shown in Appendix 2; construct maps are shown in

Appendix 3.

2.2.1.  Production of tagging constructs

Plasmids to endogenous-locus tag ESAG5 and ESAG6 at the N-terminus,
and ESAG10 at the C-terminus, with superfolder GFP (sfGFP) were derived
from pSiS-HhsfG (Gadelha et al. 2015). For N-terminus tagging, ~200 bp
fragments of the target gene 5 UTR and 5 ORF-end (downstream of
sequence encoding predicted signal peptide and in frame with plasmid
coding sequence) were cloned into Xbal-BamHI sites of pSiS-HhsfG. C-
terminal tagging required fragments of the target gene 3' ORF-end (upstream
of the stop codon and in frame with plasmid coding sequence) and 3’ UTR to
be cloned into HindllI-Avrll sites of pSiS-HhsfG.

2.2.2. Production of RNAI constructs

To knockdown chimeric proteins and (GR)ESAG families, ~450-1000 bp
sections of target gene ORF were cloned into BamHI-Clal/HindlII sites of the
tetracycline-inducible RNAI construct p2T7-177 (Wickstead et al. 2002) that
drives T7 RNA polymerase transcription of the cloned fragment from the MC.
To target RNAI to divergent members of the (GR)ESAG5 and (GR)ESAG10
families, multiple GRESAG5 or GRESAG10 ORF targeting fragments (pan-
family RNAIi fragments 2-5) of ~150-250 bp were combined by fusion PCR
and then cloned into a version of p2T7-177 where the selection marker BLE

had been exchanged for BLAST, so it could be used in conjunction with
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p2T7-177 containing ESAG5 or ESAG10 ORF fragments (pan-family RNAI
fragment 1). This required amplification of the p2T7-177 rDNA promoter
region with 5 Sphl and 3’ Xbal sites, and BLAST ORF (from the vector
PENGOB obtained from Bill Wickstead, University of Nottingham) with 5" Xbal
and 3’ Rsrll sites, which were cloned into Sphl/Rsrll digested p2T7-177,
creating p2T7-B177.

2.2.3.  Production of KO fragments

DNA fragments designed to knockout sections of BES1 were produced by
amplifying 5’ and 3’ targeting fragments and BLAST ORF (from pEnGOB)
individually, then combined by fusion PCR. KO fragments containing HYG
were produced the same way, with HYG flanked by actin UTRs amplified
from pEnGO (obtained from Bill Wickstead), then cloned into Xhol-BamHI
sites of pBlueScript Il SK (+) (Stratagene). Prior to transfection, these KO
fragments were released from the plasmid through digestion with Xhol and
BamHI.

2.2.4. Production of CreKO constructs

To produce CreKO 5 and CreKO_3’' constructs to facilitate the Cre-
recombinase based reduction of BES1, herpes simplex virus thymidine
kinase gene fusion with BLAST (TK-BLAST) or PURO, both with actin 3’
UTR, were amplified from pMC-T7-HSVTK-B (D’Archivio and Wickstead
2017) and pEnGOP (obtained from Bill Wickstead), respectively. Along with
synthetic DNA encoding loxP and aldolase 5 UTR sequence, these PCR
products were cloned into EcoRI-Spel sites of pBlueScript Il SK (+) to
produce pBS+lox-aldolase5'-TK-BLAST-actin3'UTR and pBS+lox-aldolase5'-
PURO-actin3'UTR.

DNA sequence to target homologous recombination into BES1 was
cloned into Kpnl-EcoRI sites of pBS+lox-aldolase5'-TK-BLAST-actin3'UTR
and Spel-Notl sites of pBS+lox-aldolase5-PURO-actin3'UTR to produce
various CreKO_ 5 and CreKO 3’ constructs. These constructs were

linearised with Ndel prior to transfection.
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2.2.5. Diagnostic PCR

Diagnostic PCR to investigate integration of tagging constructs into the
trypanosome genome, or identify the presence of VSG genes, was
performed on genomic DNA extracted from specific cell lines indicated in the
text. 2x10° mid-log phase parasites were resuspended in 120 ul of 50 mM
NaOH, 2 mM EDTA and heated at 95°C for 10 min, then neutralised with
24 yl of 450 mM Tris-HCI pH 6.8 and used as PCR template.

2.2.6.  RNA extraction, cDNA synthesis and amplification of the actively
transcribed VSG

To identify the actively transcribed VSG, total RNA was isolated from
3x107 cells through silica-adsorption, and contaminating DNA removed by
treatment with DNase |. cDNA was produced from 0.8 ug of total RNA
incubated with 5 puM oligo(dT) primer, 10 mM DTT, 200U reverse
transcriptase for 1 h at 42°C and enzyme inactivated through heating at 80°C
for 5 min. cDNA was stored at -20°C.

The actively transcribed VSG was amplified from cDNA using primers that
bind in the 5 miniexon (CAGGATCCGTGTTAAAATATATCA) and conserved
VSG 3 UTR (CAGGATCCGTGTTAAAATATATCA), then Sanger sequenced

using the same primers.

2.3. Cell lines and culture

All cell lines were derived from the T. b. brucei Lister 427 single marker
line (known as S16) expressing transgenic T7 RNA polymerase and Tet-
repressor protein from the tubulin locus (Wirtz et al. 1999), or wild type
T. b. brucei Lister 427 cells (obtained from Mark Carrington, University of
Cambridge). Appendix 4 outlines derivatives of these cell lines, constructs
used to modify them, and the selection pressure used to maintain stable
transfection. T. b. brucei EATRO 1125 clone AnTat 1.1 also used in this
study were obtained from Luisa Figueiredo (University of Lisbon). BSF stage

cells were used exclusively.
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2.3.1. Axenic culture of T. b. brucei

Trypanosomes were routinely cultured in Iscove's Modified Dulbecco's
Medium (IMDM) supplemented with 1 mM cysteine, 50 uM bathocuproine,
192 uM 2-mercaptoethanol, 90 uM cytosine, 1 mM hypoxanthine, 90 uM
uracil and 15% foetal calf serum (Gibco), at 37°C and 5% CO2. Medium was
0.22 um filter sterilised prior to use. Cells were maintained at mid-log phase
by regular dilution, such that population density remained between
approximately 1x10% and 1x10° cells/ml. Transfected trypanosomes were
cultured in medium supplemented with drugs to maintain selection. Markers
and drug concentrations used in this study are found in Table 2. RNAi was

induced by the addition 1 pug/ml of tetracycline to medium.

Table 2. Selection markers and drug concentrations used in this study

Selection marker Drug Concentration (ug/ml)
NEO (neomycin phosphotransferase) G418 25

HYG (hygromycin phosphotransferase) Hygromycin 5

BLE (bleomycin phosphotransferase) Phleomycin 1

PUR (puromycin N-acetyltransferase) Puromycin 0.1

BLAST (blasticidin S deaminase) Blasticidin 5

HSV-TK (herpes simplex virus thymidine kinase) Ganciclovir 100

2.3.2. Transfection

For stable transfection of T. b. brucei, 2.5x107 cells harvested from mid-
log phase culture were resuspended with 10 ug linearised plasmid (or KO
fragment) in 120 yl Tb-BSF buffer (90 mM NaHPO4, 5 mM KCI, 0.15 mM
CaClz, 50 mM HEPES pH 7.3; Burkard et al. 2011) and electroporation
performed using Amaxa Nucleofector (Lonza) program Z-001. Cells were
recovered for 8 h prior to addition of drug and aliquoted in 96 well plates at
limiting dilutions to select for stable clonal transfectants. Transient
transfection using circular plasmids followed the same procedure but did not

receive drug, or plating to limiting dilution.
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2.3.3.  Growth rate analysis

An ATP-based luciferase assay was used to monitor cell growth in culture
over 5-day periods. Cell lines of interest were diluted to 1x102 cells/ml in
1.5 ml wells on a 96 deep-well plate and were counted at 24 h intervals
including t=0 h. Prior to reading, wells were resuspended and 100 pl
transferred to black 96 well plates. 50 pyl of CellTiter-Glo Reagent 2.0
(Promega) was added to cells, incubated for 10 min, and luminescence
detected using a Glomax 96 Microplate Luminometer (Promega). A set of 8
ATP standards in V10 dilution series, from 316 nM to 100 pM, were included
on each plate to normalise reads between time points. A cell standard V10
dilution series, from 3.16x108 to 1x10? cells/ml, was included on the t=0 h
plate to convert arbitrary luminescence units obtained from the ATP
standards to cell density, by calculating the average amount of ATP per cell.
This relies on the linear relationship between luminescent signal and cell
density in this range, setting the limit of detection. Cultures were subbed at
t=72 h or t=96 h depending on cell density, to maintain log-phase growth.
Short-term growth monitoring was conducted using an Improved Neubauer

haemocytometer, with cell counts obtained every 8 h over a 24 h period.

2.4. Immunoblotting

Whole cell lysates were produced by incubating 2.5x10° cells/ul washed
parasites in Laemmli buffer modified to pH 7.2 (2% SDS, 04 M 2-
mercaptoethanol, 10% glycerol, 50 mM Tris-HCI) at 95°C for 5 min, 50°C for
10 min (when resolving for ESAG10-GFP), or room temperature for 30 min
(when probing for PAD1), and stored at -80°C until needed. 2.5x10° cell
equivalents per lane were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) on 4-20% Tris-glycine gels in 25 mM Tris, 250 mM
glycine, 0.1% SDS buffer.

Proteins were electrophoretically transferred to 0.45 um pore-size
nitrocellulose membrane for 14 h at 0.04 A in 25 mM Tris, 192 mM glycine,
0.02% SDS and 10% methanol. Immobilised proteins were visualised by

staining the nitrocellulose membrane with 0.1% Ponceau-S in 5% acetic acid
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prior to blocking with 5% milk in buffer outlined in Table 3 for 30 min. Buffers
used were Tris-buffered saline (TBS; 150 mM NaCl, 20 mM Tris-HCI pH 7.5),
TBS-Tween (TBS-T; TBS with 0.1% Tween-20), high salt TBS-T (TBS-T with
0.5M NaCl) and phosphate-buffered saline with Tween (PBS-T; 140 mM
NaCl, 10 mM NaHPO4, 3 mM KCI, 0.1% Tween-20). Chimeric GFP-labelled
proteins were detected with a mixture of two mouse anti-GFP monoclonal
antibodies (7.1 and 13.1; Roche); clathrin heavy chain was detected using
rabbit anti-TbCLH serum (obtained from Mark Field, University of Dundee;
Morgan et al. 2001); PAD1 was detected using rabbit anti-PAD1 anti-peptide
polyclonal antibody (obtained from Keith Matthews, University of Edinburgh;
Dean et al. 2009); and TfR was detected using rabbit anti-TfR polyclonal
antibodies (obtained from Piet Borst; Netherlands Cancer Institute; Bitter et
al. 1998). Either horseradish peroxidase-conjugated goat anti-mouse IgG
polyclonal or goat anti-rabbit IgG polyclonal antibodies (Sigma) were used as
secondary antibody, and detected with chemiluminescence. Antibodies and
concentrations used are shown in Table 3, along with buffers used to dilute
them. Generally, membranes were incubated in antibody solution for 1 h, or
with primary antibody for 16 h at 4°C to increase binding. Four washes of
5 min with rocking were performed prior to incubation of secondary antibody
and detection. For reprobing, membranes were stripped with 62.5 mM Tris-
HCI pH 6.8, 2% SDS and 100 mM 2-mercaptoethanol at 60°C.

Table 3. Antibody concentrations and buffers used in immunoblotting.

Primary antibody Secondary antibody Buffer
0.8 ug/ml mouse anti-GFP 1:5000 goat anti-mouse 1gG in 1% milk TBS-T
1:2000 rabbit anti-TbCLH 1:20000 goat anti-rabbit 1IgG in 1% milk TBS
1:1000 rabbit anti-PAD1 in 5% milk  1:20000 goat anti-rabbit IgG in 1% milk PBS-T
1:5000 rabbit anti-TfR in 1% milk  1:20000 goat anti-rabbit IgG in 1% mil 190 52"

2.5. Microscopy

For analysis of GFP-tagged protein localisation by native fluorescence
microscopy, cells were harvested from mid-log phase cultures, washed twice

in PBS plus 20mM glucose, allowed to adhere onto glutaraldehyde-
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derivatised silanised glass slides for 2 min (at density of 2x107 cells/ml), fixed
for 10 min in 2.5% formaldehyde, and mounted in a solution containing a
DNA stain and photostabilising agent (1% 1,4-diazabicyclo(2.2.2)octane,
0.25 mg/ml 4’,6-diamidino-2-phenylindole, 90% glycerol, 50 mM sodium
phosphate pH 8).

For analysis of the actively expressed VSG, cells were prepared as above
and after fixation, slides were incubated for 1 h with 1:500 dilutions of
polyclonal rabbit anti-VSG221 (Gadelha et al. 2015) or monoclonal mouse
anti-VSG121 (obtained from Miguel Navarro, The Institute of Parasitology
and Biomedicine, Spain; Landeira et al. 2009) antibodies. Slides were then
washed three times in PBS and incubated for 1 h with either goat anti-rabbit
or anti-mouse IgG (depending on primary antibody used) polyclonal antibody
conjugated to Alexa Fluor 568 (Invitrogen) at 2 pg/ml. Slides were washed as
before and counter-stained with 2 yg/ml concanavalin A (ConA) conjugated
to fluorescein isothiocyanate (FITC; Sigma) for 20 min prior to mounting as

above.

Images were captured on a BX51 microscope equipped with a 100x
UPlanApo objective (NA 1.35; Olympus) and CoolSnap-HQ (Photometrics)
6.45 um/pixel CCD camera, and processed in ImageJ (National Institute of
Health, USA; rsb.info.nih.gov).

2.6. Southern blotting

Cell plugs were produced by embedding 5x107 washed parasites in 0.8%
low-melt agarose in TES buffer (120 mM NaCl, 20 mM EDTA, 25 mM Tris-
HCI pH 8). Plugs were incubated in NDS buffer (500 mM EDTA, 1% N-
lauroyl sarcosine, 10 mM Tris-HCI pH 9) with 1 mg/ml proteinase K for 24 h
at 50°C, followed by NDS (pH 8) with 1 mg/ml proteinase K under the same
conditions. Plugs were stored at 4°C in NDS (pH 8) until needed, and
dialysed with 10 mM Tris-HCI pH 8 before use.

Agarose-embedded DNA was digested with Swal, Pvul, BsiWI, or Apal

endonuclease and subjected to pulsed-field gel electrophoresis (PFGE) in a

53



Chapter 2.

contour-clamped homogeneous electric field electrophoresis apparatus
(CHEF-DR lll; Bio-Rad), loading DNA from 1.7x107 cells/lane. DNA
separation was performed in 1% agarose (SeaKem Gold) in TB(0.1)E buffer
(90 mM Tris borate, 0.2 mM EDTA, pH 8.2) held at 14°C for 20 h at 5.2 V/cm,
with switching time ramped linearly 2—-10 s and an included angle of 120°.
DNA gels were stained in ethidium bromide and prepared for transfer by UV
nicking (80 mJ, 250 nm UV) followed by equilibration in 0.4 M NaOH, 1.5 M
NaCl and then transferred to positively-charged nylon membrane by capillary
transfer in the same solution. After transfer, membranes were neutralised
with  0.5M Tris-HCI pH7 and cross-linked (120 mJ, 250 nm UV).
Fluorescein-labelled probes were generated by random priming from
unlabelled eGFP, sfGFP, HYG, BLAST, PURO, VSG121, VSG224 and
VSG221 coding sequences (amplified using primers in Appendix 2).
Denatured template DNA (100 ng) were incubated for 5h at 37°C with
0.1 mM dATP, 0.1 mM dCTP, 0.1 mM dGTP, 0.67 mM dTTP, 0.33 mM
Fluorescein-dUTP, 2 yM random heptamers and 5U Klenow fragment.
Hybridisation was performed overnight in 1% SDS, 5% dextran sulphate,
10% blocking solution (Roche), 750 mM NaCl, 75 mM sodium citrate pH 7 at
60°C. Blots were washed to a stringency of 0.1% SDS, 30 mM NacCl, 3 mM
sodium citrate pH 7 at 62°C, then blocked for 1 h in 10% blocking solution in
BufferA (0.3 M NaCl, 0.1 M Tris-HCI pH 9.5). Blocked membrane was
incubated with anti-fluorescein alkaline phosphatase-conjugated Fab
fragments (Roche) at 1:5000 in BufferA with 5% bovine serum albumin in for
1 h, then washed in BufferA with 0.3% Tween20 prior to detection with
chemiluminescence. For reprobing, membranes were stripped with just
boiled 0.3% SDS, 0.3 M NaOH.
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Chapter 3. A repertoire of GFP-tagged BES ESAGs

3.1. Introduction

Despite discovery of the first ESAGs occurring over 20 years ago,
definitive functions of most of these gene families remain elusive. Along with
their functional roles, another important question concerning the ESAGs is
why the parasite has moved and maintains specific members of these
families at a privileged genomic location: the VSG expression sites. As
discussed previously, the ESAGs are hypothesised to adapt the parasite to
different mammalian bloodstreams; however, non-BES encoded family
members, the GRESAGs, are rarely considered when discussing these
families. Little research has gone into dissecting these two arms of each
(GR)ESAG family, comparing the roles of BES encoded ESAGs to their

GRESAG counterparts. The work presented here aims to clarify this.

The study of protein function through ablation is well established. In
trypanosomes, RNAiI mediated gene silencing has been used to investigate
numerous individual proteins and protein families (reviewed by Kolev et al.
2011; discussed in Chapter 4). In order to disentangle the roles of ESAGs
and GRESAGs of the same family, we aimed to investigate the phenotype
induced upon RNAi-mediated knockdown of the actively expressed BES-
linked ESAG family member, and compare this to the phenotype produced
when multiple (GR)ESAG family members are ablated. However, the high
degree of sequence identity shared between ESAGs and GRESAGs makes
it challenging to design an RNAI strategy to knockdown just one of these sets
of genes. In fact, RNAI constructs that target (GR)ESAG families, or ‘pan-
family’ constructs, can be produced easily and have been employed in other
studies (Salmon et al. 2012a; Batram et al. 2014; Tiengwe et al. 2016). RNAI
mediated knockdown of the actively expressed BES ESAG, without targeting
GRESAGs of the same family, requires unique sequence of this gene to be
targeted. To facilitate this, we planned to tag the active BES-linked ESAG at
the endogenous locus with GFP, then knockdown chimeric protein using
RNAI targeting the GFP ORF. In order to achieve this, a set of cell lines
expressing GFP-tagged ESAGs from the active BES was required.
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The ability to genetically modify bloodstream form T. brucei through
integration of an exogenous construct via homologous recombination was
first achieved in 1993 (Carruthers et al. 1993). Homologous recombination-
mediated transfection of procyclic cells had been described earlier, but its
application to BSF was limited by challenges in culturing this stage of the
parasite lifecycle. The technique relies on the innate machinery used by cells
to repair double strand breaks that often occur during DNA replication.
Introduction of a linear construct flanked by endogenous sequence into the
T. brucei cells via electroporation induces integration into genome at the
targeted site. It has since been shown that efficiency of homologous
recombination is dependent on the length and homology of the targeting
sequence (Barnes and McCulloch 2007). This feature has made
manipulation of the T. brucei genome a relatively simple task, and has
facilitated a range of reverse genetics experiments. These include
expression of transgenes (ten Asbroek et al. 1990), gene knockout (Sommer
et al. 1996) and gene tagging, to enable downstream purification of protein
(Estévez et al. 2001), or producing chimeras with fluorescent protein (Kelly et
al. 2007). Endogenous locus tagging of genes enables the addition of protein
coding sequence at the N- or C-terminus, while maintaining close to
endogenous levels of expression. Tagging genes to encode a fluorescent
protein (for example GFP) can be used to identify the cellular localisation of
the resulting chimera, which can inform the function of the protein. Here | will
use the additional sequence added by the GFP-tag to specifically target
RNAI mediated knockdown of actively expressed BES ESAGs.

3.2. Completing a repertoire of GFP-tagged BES1 ESAGs

The lab recently developed a suite of vectors designed to tag proteins
with predicted cell surface localisations (Gadelha et al. 2015). These vectors,
pSiS and pSiG, tag genes at their endogenous locus, the resulting chimeric
protein containing three HA (haemagglutinin) epitope tags and either eGFP
(enhanced GFP) or sfGFP (superfolder GFP; Figure 10). The vectors also
replace endogenous signal peptide or GPI anchor addition sequences to
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ensure that processing of the resulting polypeptide is not disrupted, and the
native cellular localisation of the protein is maintained. These vectors were
employed to validate the localisations of a set of proteins identified in the
T. brucei cell surface proteome (surfeome; Gadelha et al. 2015). Integration
into the parasite genome is facilitated by homologous recombination between
~200 bp targeting sequences. N-terminal tagging requires sequence
homologous to the 5’ UTR and N-terminus-encoding ORF (just downstream
of any predicted signal peptide cleavage site) of the target gene; while C-
terminal tagging utilises sequence homologous to the 3° UTR and C-
terminus-encoding ORF (upstream of any GPI anchor addition sequence
cleavage site, or upstream of the STOP codon in ORFs encoding predicted
transmembrane proteins) of the target gene. Strategies for N- and C-terminal

tagging with pSiS and pSiG are shown in Figure 10.

The BSF surfeome identified and validated by Gadelha et al. included a
number of ESAGs and GRESAGs, which prompted the tagging and
identification of cellular localisation of a representative of each family.
(GR)ESAG families that were not identified, or not enriched, in this dataset
were also included to ensure that the tagging constructs do not force non-
surface proteins to this localisation, and provide a method of investigating the
surfeome for false-positives. In (GR)ESAG families with a member encoded
on BES1, this protein was tagged; while the GRESAG most similar to its
family’s ESAGs was tagged for other families (Table 4). As a rule, predicted
transmembrane proteins were tagged at the C-terminus, while those
encoding GPIl-anchor addition sequences were tagged at the N-terminus. To
complete this set, an N-terminally tagged ESAG6-expressing line was

required.

Tagging construct pSiS was modified to N-terminally tag ESAG6 encoded
on BESI1, replacing the endogenous signal peptide coding sequence with
that encoded on pSiS, three HA epitopes and sfGFP. The high degree of
DNA sequence identity shared between ESAG6 genes on different BESs
means that the tagging construct can potentially integrate into a silent
expression site. To ensure that the ESAG6 gene on BES1 specifically is

tagged, the construct needed to be transfected into BES1-active (expressing
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the BES1 specific VSG: VSG221) S16 cells. Integration into the active BES
ensures transcription of the construct’'s selectable marker (in this case
hygromycin phosphotransferase (HYG)), and promotes survival of BES1-
active transfectants. Should the construct integrate into an inactive BES,
HYG would not be expressed, or would rely on leaky transcription, as in the
case of ESAG6 mRNA derived from “silent” BESs (Ansorge et al. 1999). The
active BES of two S16 cultures was assessed by immunofluorescence
microscopy using anti-VSG221 antibody (Figure 11). ESAG6 tagging
construct was used to transfect the S16 line shown to have VSG221 present
on the cell surface (herein referred to as VSG221-positive), and therefore
BES1-active.

Table 4. The set of GFP-tagged (GR)ESAG cell lines generated by Gadelha et al.

Family Gene targeted Termini- FIuor_escent Designation
member tagged protein

ESAG1 Th427.BES40.20 N eGFP GFP-ESAG1
ESAG2 Th427.BES40.18 N eGFP GFP-ESAG2
ESAG3 Th427.BES40.16 N eGFP GFP-ESAG3
ESAG4 Th427.BES40.13 C eGFP ESAG4-GFP
GRESAG5 Th427.7.6860 N sSfGFP GFP-GRESAG5
ESAG8 Th427.BES40.14 C eGFP ESAG8-GFP
GRESAG10 Th427.08.3630 C eGFP GRESAG10-GFP
GRESAG11 Th427.01.5110 N eGFP GFP-GRESAG11
ESAG12 Th427.BES40.8 C sfGFP ESAG12-GFP

ESAG6 and ESAG7 are related and therefore share a high degree of
sequence identity, in both ORF and UTRs (Appendix 5). The targeting
sequences used to tag ESAG6 on BES1 are homologous with ESAG7
sequence, so the tagging construct can integrate into either of these genes.
To identify which had been tagged, positive transfectants were screened by
diagnostic PCR. Primers that anneal in sfGFP (encoded in the tagging
construct) and a divergent region of ESAG6 or ESAG7 ORF were used to
amplify a product of ~800 bp if integration into either gene had taken place
(Figure 12A). Genomic DNA purified from transfectants and parental cells
was used as template in this diagnostic PCR reaction. Figure 12B shows that
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VSG221 ConA VSG221/ConA  DAPI/Phase
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Figure 11. S16 cultures express different VSG genes. Immunofluorescence microscopy
on two S16 cell cultures shows that one expresses VSG221 (VSG221-positive) and is BES1
active, the other is VSG221-negative with an unknown active BES. VSG221 detected using
polyclonal antibodies against VSG221, blue; Concanavalin A (ConA; interacts with sugar-
containing moieties that decorate VSG) used as a cell surface counterstain, yellow; DAPI
labelled DNA, magenta. Nuclear (nDNA) and mitochondrial (mtDNA) DNA are indicated.
Images are representative of the signal distribution observed for each cell line, all images
processed to the same levels.

S16
VSG221-
positive

the construct has integrated into either, or both, ESAG6 and ESAG7 in 18 of

the 29 clones tested.

Whole cell lysate of clones, identified as tagged on either ESAG6 or
ESAG7 by diagnostic PCR (Figure 12), was investigated for expression of
chimeric protein by immunoblotting with anti-GFP antibody (Figure 13A).
GFP-ESAGE6 (following the nomenclature outlined in Table 4) has a predicted
molecular weight of 72 kDa, while GFP-ESAG7 is 68 kDa. A number of
clones show signal of approximately the predicted molecular weight, with
GFP-ESAG7 being consistently smaller than GFP-ESAG6 as expected.
ESAG6 and ESAG7 are both predicted to be glycosylated, and ESAG6
modified by the addition of a GPI-anchor, which will add to their molecular
weight and affect how they migrate in SDS-PAGE. Lysate of a line encoding
C-terminally tagged ESAG6 (ESAG6-GFP, produced by the lab previously)
was included as a control, and migrates to a similar size as GFP-ESAG6.
GFP-ESAGS6 clones 9 and 19, and GFP-ESAGY7 clone 1 appear to be tagged
on BES1 based on levels of chimeric protein. A number of clones screened
do show reduced chimeric protein levels, in some cases this is below the limit
of detection of the technique. Given that approximately 20% of ESAG6
MRNA results from transcription of silent BESs (Ansorge et al. 1999), these
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Figure 12. ESAG6 tagging construct can integrate into ESAG6 or ESAG7. A, Schematic
illustrating the diagnostic PCR strategy to identify integration of the ESAG6 tagging construct
into ESAG6 or ESAG7. Primer F1 anneals in sfGFP and is used in both reactions; primers
R1 and R2 anneal specifically in ESAG6 and ESAG7, respectively. DNA will only be
amplified if the construct has integrated into either of these genes with the corresponding R
primer. Genomic DNA represented by a grey line, tagging construct sequence represented
by thicker grey line. Diagram drawn to scale except primers, which anneal at arrowhead tips.
B, Diagnostic PCR on clones resulting from transfection with ESAG6 tagging construct
shows integration into ESAG7Y in clones 1, 11, 16, 22, 28 and 29; into ESAGS6 in clones 2, 9,
10, 13, 19, 20, 21, 23, 25 and 27; and into both ESAG6 and ESAG7 in clones 18 and 24.
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Arrowheads indicate the expected product if integration of tagging construct into this gene
was successful. Non-specific binding of primers has resulted in amplification of a ~540 bp
product in both reactions, from transfectant and parental DNA.

A

kDa
150 =

100 -
75 =

50 -

250 =
150 -
100 -
75 =
50 -
37=
25=
20 =

15=-

Parental

GFP-

ESAG6

GFP-
ESAG6 Both ESAG7 Tagged
2 9 10 13 19 20 21 23 25 27 18 24 1 11 16 22 28 29 Clone

ESAG6-GFP

GFP

o o —

Ponceau-S

GFP GFP/DAPI DAPI/Phase

)

Tum

Figure 13. Chimeric protein is expressed by cells transfected with ESAG6 tagging
construct. A, Immunoblot of lines with ESAG6 tagging construct integrated into ESAGS6,
ESAG7 or both according to diagnostic PCR show expression of chimeric protein. GFP-
fusion proteins detected with monoclonal antibodies against GFP. Nitrocellulose membrane
stained with Ponceau-S provided as a loading control. B, Native fluorescence microscopy of
GFP-ESAG6 clone 9 shows chimeric protein localisation to the flagellar pocket and
endosomal system. Signal from GFP is shown in green. Cells were counterstained with
DAPI, magenta.

cell lines may be tagged on a silent BES, with enough leaky transcription of

selection marker to provide resistance to hygromycin.

62



Chapter 3.

In order to determine the cellular localisation of GFP-ESAGS, cells were
investigated by native fluorescence microscopy (Figure 13B). GFP signal
from clone 9 showed a flagellar pocket and endosomal localisation, which is
in line with previous findings (Salmon et al. 1994), and the localisation of
ESAG6-GFP (data not shown).

As mentioned previously, high intra-family sequence identity can result in
integration of tagging vectors into genes other than the active BES ESAG. A
Southern blot was designed to determine if the ESAG6 tagging construct —
as well as those listed in Table 4 — had integrated into BES1. When the
Tbh427 genome is digested with Swal, the resulting restriction fragment
containing BES1 is approximately 58 kb; integration of the tagging construct
into BES1 results in an increase of ~5 kb in this restriction fragment (Figure
14A). Swal-digested genomic DNA of parental and tagged lines was
separated by PFGE, transferred to nylon membrane, probed with VSG221
ORF (sequence unique to BES1) probe, then stripped and re-probed with a
mixture of eGFP, sfGFP and HYG ORF (sequence unique to the tagging
constructs) probes. Figure 14B shows that restriction fragments containing
VSG221 and tagging construct features have migrated slower than that of
the parental line, indicating that all tagged lines targeting ESAGs on BES1
from Table 4, and the GFP-ESAG6 line, had all integrated into BES1.
Differences in the actual and published BES1 restriction fragment (between
Figure 14A and 14B), and variability in size of this fragment between tagged
lines, are attributed to variation in the number of repeats in the 70-bp repeat

region.

ESAG3, ESAG4, and ESAGS8 are encoded as multiple copies on BES1
(Hertz-Fowler et al. 2008). Figure 14 indicates that one copy of each of these
families is tagged on BESL1, but does not define which copy is modified. A
diagnostic PCR was designed to identify which copy of each family had been
tagged (Figure 15A). This shows that ESAG3.2 (Tb427.BES40.16), ESAG4.2
(Tb427.BES40.13) and ESAGS8.2 (Tb427.BES40.14) are tagged on BES1
(numbered from 5’ to 3’; Figure 15B).
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Figure 15. ESAG3.2, ESAG4.2 and ESAGS8.2 are tagged on BES1. A, Diagnostic PCR
strategy schematic to identify which BES1 copy of ESAG3, ESAG4 and ESAG8 was tagged.
For each potentially tagged gene a “control” product is amplified (primers anneal outside of
tagging construct sequence); integration of tagging construct enables amplification of a
“diagnostic” product (one primer binds within eGFP). Genomic DNA represented by a grey
line, tagging construct sequence represented by thicker grey line. Diagram drawn to scale
except primers, which anneal at arrowhead tips. Asterisks in the schematic correspond to
experimentally amplified diagnostic PCR products. B, Amplification of these products from
genomic DNA isolated from parental and GFP-tagged cell lines. The diagnostic product is
amplified from copy number two in each family, indicating that this is the tagged gene.

3.3. Obtaining an RNAi competent BES3-active line

Section 3.2 describes completion of a set of GFP-tagged ESAGs on
BES1. However, BES1 does not encode a member of every (GR)ESAG
family. To complete a set of GFP-tagged active BES ESAGSs, tagged ESAG5
and ESAG10 lines were required. ESAG9 and ESAG11 are excluded from
this set as they are not canonically represented in BESs: ESAG9 is only
encoded on a single BES, and ESAG11 is only present on BESs as
pseudogenes (Redpath et al. 2000; Hertz-Fowler et al. 2008). ESAG5 on
BESL1 is a pseudogene, and BES1 does not have the upstream section that
encodes ESAG10 (Hertz-Fowler et al. 2008). BES3 is another commonly
active expression site in vitro, and encodes putatively functional ESAG5 and
ESAG10 (Hertz-Fowler et al. 2008).

In order to obtain GFP-tagged ESAG5 and ESAG10 lines, a BES3-active
line was required. Initially we aimed to obtain cells that had undergone in situ
switching from our BES1-active RNAi competent S16 culture (Figure 11). To
select for a population that had switched away from BES1, cells were
incubated with a range of concentrations of anti-VSG221 native serum
(Figure 16A; produced in Gadelha et al. 2015). We hypothesised that cells
with VSG221 on their surface would be opsonised by anti-VSG221
antibodies and lysed by complement activation. VSG221-positive S16 cells
were also incubated with naive native serum, and VSG221-negative cells
(Figure 11) were incubated with anti-VSG221 native serum as controls. As
expected, VSG221-positive cells in anti-VSG221 serum formed clumps and
died, which occurred at a faster rate as serum concentration was increased,
while both control samples were unaffected (data not shown). Presence of

VSG221 on the surface of cells that grew out of this experiment was
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Figure 16. VSG22l-negative cells can be selected from VSG221 expressing
populations. A, Diagram of the experimental set-up to obtain cells that had switched away
from BES1. 2.5x10° cells per well were incubated with serum ranging from 20% to 0.25% in
a two-fold dilution series in a 96 well plate. B, Immunofluorescence microscopy on cells
outgrowing from VSG221-positive S16 culture, post-challenge with anti-VSG221 serum. 10%
anti-VSG221 serum was required to remove all VSG221-positive cells from the population.
VSG221 signal displayed in blue; ConA, yellow; DAPI, magenta. Images are representative
of the signal distribution observed for each cell line, and were processed to the same levels.

investigated by immunofluorescence microscopy (Figure 16B). Cells that
grew out of 2.5 and 5% anti-VSG221 serum remained VSG221-positive,
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while 10% serum was sufficient to remove all VSG221 expressing cells.
These VSG221-negative cells show a greatly increased signal when stained
with ConA. This suggests that the new VSG is decorated with more mannose
or glucose residues that interact with the lectin, or they are more accessible
for binding.

Clones were obtained from the population of VSG221-negative S16 cells
(that had grown out of challenge with 10% anti-VSG221 serum). These were
investigated for VSG121 expression using anti-VSG121 monoclonal
antibody, a kind gift of Miguel Navarro (Figure 17A). Wild type cells
expressing VSG121, a kind gift of Mark Carrington, were included in this
experiment as a positive control. This showed that two of the six clones

screened were VSG121-positive and potentially BES3-active.

To answer if this change in VSG expression was the result of gene
conversion or in situ switching, the presence of VSG221 and VSG121 in the
genome of these switched clonal populations was investigated by PCR. If the
expressed VSG gene is switched by gene conversion, the previous VSG
gene will be deleted from the genome. Whereas if transcription from the
active BES is terminated and transcription from a previously silent BES
activated — an in situ switch — DNA encoding the previous VSG gene will still
be present in the genome. Figure 17B shows amplification of a VSG121
fragment from VSG221-positive S16 cells, VSG121-positive WT and
switched cells. However, VSG221 cannot be amplified from the VSG121-
positive switched clones. This indicates that these cells have switched VSG
through gene conversion rather than in situ switching, and therefore are still
BES1-active.

BES3-active cells could not be obtained through switching VSG221-
positive S16 cells, so VSG121-positive wild type cells (Figure 17A, 17B) were
made RNAI competent by introducing T7 RNA polymerase and tetracycline
repressor (TetR) genes into the genome through transfection with the Single
Marker Oxford (SmOx) construct (Poon et al. 2012). Clones obtained from
this transfection (herein referred to as SmOx), and their derivatives,
remained VSG121-positive (Figure 18A). In order to validate VSG121-
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Figure 17. VSG121-positive cells obtained from the VSG221-positive S16 population
have switched by gene conversion. A, Immunofluorescence microscopy on clones
growing out from VSG221-positive S16 culture, after incubation with 10% anti-VSG221,
shows that clones 1 and 6 are VSG121-positive. VSG221-positive S16 and VSG121-positive
WT lines are included as controls. VSG121 signal displayed in yellow; ConA, blue; DAPI,
magenta. Images are representative of the signal distribution observed for each cell line, all
images processed to the same levels. B, Amplification of VSG121, but not VSG221, ORF
fragment by PCR from clone 1 and 6 genomic DNA shows that the active VSG has switched
by gene conversion in these lines. Fragments of both genes can be amplified from VSG221-

positive S16 and VSG121-positive WT cell lines. Expected products indicated by
arrowheads.

positive SmOXx cells as RNAi competent, knockdown of a protein with a well-
characterised phenotype, clathrin heavy chain (CLH), was performed. An
inducible RNAIi construct (p2T7-177, see Chapter 4 for more details)
containing a fragment of the CLH ORF (p2T7-177-CHC, a kind gift of Sarah

Whipple, University of Nottingham) was introduced into these cells, RNAI
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Figure 18. BES3-active cells can be made RNAi competent. A, Immunofluorescence
microscopy shows that VSG121-positive WT cells maintain the same active VSG when
transfected with SmOx and RNAIi constructs. VSG221-positive S16 cells included as a
control. VSG121 signal displayed in yellow; ConA, blue; DAPI, magenta. Images are
representative of the signal distribution observed for each cell line, all images processed to
the same levels. B, Immunoblot of VSG121-positive SmOXx cells show depletion of CLH
when RNA: is induced. A control lysate from the parental lane is included. CLH was detected
with anti-TbCLH antiserum. Nitrocellulose membrane stained with Ponceau-S provided as a
loading control. Hours post-induction (h.p.i). C, Growth of VSG121-positive SmOx CLH RNAI
cells in culture. RNAi-induced ablation of CLH results in a severe growth defect. Parental
and non-induced cells are included as controls.

induced, and protein levels monitored by immunoblot using antiserum raised
against TbCLH (a kind gift of Mark Field; Morgan et al. 2001; Figure 18B). In
induced cells CLH levels were reduced, resulting in a severe growth defect

(Figure 18C) and characteristic “BigEye” phenotype (observed by light
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microscopy, data not shown). This result recapitulated the findings of Allen et
al. 2003, and validated the VSG121-positive SmOx line as RNAi competent.

3.4.Generation of cell lines expressing GFP-tagged ESAG5 and
ESAG10

Now that a BES3-active RNAi competent cell line was available, tagging
of ESAG5 and ESAG10 could take place. pSiS was modified to tag ESAG5
at the N-terminus with sfGFP and replace the native signal peptide. This
construct was transfected into VSG121-positive SmOx cells and chimeric
protein expression monitored by immunoblot using anti-GFP antibody (Figure
19). GFP-ESAGS has a predicted molecular weight of approximately 82 kDa
(after signal peptide cleavage). However, every clone screened exhibited
signal at around 100 kDa. This increased size is likely due to N-glycosylation,
which is a predicted feature of these proteins, and GFP-GRESAG5 migrated
a similar position when assessed by the same method (Gadelha et al. 2015).

As with the ESAGs tagged on BES1 (Section 3.2), integration of the
ESAGS5 tagging construct into the active expression site (BES3) must be
investigated due to promiscuity in targeting of the construct to other ESAG5
genes. Genomic DNA from GFP-ESAGS cells, and its parental line, were
fragmented using Pvul restriction endonuclease, which cuts just downstream
of the BES promoter and in the HYG resistance gene. Therefore, integration
of the ESAGS5 tagging construct results in a shorter restriction fragment
containing the BES3 VSG gene, VSG121 (Figure 20A). Visualisation of
VSG121, sfGFP and HYG containing restriction fragments using
complementary DNA probes shows that the tagging construct had integrated
into BES3 (Figure 20B). When probing for VSG121, multiple restriction
fragments were labelled. BLASTn of the VSG121 probe sequence (used in
Figure 20B) against the T. brucei Lister 427 VSGnome (Cross et al. 2014)
identified three VSG genes with a high degree of sequence identity
(Appendix 6). Cross-hybridisation of the VSG121 probe with these additional
two closely related genes is likely to be the cause of labelling multiple

restriction fragments.
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Figure 19. GFP-tagged ESAGS5 is expressed in transfected lines. Immunoblot of whole
cell lysate from lines transfected with ESAG5 tagging construct show expression of chimeric
protein, detected with monoclonal antibodies against GFP. Nitrocellulose membrane stained
with Ponceau-S provided as a loading control.

Native fluorescence microscopy shows an endoplasmic reticulum and
endocytic vesicle localisation for GFP-ESAG5 (Figure 21). This cellular
localisation of GFP-ESAGS5 is similar to that of GFP-GRESAGS5, albeit
without the additional flagellar pocket signal shown by the GRESAG
(Gadelha et al. 2015). This slight difference in localisation could be due to an
inherent difference in native localisation of the BES3 ESAG5 compared to
the GRESAGS tested, or due to different levels at which the proteins are
expressed (discussed in Section 3.5).

The last GFP-tagged ESAG needed to complete the set was ESAG10. As
before, pSiS was modified to target ESAG10 on BS3, but this time to
integrate into the 3’ end of the ORF, removing the native STOP codon and
inserting the HA tags and sfGFP coding sequence in frame. Transfection of
the ESAG10 tagging construct into BES3-active SmOx cells produced very
few outgrowing cells resistant to hygromycin: only three clones grew out of
two independent transfections. ESAG10-GFP has an expected size of
around 105 kDa. When assessed by anti-GFP immunoblot each clone

displayed signal at approximately 85-90 kDa (Figure 22). This variation from
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GFP GFP/DAPI Phase/DAPI

GFP-
ESAG5

Figure 21. GFP-ESAGS localises to the endoplasmic reticulum and endosomal system.
Native fluorescence microscopy of GFP-ESAGS clone 1, signal from GFP is shown in green.
Cells were counterstained with DAPI, magenta.

the expected molecular weight may result from aberrant migration of the
chimeric protein by SDS-PAGE due to the high degree of hydrophobicity
inherent to ESAG10 because of its 13 predicted transmembrane domains.
Clones 1 and 3 show similar chimeric protein levels, while clone 2 expressed
far less ESAG10-GFP, and grew at a slower rate than the other clones and
the parental line. This suggested that the tagging construct in clone 2 had
integrated into an inactive BES and the small amount of transcription of this
BES produced enough HYG to provide a degree of resistance to the drug
pressure, albeit with a growth defect. To explore this hypothesis, these lines
were investigated by anti-VSG121 immunofluorescence microscopy (data not
shown). Clone 2 and parental lines remained VSG121-positive, but the other
clones no longer had VSG121 present on the cell surface, and had
presumably switched BES. These results prompted speculation that the
tagging construct had integrated into an expression site other than BES3 in

all three instances.

To determine which BES had become active in the ESAG10-GFP clone 1
line, RNA was extracted from these cells (as well as a number of control lines
with known VSG expression through immunofluorescence microscopy) and
converted to cDNA using reverse transcriptase. PCR using primers that
anneal in the 5 miniexon (spliced onto trypanosome mMRNA) and in a
conserved region of the VSG 3’ UTR were employed to amplify the actively
expressed VSG gene (as described by Hertz-Fowler et al. 2008).
Sequencing this PCR product revealed that VSG224 was actively transcribed
by the ESAG10-tagged line, which is specific to BES7 — a BES that is known
to include the upstream expression site section encoding ESAG10 (Hertz-

Fowler et al. 2008). Confirmation of integration of the tagging construct into
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Figure 22. ESG10-GFP is expressed in transfected lines. Immunoblot of whole cell lysate
from lines transfected with ESAG10 tagging construct show expression of chimeric protein,
detected with monoclonal antibodies against GFP. Nitrocellulose membrane stained with
Ponceau-S provided as a loading control.

BES7 was conducted again by Southern blot, designed so that integration of
the construct would increase the size of the BES7-containing restriction
fragment (Figure 23A). This time genomic DNA was digested with BsiWI
restriction endonuclease, separated by PFGE, and probes against VSG224,
sfGFP and HYG ORFs used. A shift in size in the tagged cell line, compared
to the parental BES7-containing restriction fragment, can be seen in Figure
23B, indicating integration into this BES. The difference in expected
restriction fragment size in Figure 23A, and that obtained in Figure 23B is
attributed to variation in the 70-bp, and telomeric repeats between the

published BES7 sequence and the line examined.

We next asked if BES3 in our VSG121-positive SmOXx line encoded the
upstream ESAG10 gene, as per the published sequence (Hertz-Fowler et al.
2008). To answer this, genomic DNA from the GFP-ESAGS5 and parental cell
lines were fragmented with Apal restriction endonuclease. This cuts in the
ESAG10 ORF, a restriction site that is conserved between all ESAG10 genes
and GRESAG10 genes on chromosome 8. Therefore, compared to Figure
20A where these genomes were digested with Pvul, restriction fragments
containing BES3 should be 11 and 23 kb larger between parental and tagged
lines, respectively, when digested with Apal (Figure 23A). When these
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Figure 23. ESAG10-GFP is encoded on BES7. BES3 does not encode ESAG10. B, DNA
from ESAG10-GFP clone 1, and parental, cell lines were digested with Bsiw| endonuclease,
and separated by PFGE. Hybridisation of separated DNA to either VSG224 or a mix of
sfGFP and HYG probes shows that ESAG10 is tagged on BES7. DNA from GFP-ESAG5
clone 1 and parental cell lines were digested with Apal endonuclease, and separated by
PFGE. Hybridisation of separated DNA to either VSG121 or a mix of sSfGFP and HYG probes
is shown. VSG121-containing restriction fragments are much larger than expected,
suggesting that the Apal site in ESAG10 is not present. Ethidium bromide stained agarose
gel is provided as a loading control.

fragmented genomes were probed for VSG121, restriction fragments
containing BES3 were much larger than expected. Given the results shown in
Figure 20B, the BES3-containing restriction fragments should be around 46
and 51 kb in parental and tagged lines, respectively. However, fragments of
approximately 85 and 101 kb were obtained (Figure 23B). This suggests that,
barring the unlikely mutation of the Apal site in ESAG10, BESS3 in this line
and its derivatives is lacking an ESAG10 gene, and probably the whole

upstream BES section.

Native fluorescence microscopy of ESAG10-GFP showed signal on the
cell body, excluded from the flagellar membrane (Figure 24). This localisation
is similar to GRESAG10-GFP (Gadelha et al. 2015), but displaying greater
intracellular signal from the endoplasmic reticulum and endosomal system,
and lacking a flagellar pocket localisation. As with GFP-ESAGS, this slight
variation between the GFP-tagged ESAG and a GRESAG of the same family
may be inherent to the protein.
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GFP/DAPI Phase/DAPI

ESAG10
-GFP

Figure 24. ESAG10-GFP localises to the cell body. Native fluorescence microscopy of
ESAG10-GFP clone 1, signal from GFP is shown in green. Cells were counterstained with
DAPI, magenta.

3.5. Summary

Data presented in this chapter describe the completion of a set of cell
lines expressing a GFP-tagged ESAG family member from the active BES.
GFP-tagged ESAG1, 2, 3.2, 4.2, 6, 8.2 and 12 are expressed from BES1,
GFP-ESAGS is expressed from BES3, and ESAG10-GFP is expressed from
BES7. ESAG9 and ESAG11 are excluded from this set, as they are not
typically represented across BESs. | have shown that parasites that have
switched their VSG coat can be selected from a population of VSG221-
positive cells when incubated in native anti-VSG221 serum. VSG121 is
commonly activated post-switch from VSG221, being expressed by two out
of 6 clones tested, and this switch had occurred by gene conversion rather
than in situ BES switch. This foiled plans to obtain an RNAi competent BES3-
active S16 line. However, a wild type BES3-active line was made RNAI
competent through introduction of T7 RNA polymerase and TetR into the
genome, and validated by testing knockdown of CLH, which reproduced the

published phenotype.

Tagging ESAG6 at the N- or C-termini with GFP does not appear to
impact the cellular localisation of chimeric protein, with both GFP-ESAG6
(this study) and ESAG6-GFP (Catarina Gadelha, University of Nottingham,
unpublished data) targeted to the flagellar pocket. ESAG5 and ESAG10
show a similar localisation to one of their GRESAG counterparts, but both
appear to lack the flagellar pocket signal observed in the GRESAGs. This
difference in localisation may be native to each tagged protein: ESAG5 and
the GRESAGS5 tagged share 77% protein similarity, while ESAG10 and the
GRESAGI10 tested share 96%. It is not inconceivable that these differences
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in protein primary sequence could result in a different cellular localisation of
the folded protein. Levels of each chimeric protein may also influence their
localisation. ESAGs are transcribed by RNA polymerase |, so transcript is
presumed be more abundant than that of GRESAGs transcribed by RNA
polymerase Il. However, this does not strictly relate to protein levels in
trypanosomes. Two T. brucei membrane-associated proteins have displayed
level-dependent cellular localisations. Overexpression of the TfR or a
histidine acid phosphatase (TbMBAP1) results in the protein’s redistribution
over the parasite surface, from the flagellar pocket and endosomes,
respectively (MuBmann et al. 2003; Engstler et al. 2005). This may be a
feature shared by (GR)ESAG5 and (GR)ESAG10 families, with protein level-

dependent accumulation at the flagellar pocket.

Attempting to tag ESAG10 on BES3 resulted in selection of clones that
had switched away from this BES, and a clone that grew at a reduced rate
under hygromycin pressure (clone 2). This lead to the discovery that BES3 in
the VSG121-positive SmOXx line does not encode ESAG10. Upstream and
downstream BES promoter regions present in this expression site
architecture are identical, and can therefore recombine to remove the
upstream BES section, a phenomenon that has been observed previously
(Gottesdiener et al. 1991, 1992; Navarro and Cross 1996). Removal, or
addition (through duplication), of this section of BES may represent an
additional mechanism for adapting the parasite to the bloodstream of
different mammalian hosts. This may be beneficial in an environment where
the transporter substrate availability is limited, and increased uptake provides
an advantage to the parasite. Low transfection efficiency of the ESAG10
tagging construct can be attributed to the need for transfectants to have
switched to a BES that encoded this protein. In the case of the clone taken
forward, this was BES7. As it had been observed when tagging ESAG6 and
in ESAG10-GFP clone 2, integration of tagging construct into a silent BES is
possible. The fact that more clones were not obtained displaying the same
phenotype suggests that transcription from the upstream BES promoter does
not behave in the same way as the downstream promoter, which is

responsible for transcription of ESAG6 and ESAG7 from silent BESs
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(Ansorge et al. 1999). In the case of ESAG10-GFP clone 2, this cell line may
be resistant to the selection pressure due to a mutation in the machinery that
maintains monoallelic transcription from the active BES, allowing
transcription initiation from inactive BESs, and enough expression of
ESAG10-GFP and HYG to survive.
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Chapter 4. Reverse genetics approach to study
ESAGs and (GR)ESAG families

4.1. Introduction

Protein ablation resulting from RNAi-mediated transcript degradation has
been established in trypanosomes for many years, and has proved a
powerful tool for study of protein function. In fact, T. brucei was the first
protozoan parasite where RNAi was shown to be viable, through transfection
of dsRNA homologous to the a-tubulin 5> UTR (Ngb et al. 1998). The full
potential of this feature was unlocked through the development of
tetracycline inducible expression, via introduction of tetR from E. coli into the
T. brucei genome (Wirtz and Clayton 1995), and further improved by the
production of lines co-expressing TetR and T7 RNA polymerase (Wirtz et al.
1999; Poon et al. 2012). While originally designed for inducible protein
expression, these systems were also able to produce dsRNA either via stem-
loop formation (Shi et al. 2000; Bastin et al. 2000), or through the use of
head-to-head T7 promoters (Wang et al. 2000; LaCount et al. 2000), under
the control of a Tet operator sequence. Initially, these inducible RNAI
constructs were targeted to the transcriptionally silent rDNA spacer, to
prevent leaky transcription of dsRNA in the absence of tetracycline.
However, the work presented here makes use of a tetracycline-regulated
vector modified from that described by LaCount et al. that integrates into the
T. brucei minichromosomes, and provides improved transcriptional regulation
(p2T7-177; Wickstead et al. 2002).

Gene silencing by dsRNA was first observed in Caenorhabditis elegans
almost 20 years ago (Fire et al. 1998). The machinery required for this
mechanism was described shortly after, and homologues of the proteins
involved discovered in T. brucei. These include a member of the Argonaute
family of proteins (Durand-Dubief and Bastin 2003; Shi et al. 2004), and two
Dicer-like proteins (Shi et al. 2006; Patrick et al. 2009), whose native role is
the production of regulatory small interfering RNA (SiRNA, reviewed by
Atayde et al. 2011). Briefly, Dicer cleaves dsRNA into approximately 22 bp

long siRNA fragments (Bernstein et al. 2001), single strands of which are
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loaded into Argonaute to form the RNA-induced silencing complex (RISC),
and direct cleavage of complementary mRNA, inhibiting its translation (Liu et
al. 2004).

As mentioned previously, RNAi has become a popular method of protein
function investigation by ablation, evidenced by use in numerous studies
including genome wide screens (reviewed by Kolev et al. 2011). This rivals
the traditional route of protein ablation through gene knockout, mainly due to
its ease of use, and ability to silence multiple genes with a single target
sequence. Producing gene knockouts in trypanosomes requires removal of
both alleles from the diploid genome and, unless all genes of interest are
found as a cluster, the limited number of available selection markers makes
targeting multiple genes difficult. Other drawbacks include the difficulties
associated with knocking out essential genes, which is mitigated by the use
of inducible systems, and the risk of obtaining cells that have activated
compensatory networks, which potentially masks phenotypes (Rossi et al.
2015).

Here | describe the use of tetracycline-inducible RNAI constructs to
knockdown GFP-tagged ESAGs (produced in Chapter 3) and (GR)ESAG
families (Figure 25). Silencing of transcript encoding GFP-fusion proteins can
be achieved by targeting the GFP ORF, which in these cell lines will result in
ablation of only the actively expressed, GFP-tagged, ESAG family member.
But by targeting RNAI to a conserved sequence of a minimum 22 bp in length
(Bernstein et al. 2001), knockdown of multiple (GR)ESAG family members
can be achieved. The latter approach has been employed to study these
families (Salmon et al. 2012a; Batram et al. 2014; Tiengwe et al. 2016).
Investigating the phenotypes produced in these cell lines will aid in the
elucidation of protein function, and understand the roles played by ESAGs
and GRESAGs of the same family.

4.2. Generation of pan-family RNAi constructs

As mentioned, RNAI targeted to multiple (GR)ESAG family members has

been used to investigate the roles of these proteins. Constructs designed to
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GFP-tagged ESAG

cell line
Introduce Introduce
GFP RNA| pan-(GR)ESAG
construct family RNAI
construct
GFP-tagged ESAG GFP-tagged ESAG
GFP RNAi cell line pan-family RNAI
cell line
Grown in the Grown in the
presence of presence of
tetracycline tetracycline

Knockdown of
multiple (GR)ESAG
family members

Knockdown of
GFP-tagged ESAG

Figure 25. An RNAI strategy that enables the independent investigation of ESAGs and
multiple (GR)ESAG family members. GFP and pan-(GR)ESAG family RNAIi constructs
were used to transfect GFP-tagged ESAG lines generated in Chapter 1. When grown in the
presence of tetracycline this will result in knockdown of just the GFP-tagged ESAG or
(GR)ESAG family members, respectively.

knockdown (GR)ESAG1-3, 6/7-8 and 12 (Batram et al. 2014) and
(GR)ESAG4 (Salmon et al. 2012a) family members use ESAG ORF
fragments to produce dsRNA that will induce RNAIi. High DNA sequence
identity between ESAGs means that these constructs will target RNAI to all
ESAGs of their respective families. Some GRESAGSs also share conserved
sequence (of more than 22 consecutive bases) with ESAGs of the same
family, so are also targeted for ablation. All of these published RNAI

constructs have been shown to induce a phenotype, so overlapping targeting
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fragments were used here. These fragments were cloned into inducible RNAI
construct p2T7-177 and used to transfect the corresponding GFP-tagged
ESAG cell line produced in Chapter 3. BLASTn was used to find T. b. brucei
transcripts that had 22 bp of consecutive sequence identity with the
published targeting fragments and those used in this study. This confirmed
that the same genes would be targeted by both strategies, IDs of which are
provided in Appendix 7. Each of these ‘pan-family’ RNAIi constructs will
knockdown all ESAG family members and at least one GRESAG, except in
the case of (GR)ESAGS, where the non-BES genes share low sequence
identity with their BES-linked relatives, thus only ESAG8s are targeted.
Homology between (GR)ESAG6 and (GR)ESAG7 families enables both to
be targeted with the same DNA fragment, facilitating knockdown of the
parasite TfR. Only pan-family RNAIi constructs targeting (GR)ESAG5 and
(GR)ESAG10 families needed to be designed and produced. Knockdown of
three (of seven) GRESAG10s was recently shown to confirm their putative
function by reducing folate uptake, and was not accompanied by growth
defects (Dewar et al. 2016), whilst RNAI targeting (GR)ESAG5 family
members did not induce a measurable phenotype (Batram et al. 2014). After
consideration of these results we aimed to investigate the effects of
simultaneously knocking down the complete (GR)ESAG5 and (GR)ESAG10
families by producing pan-family RNAi constructs that target all family

members.

In order to design RNAI constructs that were capable of knocking down
entire (GR)ESAG families, these families first needed to be defined.
Continued sequencing projects (in particular the assembly of chromosomes 9
and 11) and updates to TriTrypDB allow for the discovery of previously
unknown GRESAGSs, which may not be annotated. PSI-BLAST (Position-
Specific Iterated Basic Local Alignment Search Tool) was employed to
identify newly sequenced potential GRESAGs and update (GR)ESAGS5 and
(GR)ESAG10 families. This tool utilises a position-specific score matrix
generated from sequence alignments, to iteratively search protein databases
for related sequences, making it more sensitive at identifying distantly related

proteins than the protein BLAST program (Altschul et al. 1997).
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Isolation and sequencing of the T.brucei BESs was made possible
through the use of transformation-associated recombination (TAR) to clone
these telomeric sections into yeast artificial chromosomes (Becker et al.
2004; Hertz-Fowler et al. 2008). This in turn revealed the BES-linked ESAG
repertoire, and the discovery of ESAG12 (Hertz-Fowler et al. 2008). Protein
sequences derived from Lister 427 BESs were combined with TREU 927
protein sequences from TriTrypDB release 9.0 to produce a comprehensive
T. brucei brucei protein database. PSI-BLAST analysis of this database was
initiated with BES3 encoded ESAG5 or ESAG10 protein sequence as a
query, and allowed to run to convergence with an e-value threshold of
2x103. This showed that the seven previously identified GRESAG10
sequences make up the non-BES complement of this family, while three

putatively functional chromosome 11 GRESAG5 genes were revealed.

Multiple DNA sequence alignment enabled selection of potential
fragments that would direct RNAi-mediated knockdown of multiple family
members (multiple sequence alignments of (GR)ESAG5 and (GR)ESAG10
families provided, Appendices 8 and 9). ESAG5 or ESAG10 ORF fragments
were sufficient to target RNAI to all ESAG family members, and the most
closely related GRESAG(s) (Appendices 7 and 10). This ESAG5 or ESAG10
fragment, named pan-family RNAI fragment 1, was cloned into p2T7-177 and
used to transfect GFP-ESAG5 or ESAG10-GFP cell lines produced in
Chapter 3, respectively.

ESAGs and GRESAGs of (GR)ESAG5 and (GR)ESAG10 families share
between 40-83 and 52-94% sequence identity at the DNA level, respectively,
so additional RNAI fragments were required to target all family members. The
use of multiple targeting fragments in tandem in a RNAIi construct has been
shown to facilitate knockdown of dissimilar proteins (Wang et al. 2000). An
additional two RNAI fragments were required to knockdown the remaining
GRESAG10s (not targeted by (GR)ESAG10 pan-family RNAI fragment 1),
while four additional fragments were required to target the remaining
GRESAGS5s (Appendices 7 and 10). In each case, these additional fragments
were amplified from genomic DNA and combined into a single fragment by
fusion PCR. This was then cloned into p2T7-177 encoding BLAST (p2T7-
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B177), as opposed to BLEO, so it could be used in conjunction with the
construct containing RNAI fragment 1. These were then introduced into the
corresponding tagged line containing p2T7-177 with (GR)ESAG5 or
(GR)ESAG10 RNAI fragment 1, to produce (GR)ESAG5 and (GR)ESAG10
pan-family RNAI lines, respectively. These RNAIi fragments are highlighted
on (GR)ESAGS5 and (GR)ESAG10 family multiple DNA sequence alignments
(Appendices 8 and 9), and the specific family members targeted by each
RNAI fragment shown in Appendices 7 and 10.

RNAI constructs containing fragments of eGFP or sfGFP ORF were also
produced, and used to transfect lines with eGFP- or sfGFP-tagged ESAGS,
respectively. When induced, only the GFP-tagged ESAG will be knocked
down in these lines, whereas multiple (GR)ESAG family members will be

knocked down in pan-family RNAI lines (Figure 25).

4.3. RNAI mediated knockdown of GFP-tagged ESAGs and (GR)ESAG

families

Clones resulting from transfection with RNAi constructs described in
Section 4.2 were grown in the presence and absence of tetracycline for 24
hours, and lines showing the highest degree of chimeric protein ablation
were taken forward (data not shown). RNAi was induced in these GFP and
pan-family RNAI lines, and levels of GFP-tagged ESAGs monitored by
immunoblot (Figure 26). All chimeric proteins migrated to approximately the
predicted molecular weight, or correlated with those observed previously
(Chapter 3; Gadelha et al. 2015). GFP-tagged ESAG1 and ESAG2 appear
larger than their predicted sizes. These proteins are known to be
glycosylated, which will increase their molecular weight (Cully et al. 1986;
Nolan et al. 1999). The apparent size of GFP-ESAG3 is larger than
expected, and ESAG3 is predicted to be modified by N-glycosylation, but
does not appear to contain poly-N-acetyllactosamine based on its lack of
interaction with tomato lectin (Nolan et al. 1999). ESAG8-GFP appears
slightly smaller than expected, but its size is similar to that of published GFP-
ESAGS (Hoek et al. 2000).
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Figure 26. GFP-tagged ESAGs can be specifically ablated by GFP or pan-(GR)ESAG
family RNAIi. Immunoblot of whole cell lysate from GFP-tagged ESAG lines (Chapter 3) and
derivative GFP and pan-family RNAI lines shows that both RNAI constructs can knockdown
chimeric protein. RNAI lines were grown in the absence (-) or presence (+) of tetracycline for
24 hours to induce dsRNA production. Parental VSG221-positive S16 and VSG121-positive
SmOXx lines are included with GFP-ESAG1 and GFP-ESAGS5 samples, respectively, as
negative controls. Chimeric protein was detected with monoclonal anti-GFP antibodies.
Expected approximate chimeric protein sizes (post signal peptide and GPIl-anchor addition
sequence cleavage) are indicated. Nitrocellulose membrane stained with Ponceau-S
provided as a loading control.

Both GFP and pan-family RNAI reduced levels of the GFP-tagged ESAG
in all lines. Knockdown of the chimeric protein here is used as a proxy for
evidence of targeting multiple (GR)ESAG family members in pan-family RNAI
lines. Ablation below the limit of detection was achieved in most cases.
ESAG12-GFP remained detectable after 24 hours of both GFP and pan-
family RNAI induction. (GR)ESAG4 pan-family RNAI also failed to completely
remove chimeric protein from cells. Pan-family constructs targeting
(GR)ESAG2, (GR)ESAG3 and (GR)ESAG10 appear to show leaky
transcription from the RNAI construct, with chimeric protein levels reduced in
non-induced samples compared to parental cells. Consistent with previous
findings, ESAG8-GFP is only present at very low levels in the cell, and was
nearing the limit of detection by immunoblot (Hoek et al. 2000; Gadelha et al.
2015). The (GR)ESAG5 and (GR)ESAG10 pan-family RNAi fragment 1
constructs (described in Section 4.2), were sufficient to ablate GFP-tagged
ESAG5 and ESAG10, respectively, when assessed by immunoblot
(Appendix 11A).

4.4. Ablation of (GR)ESAG families, but not individual BES ESAGs,

induces growth defects in vitro

To investigate the essentiality of ESAGs compared to (GR)ESAG
families, the growth of these RNAI lines was monitored for five days in the
presence and absence of tetracycline (Figure 27). In every instance, ablation
of the tagged-ESAG via GFP RNAI fails to affect the growth rate of cells.
However, knockdown of multiple (GR)ESAG family members induces growth
defects in all families except (GR)ESAG4 and (GR)ESAG12. Pan-family
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Figure 27. Ablation of (GR)ESAG families, but not GFP-tagged ESAGSs, induces growth
defects. Growth of GFP-tagged and derivative RNAI lines was monitored for five days.
Induced GFP RNAI lines grow at the same rate as parental lines, while ablation of
(GR)ESAG families by pan-family RNAI results in growth defects. Parental, GFP RNAi and
pan-family RNAI cultures are shown in blue, green and red, respectively. Cultures containing
tetracycline are shown with a dashed line, absence of tetracycline is represented by a solid
line. Arrowheads indicate which day cultures were diluted into fresh media to maintain log-
phase growth.

RNAI in these lines failed to fully ablate chimeric protein levels (Figure 26),
so the remaining protein may be sufficient to supplement the role of the
family and maintain normal growth. Knockdown of GFP-tagged ESAGS5 and
ESAG10 using the pan-family RNAi fragment 1 (which targets ESAGs and
most ESAG-like GRESAGs, in each family) was insufficient to induce the
growth defects observed in Figure 27 (Appendix 11B). These results indicate
that most (GR)ESAG families are required for cell growth in vitro, while the
actively expressed BES-linked ESAG of each family is not. This also
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suggests that there is intra-family functional redundancy, and that silencing of
the ESAG can be complemented by GRESAG family members. The severity
of growth defects observed in pan-family RNAI lines decreases, and growth
rate returns to normal in a number of cases between 96 and 120 hours of
induction. This effect has been previously observed when performing RNAI in

trypanosomes (Allen et al. 2003; Batram et al. 2014).

Both GFP-tagged ESAG5 and ESAG10 lines show a reduced growth rate
compared to BES1-active cells. This trait is seen consistently between their
parental lines, VSG121-positive SmOx cells compared to the VSG221-
positive S16 cells (data not shown). This phenotype may result from the
different ESAG repertoire or different biochemical properties of the VSG
encoded on BESs 1, 3 and 7. (GR)ESAG5 and (GR)ESAG10 pan-family
RNAI lines also exhibit a reduced growth rate compared to the tagged line. In
the case of (GR)ESAGI0, this could be caused by leaky transcription of the
RNAI construct (shown in Figure 26). However, this was not a feature of the
(GR)ESAGS5 pan-family RNAI line.

4.5. Investigation of PAD1 and TfR levels in RNAI lines

To further investigate the phenotype induced by (GR)ESAG family and
individual ESAG knockdown, levels of PAD1 and TfR were examined. Part of
the PAD family of proteins responsible for transduction of the differentiation
signal, PAD1 is a multipass transmembrane transporter present on the
surface of transmission-adapted stumpy form cells (Dean et al. 2009), and
has been used as a marker for this lifecycle stage on nhumerous occasions.
Batram et al. have previously used a reporter cell line with the GFP ORF
under control of PAD1 UTRs, with GFP levels are monitored by flow
cytometry as a proxy for PAD1 expression. They have shown that RNAi
targeting (GR)ESAGL1, (GR)ESAG2 and ESAGS8 transcripts activates this
reporter, and hypothesise that deregulation of ESAG homeostasis acts as a

signal for stumpy form differentiation (Batram et al. 2014).

In order to disentangle the role played by ablation of ESAGs or

(GR)ESAG families in inducing PAD1 expression, whole cell lysates
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(produced at room temperature to prevent aggregation of PAD1) of GFP and
pan-family RNAI lines were probed with anti-PAD1 antibody (a kind gift of
Keith Matthews, Figure 28). Non-induced, 24- and 72-hour RNAI induction
whole cell lysates were produced, as Batram et al. observed increasing
reporter signal during this period, peaking at the 72-hour time point.
Overgrown (allowed to reach stationary phase) pleomorphic EATRO 1125
(clone AnTat 1.1, a kind gift of Luisa Figueiredo) whole cell lysate was
included as a positive control and produced a signal of just below 50 kDa.
The predicted molecular weight of PAD1 is 66 kDa but, like ESAG10,
encodes a number of hydrophobic transmembrane domains, which may
affect its migration on SDS-PAGE and cause the deviation from the expected
size. No other samples probed with anti-PAD1 antibody exhibit this signal,
indicating that PAD1 expression was not induced by ESAG or (GR)ESAG
family knockdown. Lack of signal produced by overgrown VSG221-positive
S16 parental cells is consistent with previous findings, as this laboratory-
adapted “monomorphic” cell line does not express PADL1 at detectable levels
(Dean et al. 2009). However, this line has been shown to express PAD1
when a second VSG is expressed, and does not explain the activation of a
PAD1-reporter upon (GR)ESAG family knockdown (Batram et al. 2014).

Knockdown of GFP-tagged ESAGs was also monitored in this experiment
(Figure 28). RNAI lines show a similar degree of chimeric protein knockdown
compared to Figure 26. As before, (GR)ESAG4 and (GR)ESAG12 pan-family
RNAI failed to fully ablate their respective chimera, as does GFP RNAI in the
ESAG12-GFP line. ESAG12-GFP also shows a number of degradation
products, and potential dimer formation (evidenced by a band of
approximately 120 kDa, around twice the size of ESAG12-GFP), compared
to Figure 26. This may result from producing these lysates at room
temperature: it is possible that ESAG12-GFP is sensitive to proteolysis by
enzymes that are still active when cells are lysed at room temperature, and
this more gentle sample production method may enable ESAG12-GFP
dimers to remain associated. ESAG8-GFP was barely visible in parental and
non-induced samples, but no longer detectable in induced cells. After 24
hours of GFP RNAI induction, ESAG10-GFP levels were equal to those in
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Figure 28. Knockdown of GFP-tagged ESAGs and (GR)ESAG families does not induce
PAD1 expression, but does impact TfR levels. Immunoblot of whole cell lysate from GFP-
tagged ESAG, and derivative GFP and pan-family RNAI lines. Ablation of ESAGs and
(GR)ESAG families fails to induce expression of the stumpy-form associated PAD1, but
showed variable effects on TfR levels. RNAI lines were grown in the absence or presence of
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tetracycline for 24 and 72 hours (h.p.i = hours post induction). Overgrown pleomorphic
EATRO 1125 cells included as a positive control for PAD1 expression; overgrown parental
VSG221-positive S16 cells also included (two left-hand-most lanes). Chimeric protein
detected with monoclonal antibodies against GFP; TfR with TfR specific polyclonal antibody,
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and PAD1 with a PAD1 anti-peptide antibody. Exposure times are shown on their respective
blot. The position of ESAG6 and ESAG7 bands is indicated. Nitrocellulose membrane

stained with Ponceau-S provided as a loading control. Arrowheads indicate Ponceau-S
stained VSG221, VSG121 or VSG224 bands.
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the non-induced sample. This is inconsistent with results presented in Figure
26, where ESAG10-GFP was fully ablated when induced for the same period
of time. Tetracycline may have been omitted from the culture used to
produce this sample, an issue that will be addressed later. GFP-ESAG5 and
ESAG10-GFP pan-family RNAi cell lines appear to have switched VSG
(based on visualisation of the VSG band in these samples by Ponceau-S;
Figure 28). As discussed in Chapter 3, these lines may have switched away
from the previously active BES and remain resistant to hygromycin due to
leaky expression from the now silent BES. The reason for this switch is

unknown.

ESAG6 and ESAG7 are the component parts of the T. brucei TfR. Given
that approximately 20% of ESAG6 mRNA is derived from silent BESs
(Ansorge et al. 1999), we decided to investigate if expression of TfR from
other BESs was sufficient to prevent a growth defect upon ablation of GFP-
ESAG6 expressed from the active BES. Whole cell lysates previously probed
with anti-PAD1 antibody were probed with anti-TfR antibody (a kind gift of
Piet Borst, Figure 28). ESAG6 and ESAG7 encoded on BES1 have expected
molecular weights (after cleavage of predicted signal peptides and GPI-
anchor addition sequence) of 39 and 36 kDa, respectively. Of the three major
bands labelled by anti-TfR antibody, ESAG7 is presumed to be the smallest,
migrating to around 40 kDa. The larger two bands are expected to be
ESAGS6, migrating to approximately 60 and 45 kDa. These distinct migration
patterns may be due to heterogeneity in the a-galactose side chains of the
GPI anchor of ESAG6 (Mehlert and Ferguson 2007). These two bands
appear to be ~25 kDa larger in GFP-ESAGS6 lines. This corresponds with the
size of GFP fused to ESAGS6, providing further evidence for the identity of
these bands. Both of these TfR subunits are known to be glycosylated, which
may be the cause of variation between predicted and experimental molecular
weights (Mehlert et al. 2012). A band of ~100 kDa apparent molecular weight
is also visualised in some samples, and may represent the two monomers in
complex as the BES1 TfR. As observed for ESAG12-GFP, production of
whole cell lysates at room temperature may not be harsh enough to cause

dissociation of these complexes. This antibody was produced through
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immunisation with TfR derived from BES1 (Bitter et al. 1998). ESAG6 and
ESAG7 encoded on different BESs share a high degree of identity at the
amino acid level (~80-100%), but the cross-reactivity of this polyclonal
antibody is unknown. However, signal observed in BES1-active S16, BES3-
and BES7-active SmOx and EATRO 1125 cell line lysates suggests that this
anti-TfR antibody exhibits a high-degree of cross-reactivity with different
T. brucei TfRs. It is unclear if the lower TfR levels observed in EATRO 1125,
BES3- and BES7-active lines compared to BES1-active lines is due to
reduced binding of anti-TfR antibody, or expression of less TfR from these
BESs. Variation in the size of TfR subunits can also be observed between
different active BESs; this is presumably due to different glycosylation
patterns between TfRs.

Knockdown of GFP-ESAG6 by both GFP and pan-family RNAi is
visualised when lysates are probed with anti-TfR and anti-GFP antibodies.
ESAG7 levels are also reduced upon pan-family RNAIi induction, as
expected. Contrary to our hypothesis that TfR from other BESs would
supplement GFP-ESAG6 ablated by GFP RNAIi, no additional ESAG6 or
ESAG7 signal is detectable. In fact, signal derived from ESAG7 is also
reduced. Either up-regulated TfR from silent BESs is not recognised by this
antibody, or the amount of BES1 TfR that remains when GFP RNAI is
induced is sufficient for cells to grow normally. Knockdown of other ESAGs
and (GR)ESAG families also appears to affect TfR levels; however in some
cases small variations may be due to inconsistent loading of lysate sample
(for example, 72-hour induced ESAG8-GFP RNAi samples show less
Ponceau-S stained total protein and TfR). TfR levels are consistently
increased in (GR)ESAG3 pan-family RNAI lines, even in the absence of
tetracycline. TfR levels are reduced in all (GR)ESAG4 pan-family and 72
hour induced GFP RNAI samples compared to the parental and non-induced
GFP RNAI samples. Ablation of GFP-ESAGS5 after 72 hours via GFP RNAI
results in reduced TfR levels, and in both (GR)ESAG5 and (GR)ESAG10
pan-family RNAI lines TfR levels are reduced after 24 hours of induction.
However, the VSG band visible by Ponceau-S staining of (GR)ESAG5 and
(GR)ESAG10 pan-family RNAI cell lines indicates that a switch may have
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taken place (as mentioned previously), which could contribute to these
results. Further evidence for a VSG switch in (GR)ESAG10 pan-family RNAI
cell lines is the TfR signal, which looks more similar to the BES3-active GFP-
ESAGS lines than its own BES7-active parental line. It is unknown how these
various RNAI lines are affecting TfR levels in these cells; further work will be

required to elucidate the mechanisms behind this.

To investigate the effect of GFP and pan-family RNAi on TfR levels in
GFP-tagged ESAG5 and ESAG10 lines (as these lines showed the most
significant TfR level variation upon RNAI induction in Figure 28), and to
repeat the 24-hour GFP RNAI induction in ESAG10-GFP cells, these lysate
samples were reproduced. In order to eliminate potential artefacts introduced
by producing whole cell lysates at room temperature (as they were in Figure
28), samples prepared at 95°C (or 50°C for the ESAG10-GFP cell line, and
its derivatives) were also probed for the presence of TfR and GFP by
immunoblot (Figure 29). Loading of these samples was more consistent than
Figure 28, making results easier to interpret. TfR in BES7-active ESAG10-
GFP and its derivative GFP RNAI lines was still not detectable. After 72
hours of GFP RNAI the ESAG6 signal appears, suggesting that a BES switch
has occurred in this sample. All other RNAI lines show a similar trend:
ESAG7 levels reduce slightly the longer RNAI is induced. This was
reproduced between room temperature and heated lysates, and seen in both
GFP and pan-family RNAi lines in GFP-ESAGS5 lines and (GR)ESAG10 pan-
family RNAi samples.

The (GR)ESAG10 pan-family RNAI line shows a different TfR signal and
VSG band than the parental tagged line (Figure 29), which was also
observed in Figure 28. The VSG and TiR signal look similar to that present in
GFP-ESAGS lines, suggesting that these cells had reverted to BES3. All
GFP-ESAGS lines appear to express the same VSG, so the possible switch
observed in Figure 28 may in fact be an artefact of producing cell lysates at
room temperature; as the VSG band appears much clearer when stained by
Ponceau-S in heated lysates compared to those prepared at room
temperature (Figure 29). To confirm if a VSG switch had taken place in these

lines, total RNA was isolated, converted to cDNA, and the actively
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transcribed VSG amplified and sequenced (as conducted in Section 3.4).
Cryostocks of these lines, frozen immediately after transfection clone
selection, were defrosted and also investigated to confirm a possible VSG
switch. This showed that all GFP-ESAG5 RNAI line derivatives express
VSG121, so are BES3-active (data not shown). ESAG10-GFP lines had
indeed switched: GFP RNAI lines and the cryostock pan-family RNAI line
were all BES7-active, while the pan-family RNAI line used to produce lysates
in Figures 28 and 29 had reverted to BES3 (data not shown). This line
appears to be stably BES3-active, and survive hygromycin challenge through
leaky expression from BES7, which accounts for the reduced levels of
ESAG10-GFP observed. This may be the cause of the slower growth rate
shown by this line (Figure 27), and represents a similar phenotype to
ESAG10-GFP clone 2 discussed in Chapter 3.

4.6. Summary

Here | describe the use of PSI-BLAST to identify (GR)ESAG family
members present in TriTrypDB release 9.0. Pan-family RNAIi constructs
capable of knocking down ESAG and GRESAG family members were then
designed and introduced into GFP-tagged ESAG lines. (GR)ESAG5 and
(GR)ESAGL10 families are so divergent at the DNA level that additional RNAI
constructs were required for full coverage of pan-family RNAi. GFP RNAI
constructs were also introduced into GFP-tagged ESAG lines to enable
specific knockdown of the actively expressed BES-linked ESAG family
member. Varying degrees of chimeric protein ablation was achieved with
these RNAI constructs, but (GR)ESAG family knockdown induced growth
defects in the majority of cases, while knockdown of the ESAG family
member alone did not reproduce this phenotype. These data provide
evidence for intra-family functional redundancy, and that (GR)ESAG families,
but not the actively expressed ESAG family member, are essential for
parasite survival in vitro. For (GR)ESAG families with multiple copies
encoded on BES1 (i.e. ESAG3, ESAG4 and ESAGS) the GFP RNAi in these
lines will only knockdown the GFP-tagged copy, so a putatively functional
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copy will also be transcribed from the BES in these lines. This limitation will

be addressed in Chapter 5.

Knockdown of ESAG4s and two closely related GRESAG4s is known to
induce a severe cytokinesis defect (Salmon et al. 2012a), which was not
reproduced by my (GR)ESAG4 pan-family RNAI line using a very similar
targeting fragment. Only pan-(GR)ESAG4 and (GR)ESAG12 family RNAI
failed to induce growth defects, but also failed to fully ablate chimeric protein,
the remains of which may be sufficient to fulfil the roles of these families and
enable cells to survive. The use of different, or additional, RNAi fragments
may improve the degree of knockdown and could be pursued in the future.
Generally, the phenotype induced by my pan-family RNAi constructs is less
severe than previously published examples (Salmon et al. 2012a; Batram et
al. 2014; Tiengwe et al. 2016). There are numerous potential sources for this
variability, including the use of different cell lines and culture methods, and
also the penetrance of RNAIi achieved through use of different RNAI
constructs, their site of integration and RNAI targeting fragment. The parental
line used here (for all except GFP-tagged ESAG5 and ESAG10, and
derivative RNAI lines) is also used in these other studies (Wirtz et al. 1999),
so is unlikely to be the source of variability; however, different RNAI
constructs may be. Batram et al. and Salmon et al. utilise earlier derivatives
(Shi et al. 2000; LaCount et al. 2000) of the RNAI construct used here, that
integrate into the rDNA locus as opposed to minichromosomes. Tiengwe et
al. employs the pLEW100v5X:Pex11 construct to produce dsRNA via stem-
loop formation (Silverman et al. 2011). These differences may explain the

disparity between our results.

The (GR)ESAG8 pan-family RNAi construct used here only targets
knockdown of ESAG8s due to low sequence similarity shared between
ESAGs and the two GRESAGs of this family. Despite this, knockdown of
ESAGS8s induces a growth defect, suggesting that the distantly related
GRESAGS8s cannot complement ESAGS8 function. This is an odd discovery
given that BES12, which does not encode an ESAGS, can be activated in
vitro (Hertz-Fowler et al. 2008), and ESAG8 can be conditionally knocked-out
of the active BES (Hoek and Cross 2001). ESAGS transcript was reduced to
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4% in this knockout line and encoded protein could not be detected, but cells
grew at a similar rate to the wild type line (Hoek and Cross 2001). As with all
RNAI experiments the results observed here, and previously (Batram et al.
2014), could be due to off-target effects.

BES1-active cells consistently grow at a faster rate than BES3- and
BES7-active cells in vitro. This feature could be inherent to the active BES, a
result of the repertoire of ESAGs encoded, or a biochemical property of the
active VSG. TfRs derived from different BESs are known to have variable
affinities for different mammalian transferrin (Bitter et al. 1998; Gerrits et al.
2002). If the TfR encoded on BES3 or BES7 has a lower affinity for bovine
transferrin (in which these cells are grown) than BES1 TfR, this could limit the
rate of growth of these cells. Equally, any of the less well-characterised
ESAGs encoded by these BESs may be responsible for this limited growth
rate via a similar mechanism. If VSGs encoded on these BESs fold at a
slower rate, or have a less common codon usage than VSG221, this could
also affect growth. Alternatively, this difference could be due to mutations in
the BES1-active S16 line that make it better adapted to life in culture than the
BES3-active WT line that was subsequently made competent for RNAi and
used in the tagging of ESAG5 and ESAG10 (Chapter 3). The further reduced
growth rate of the (GR)ESAG10 pan-family RNAI line appears to be a result
of reverting to BES3 from BES7, and reliance on leaky transcription of HYG
from an inactive BES to survive this selection pressure. However, this does
not explain the slower growth rate of the (GR)ESAGS5 pan-family RNAI line. It
is unclear why the (GR)ESAG10 pan-family RNAI line has switched back to

BES3, or what advantage this provides to cells.

Ablation of ESAGs and (GR)ESAG families does not induce PAD1
expression. Batram et al. show that RNAI using fragments of ESAG1, ESAG2
and ESAG8 ORFs was sufficient to activate a PAD1 expression reporter line,
but PAD1 levels were never directly investigated (Batram et al. 2014).
However, endogenous PAD1 was visualised by immunofluorescence
microscopy with anti-PAD1 antibody upon BES transcription attenuation
induced by expression of a second VSG from the rDNA locus (Batram et al.

2014). The same RNAi-competent parental cell line was used in my study,
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but does not appear able to produce PAD1 when ESAGs or (GR)ESAG
families are ablated. These cells, despite having the same origin, have been
cultured independently for many years and therefore may have distinct
genotypes. It is possible that the cell line used here is incapable of producing
PADL1 in vitro, while others apparently are. To investigate these differing
results, the PADL1 reporter utilised by Batram et al. could be introduced into
the RNAI lines described here, and GFP levels monitored upon ESAG and
(GR)ESAG family ablation. Also, the presence of different stumpy form
markers could be probed in these RNAI lines to answer if disruption of ESAG
or (GR)ESAG family homeostasis does induce differentiation. Alternatively,
the DNA content of these cells could be monitored by flow cytometry of
propidium iodide-stained samples to see if RNAi induces accumulation of G1

cells, or arrest in other stages of the cell cycle.

Levels of TfR were affected upon knockdown of some ESAGs and
(GR)ESAG families. Interestingly, none of the three ESAGs claimed to be
involved in BES attenuation by Batram et al. (ESAG1, ESAG2 and ESAGS)
had an effect on TfR levels when ablated, which one would expect if
transcription from the active BES is being silenced. Further investigation is
required to understand the mechanisms behind this response. Despite ~20%
of ESAG6 mRNA originating from silent BESs (Ansorge et al. 1999), TfR
produced from this transcript could not be visualised when probing with anti-
TfR antibody by immunoblot. However, this may be due to lack of antibody
cross-reactivity with these TfRs. The leaky transcription of ESAG6 from silent
BESs was measured in cells where ESAG6 had been knocked out of the
active BES. T. brucei is known to adapt to growth in serum containing
transferrin for which the actively expressed TfR has a low affinity, through a
number of mechanisms (Gerrits et al. 2002; MufBmann et al. 2004; Van
Luenen et al. 2005), which may have occurred in this ESAG6 knockout line to
compensate for the loss of this TfR component from the active BES.
Therefore, lines with functional TfR expressed from the active BES may not
transcribe ESAG6 from silent BESs, hence its absence here. Perhaps
surprisingly, ablation of ESAG6 derived from the active BES did not affect
cell growth, given that both ESAG6 and ESAG7 are required to form
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functional heterodimeric TfR (Steverding et al. 1994; Salmon et al. 1994,
Chaudhri et al. 1994). Other functional TfR may be present in these cells that
is not detectable with this antibody. Alternatively, these cells may be able to
survive with any remaining ESAG6 not removed by knockdown, as only a
small amount of iron is required for parasite growth (Steverding 1998), or
through depletion of intracellular iron stores (Taylor and Kelly 2010); if GFP
RNAI induced cells were monitored over a longer period a defect may

become apparent.

Further investigation of the phenotypes induced in pan-family and GFP
RNAI lines may shed light on the functions of these families and disentangle
the roles played by ESAG and GRESAG family members. This, in turn, could
aid in understanding the linking of ESAGs and T. brucei BESs. The work
presented in this chapter highlights the importance of GRESAGs when
investigating these families, and that these generally overlooked family
members may in fact be as, if not more, important to parasite survival in vitro
than ESAGs. Given that these families (the ESAG members in particular) are
hypothesised to play roles in adapting the parasite to life in different
mammalian serum, investigating phenotypes of these RNAI lines in vivo
represents an important next step. In this environment, with additional
pressures from the host and different availability of nutrients, the importance

of ESAGs may be revealed.
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Chapter 5. Generation of a BES with reduced ESAG

repertoire

5.1. Introduction

Data presented in Chapter 4 indicates that expression of individual
ESAGs from the active BES is not essential in vitro, as assessed by RNAI-
mediated knockdown of these proteins. Therefore we hypothesised that the
repertoire of ESAGs expressed from the active BES could be ablated,
without detriment to the parasite. RNAI is not a viable technique to achieve
this, but the repertoire of ESAGs encoded on BES1 could be reduced
through knockout, achieving full ablation of these proteins. The drawbacks of
traditional gene knockout in trypanosomes outlined in Section 4.1 are
alleviated somewhat by the presence of BES sequences as single copy in
the parasite genome; therefore requiring knockout of only one allele, and use

of a single selection marker.

We theorised that removal of the multicopy ESAG genes on BES1 was
likely to be possible, given that a number of the other BESs do not encode
these additional copies and have been shown to be active in vitro (Hertz-
Fowler et al. 2008). Once these genes have been knocked out, the remaining
ESAG of each family can be tagged with GFP, and investigated with GFP
RNAI as in Chapter 4. This would remedy the limitation that GFP RNAI in
GFP-tagged ESAG3, ESAG4 and ESAGS8 lines only ablates one of the
copies expressed from BESL1.

We also aimed to investigate if the entire ESAG complement encoded by
BES1 could be removed. However, this appeared to be a more improbable
outcome, given that expression of a functional TfR from the active BES
appears essential to the cell. This is based on the inability to activate BES8
in vitro, which has a greatly reduced ESAG repertoire — only encoding
ESAG7 (Hertz-Fowler et al. 2008). Also, transfection of knockout constructs
targeting ESAG6/7 5 and 3' UTRs removed either gene with a similar
frequency, but never both simultaneously, suggesting that this result is

detrimental to the cell (Ansorge et al. 1999).
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Based on this reasoning, three distinct knockout schemes were devised:
“Multicopy ESAG knockout”, where additional copies of ESAG3, ESAG4 and
ESAGS8 are removed from BES1, leaving just one putatively functional copy
of each; “Partial ESAG knockout”, where all ESAGs except those encoding
the TfR (ESAG6 and ESAG7) are knocked out of BES1; and “Complete
ESAG knockout”, where the entire BES1 ESAG repertoire is excised.

Two techniques were employed to achieve this: traditional knockout via
homologous recombination, and Cre recombinase-mediated excision of
sequence. The Cre/loxP system has been adapted for use in a plethora of
organisms for numerous applications due to the reliability and predictability of
genomic modification it enables. Briefly, Cre recombinase catalyses the
excision of sequence flanked by 34-bp loxP sites in direct orientation to an
episome, leaving a single loxP “scar”’. Cre can also invert this intervening
sequence when loxP sites are in opposing orientation. Cre recombinase was
first used in PCF T. brucei by Barrett et al., and further developed for use in
BSF by the Cross lab (Barrett et al. 2004; Scabhill et al. 2008; Kim et al.
2013). This was driven by the need to preserve the few selection markers
available for use in T. brucei (requiring one per allele when knocking out
diploid genes by traditional homologous recombination, but can be deleted
and re-used when flanked by loxP), which makes knockout of multiple genes
difficult, and the need for a conditional knockout strategy to study essential
genes. These make use of the negative selection marker herpes simplex
virus thymidine kinase (HSV-TK) which, when expressed, induces sensitivity
to the nucleoside analogue ganciclovir. This drug is phosphorylated by HSV-
TK, and further phosphorylated by cellular kinases to the triphosphate form,
which can be incorporated into DNA and inhibit elongation. HSV-TK is
deleted upon Cre-mediated recombination in these strategies, inducing a

reversion to ganciclovir resistance.

This chapter details a number of attempted strategies to achieve
reduction of the BES1 ESAG repertoire, using both homologous

recombination and Cre/loxP techniques.
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5.2. Homologous recombination-based modification of BES1

In order to reduce the ESAG repertoire of BES1, as described in Section
5.1, the traditional homologous-recombination knockout strategy was first
employed. To direct homologous recombination, and thus deletion of
intervening sequence, targeting fragments of ~500 bp were amplified from
BES1 and ligated to a selectable marker ORF (in this case BLAST) by fusion
PCR, to produce KO fragments (Figure 30). These fragments are capable of
knocking out the multicopy ESAGs (KO Multi), all but ESAG6 and ESAG7
(KO Par) and completely removing ESAGs from BES1 (KO All, as outlined in
Section 5.1). Targeting fragments originated from ESAG UTRs in each
instance. Therefore, upon homologous recombination of the KO fragment
into BES1, BLAST would be completed with both 5 and 3’ UTRs, to ensure
correct processing and translation of BLAST mRNA. For example, to
knockout all ESAGs on BES1, the 5’ targeting fragment used ESAG7 5 UTR
sequence ending at the last base upstream of the ORF start codon, and 3’
UTR from the first base downstream of the ESAG1 stop codon as 3’ targeting
sequence. The same 3’ targeting fragment can be utilised by both KO All and
KO Par constructs, so it is labelled as the KO All/Par 3’ targeting fragment
(Figure 30). Amplification of KO fragments by PCR provided sufficient
material to introduce into cells, omitting the need for an intermediate cloning

step.

KO fragments were used to transfect VSG221-positive (BES1-active) S16
and VSG121-positive (BES3-active) SmOx cell lines. BES1-active cells were
transfected as the fragments are designed to integrate into this BES,
facilitating transcription of the selection marker and survival of positive
transfectants. KO fragments were also introduced into a BES3-active (BES1-
silent) line in case integration of the fragments into BES1 was lethal to cells,
which should not affect a BES3-active line. This control requires leaky
transcription of BLAST from BES1 in these BES3-active cells to survive the
selection pressure (given the survival of lines with selection markers encoded
on silent BESs presented in Chapters 3 and 4, this is not implausible).

Efficiency of transfection with KO fragments was poor, with only two clones
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growing out of selection with blasticidin from six independent transfections
(three KO fragments with S16 or SmOx cell lines). These two clones resulted
from transfection of S16 (BES1-active) cells with the KO Multi fragment, and
SmOx (BES3-active) cells with the KO All fragment. Success of knockout
was investigated by Southern blot. As shown previously, digestion of the
T. brucei genome by Swal endonuclease in silico produces a ~58 kb
restriction fragment containing BES1. Knockout of ESAG genes will reduce
the size of this fragment to ~46 and ~13 kb in the case of Multicopy and
Complete ESAG KO strategies, respectively (Figure 31A). When genomic
DNA of these two clones and their parental lines were digested by Swal,
separated by PFGE and probed for presence of VSG221 and BLAST
(introduced by the KO fragment), the expected shifts in fragment sizes were
not detected (Figure 31B). In fact, BLAST appears to have been knocked-in
to BES1 in the case of S16 + KO Multi, as evidenced by the small increase in
the BES1 restriction fragment size. Introduction of the KO All fragment into
SmOx cells resulted in integration into an unknown location. Both of these
mis-integration events have produced cells resistant to blasticidin, so able to
express BLAST, but have not successfully knocked out BES1 ESAGs.

A number of factors may have influenced the low efficiency of clone
selection in this experiment, and inability to knockout sections of BESI.
Firstly, the targeting fragments used were not unique to BES1, as the UTR
sequences are conserved across ESAGs on other BESs, and potentially
GRESAG family members, providing additional sites for homologous
recombination to occur. Producing KO fragments by fusion PCR may not
have provided enough DNA for transfection, and if additional clones had
been obtained through use of greater DNA mass, cell lines with correctly
integrated fragments may have been obtained. The only blasticidin resistant
clones from transfection with these KO fragments had arisen due to mis-
integration of the construct. This suggests that BLAST may not be
transcribed properly upon correct integration into BES1. Also, BLAST had not
been used previously in the lab as a selection marker transcribed from a

BES, and the consequence of this unknown.

108



Chapter 5.

Lsvig IZZHOSA
‘|loauod Buipeo| e se papinold si |ab asosebe paulels apiwoiq wnipiylg ‘pausalds = T°eC
SBUO0|9 Y10g Ul paundoo sey siuawbely O Jo uonelbaiul-siw yeyr smoys sagoud .
1SV19 10 TZZOSA 01 Sluswibel UonowIsal Jo UonesipudAH “394d Aq paresedss R - S8y
pue asesjonuopua [emsS Yum palsablp alam saull ||99 eiusred pue jueldajsues)
wawbesy OY wolj ¥YNA ‘g '9eds 01 umelp welbeiq -uswbels ayl jo azis . 1 0'L6
paloadxa ay) saonpal sjuawbely OY YyiM TSIg JO UoieuIquoday "aseajonuopus P EPT > _ cohT
[lems yum paisabip sI YNNG dlwouab uaym TS3g bHBuurejuod spuswbel) P
uonowsal payadxs Jo 8zis syl Buwpno onewsyss ‘v siuswbely OM Jo + D4+ T 4+ T 4+ O + T +
uonoaysuel) ybnoliyy paonpal jou sem aliopadal OyS3 TS3g aylL ‘TS ainbig xS A3 A"IAS A3 =S
o 3 (©] 3 o 3 (©] 3 ©] 3 o 3
>3 29§ 2 24d =g g
=-c = ==-c = ==c=
XQws 91S XQws 9IS XQws 91S m
™I 0T _E_sm i L2T~ _E_sm
juaswbeuy bunabie] e — = <= < 3
jeados dIoWoORL e TZZOSA thosSA 1svia
jeadasdqos = I OJ + 1S39
auabopnasd rh jems a9 0'9v~ lems
49jowold | o_|' &= @|® G - — <3 = IJI._-
TZZOSA thosA Haﬂ z ~.mhm<._m '8 z1 'v the thg 9 L
3N OJ + TS349
lems 9l 185~ lems
| |
—¢mm S @G¢titrm— e em- 999 . 9 < <= }-I
TZZOSA thosa Haﬁ [4 € 8 8 v € 8 (4 v the thg 9 L

109



Chapter 5.

To remedy these points, a number of modifications were implemented.
BLAST was replaced by HYG as this marker had previously been introduced
to expression sites, and was able to select for transfectants (Chapter 3). Also
leaky expression of HYG from silent BESs was sufficient for cells to survive
challenge with hygromycin. Actin UTRs flanking the selection marker were
incorporated to promote its expression. This allowed use of different targeting
fragments, as the new KO fragments need not utilise ESAG UTRs (Figure
32). To prevent knock-in of HYG, new targeting fragments for KO Multi were
selected. This construct will now integrate between ESAG12 and ESAGS.3,
leaving ESAGB8.3 as the single-copy representative of the (GR)ESAGS8 family
(Figure 32), as opposed to ESAGS8.1 as previously. Also, a fragment of the
BES1 VSG pseudogene will be used as KO All/Par 3’ targeting fragment
(Figure 32). This sequence is unique to BES1, promoting integration into this
expression site, and preventing the ability of these KO fragments integrating
elsewhere in the genome due to sequence shared by (GR)ESAG1 family
members. Disruption of this pseudogene is not detrimental to the parasite
(Davies et al. 1997). These new KO fragments were cloned into pBlueScript
II SK (+) (a kind gift of Bill Wickstead) to obtain sufficient DNA mass for
transfection, and could be released from the vector prior to transfection by
digestion with BamHI and Xhol endonucleases.

As before, these new KO fragments were used to transfect BES1-active
S16, and BES3-active SmOx cell lines. More clones were obtained than with
the previous strategy, and again screened for integration by Southern blot.
Expected sizes of the BES1-containing Swal restriction fragment were
approximately 46, 19 and 12 kb upon integration of KO Multi, KO Par and KO
All, respectively (Figure 33A). To maximise the number of cell lines
screened, surviving transfection recovery populations were plated to limiting
dilution and clones obtained from these populations are preceded with “P”
(Figure 33B). Investigation of PFGE-separated Swal-digested genomic clone
DNA identified only a single transfectant with a smaller than parental BES1
restriction fragment (~23 kb) that hybridised with both VSG221 and HYG
probes (Figure 33B). This line, SmOx + KO Par clone P1, shows additional
fragments that hybridise with VSG221 and HYG probes, suggesting that
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BES1 may have been duplicated, and HYG copied elsewhere in the genome.
Alternatively, this line may not be clonal, but a population of two clones with
different KO Par integrations: one into BES1, one elsewhere in the genome.
SmOx + KO Par clone P4 also shows multiple VSG221 containing fragments,
and again may actually contain multiple lines. In other clones, including S16
+ KO Multi 11, SmOx + KO Par P3 and P4, and SmOx + KO Multi P2 and
P3, HYG appears to have integrated into BES1 without knocking out the
desired fragments. The BES1 fragment appears to be slightly larger, or a
similar size to the parental in these lines. HYG appears to have integrated
elsewhere in the genome in all other clones screened. It is unknown why
integration of these KO fragments deviates from their design, but given the
failure of a number of attempts to reduce the BES1 ESAG repertoire by

homologous recombination, a new approach was required.

5.3. Crerecombinase-based modification of BES1

Given the difficulties encountered when attempting to obtain the desired
knockouts via homologous recombination, this strategy was abandoned in
favour of Cre recombinase-mediated excision of BES1 fragments. As
described in Section 5.1, the DNA fragment to be excised must be flanked by
loxP sites in direct orientation. Building upon the work of Cross et al., loxP
sites would be introduced into BES1 with selectable markers, Cre expression
induced from a transiently transfected vector, and BES1 with a reduced
ESAG complement obtained. Given the distance between IloxP sites
(>20 kb), two separate integrations of this DNA element into BES1 were
required. This was facilitated by introduction of loxP encoding vectors,
CreKO_5 and CreKO_3’, into BES1 at the upstream and downstream
recombination sites, respectively (Figures 34A and 34B). These vectors
encode loxP sites adjacent to selectable markers. CreKO_5’ encodes HSV-
TK as a chimera with BLAST (TK-BLAST, coding sequence was a kind gift of
Simon D’Archivio) under aldolase 5 and actin 3 UTRs to facilitate
transcription (Figure 34A). This enables the use of positive (to ensure

integration) and negative (to ensure loss upon recombination) selection, and
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is used as a fusion-protein to prevent loss of either marker individually. The
CreKO_3’ construct utilises PURO as a positive selection marker, under the
same UTRs as TK-BLAST (Figure 34A). Targeting fragments were added to
these constructs to integrate into sites that, upon Cre mediated-
recombination, will produce the three knockout schemes detailed in Section
5.1 (Figure 34B). Excision of DNA between loxP sites will remove the desired
ESAGs, as well as TK-BLAST, leaving PURO as the only selection marker
(Figure 34C).

BES1-active S16 cells were transfected with CreKO 3’ constructs (insert
sites 4 and 5 in Figure 34B), with transfection of corresponding CreKQO_¥%’
construct to follow in correctly integrated lines. Only the BES1-active line was
used in this strategy, as integration of these constructs should not have a
deleterious effect on cells. Southern blot was again used to screen
integration, and Apal endonuclease used to fragment cell genomes. An Apal
site is present upstream of the BES1 promoter, further than the Swal site
utilised previously, so the BES1-containing restriction fragment is larger than
that produced through fragmentation with Swal, at 77 kb (Figure 35A).
Integration of CreKO_3’Multi or CreKO_3’All/Par introduces another Apal
site, so the VSG221-containing restriction fragment will be reduced to around
22 or 12 kb, respectively (Figure 35A). When parental genomic DNA was
probed for VSG221, the labelled restriction fragment appeared much larger
than expected, at between 97 and 146 kb (Figure 35B). This suggests that
the Apal site is much further upstream than expected (from the BES1-
containing BAC sequence; Berriman et al. 2002). CreKO_3’All/Par has not
integrated into BES1 in any of the clones screened; while a number of clones
have been successfully transfected with CreKO_3’Multi. Variability between
labelled restriction fragments is attributed to the remaining telomeric repeats
(Figure 35B), which were removed in previous screens where Swal was used
(Figures 31B and 33B). Clones 1, 3, 4, 6, 7, 8 and 10 have integrated
CreKO_3’Multi into BES1 based on VSG221 probe signal (Figure 35B).
However, PURO probe labelling of the same ~23 kb restriction fragment can
only be claimed confidently for clones 6, 7, 8 and 10, due to the high

background in this reprobed blot (which is attributed to a reduction in the UV
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Figure 35. CreKO_3’Multi, but not CreKO_3’All/Par, was integrated into BES1. B, DNA
from clones and recovery populations (Pop) transfected with CreKO_3’ constructs, and the
parental line, were digested with Apal endonuclease and separated by PFGE. Hybridisation
of restriction fragments to VSG221 or PURO probes shows that CreKO_3’All/Par has not
integrated into BES1 in any of the clones screened. CreKO_3’Multi appears to have
integrated into BES1 in 7 of the 9 clones screened. Ethidium bromide stained agarose gel is
provided as a loading control.

exposure used to crosslink the DNA to nylon membrane). Clone 10 was
taken forward.

The ability of the CreKO_3’Multi construct to integrate successfully into
BES1, but not CreKO_3’All/Par, suggests that the problem arose from the
targeting fragments used in the latter. Two new targeting strategies were
designed for this construct specifically. One would integrate into the BES1
VSG pseudogene (CreKO_3’All/Par-VSGuy), and a second from the ESAG1
3" UTR to the VSG pseudogene, knocking out the upstream 70-bp repeat
region (CreKO_3'All/Par-E1VSGuy), and both utilising the same 3’ targeting
fragment (insert sites 5b and 5a, respectively, in Figure 36A). As mentioned,
disruption of this pseudogene and the upstream 70-bp repeat region is not
detrimental to the parasite (Davies et al. 1997). Due to the use of the same 3’
targeting fragment in these new CreKO_3’All/Par constructs, the same
sequence will be produced upon recombination for Complete or Partial
ESAG knockout schemes, independent of which version (CreKO_3’All/Par-
VSGy or CreKO_3’All/Par-E1VSGy) was used (Figure 36B). Integration of
CreKO_3’All/Par-VSGy increases the Swal-produced BES1 restriction
fragment to ~62 kb, while CreKO_3’All/Par-E1VSGy only increases it to
~60 kb due to removal of the 70-bp repeat region (Figure 37A). These
expected shifts in restriction fragment size were observed in every clone
screened compared to the parental line when Swal-digested genomic DNA
was probed for VSG221 and PURO (Figure 37B), indicating successful
integration into BES1 in each case. This change of targeting sequence has
dramatically improved the rate of integration, suggesting that this may have
been the issue with the previous strategy (Figure 34B). S16 +
CreKO_3’All/Par-VSGuy clone 5 and S16 + CreKO_3’All/Par-E1VSGy clone

1 were taken forward.
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sites are known as CreKO_3’All/Par-VSGuy (insert site 5A) and CreKO_3’All/Par-E1VSGuy
(insert site 5B). Incorporation of these vectors into BES1 is shown. B, Resulting BES1
sequence in Complete and Partial ESAG knockout schemes following Cre-mediated excision
of the loxP flanked sequence shown in part A. Use of the same 3’ targeting sequence in both
CreKO_3’All/Par-VSGy and CreKO_3’All/Par-E1VSGy results in production of the same
reduced BES1 sequence in Complete or Partial ESAG knockout schemes, independent of
the CreKO_3’All/Par construct version used. Diagrams in part A and B are drawn to scale.

The next step in producing the knockout lines was to introduce CreKO_¥%’
constructs into the successfully integrated CreKO_3’ lines. CreKO_5’All and
CreKO_5'Par were used to transfect S16 + CreKO_3’All/Par-VSGuy clone 5
and S16 + CreKO_3’All/Par-E1VSGuy clone 1, and CreKO_5’Multi in S16 +
CreKO_3’Multi clone 10 (insert sites 1-3 in Figure 36A). Integration of these
constructs in S16 + CreKO_3’All/Par-VSGy and S16 + CreKO_3’All/Par-
E1VSGuy lines will produce BES1-containing Swal restriction fragments of
~67 and ~65 kb, respectively, while integration of CreKO_5’Multi will also
produce a fragment of ~67 kb (Figure 38A). Transfectants were again
screened by Southern blot for integration into BES1 (Figure 38B). The
majority of clones investigated by VSG221 and BLAST probes showed
integration of CreKO_5’ construct into BES1 (Figure 38B). Only S16 +
CreKO_3’All/Par-VSGy + CreKO_5’All clone 3, and S16 + CreKO_3’All/Par-
E1VSGuy + CreKO_5’Par clones 2 and 3 failed to show the expected shifts in
restriction fragment size outlined in Figure 38A. The presence of PURO was
also investigated to ensure that the CreKO_3’ constructs remained in BES1,
which was the case in every cell line screened. Clones with both CreKO
constructs correctly integrated now have sections of BES1 flanked by loxP
sequence, ready to be excised by Cre recombinase. Clone 1 of each of the

dual CreKO_3’ and CreKO_5’ integrated lines was taken forward.

5.4. CreKO lines do not have growth defects

Prior to inducing Cre expression in dual integrated CreKO lines, their
growth was monitored for five days in culture to investigate if these
modifications to the active BES were tolerated by the parasite (Figure 39). All

of the lines tested exhibited similar growth rates to parental S16 cells. In
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Figure 37. Both CreKO_3’All/Par-VSGy and CreKO_3’All/Par-E1VSGy can be
successfully integrated into BES1. B, DNA from clones and recovery populations (Pop)
transfected with CreKO_3’All/Par constructs, and the parental line, were digested with Swal
endonuclease and separated by PFGE. Hybridisation of restriction fragments to VSG221 or
PURO probes shows that CreKO_3'All/Par constructs have integrated into BES1 in all
clones screened. Ethidium bromide stained agarose gel is provided as a loading control.

order to enable Cre-mediated excision of the loxP flanked sections of BES1
in these lines, they first needed to be transfected with an inducible Cre
expression vector (pLEW100-Cre-EP1, Addgene plasmid 33345, Scahill et
al. 2008). This construct integrates into the rDNA locus and enables
tetracycline inducible expression of Cre recombinase from a T7 promoter.
The strategy for this experiment is outlined in Figure 40A. Dual CreKO
integration lines were transiently transfected with circular pLEW100-Cre-EP1,

and recovered in medium containing tetracycline to induce Cre recombinase

124



Chapter 5.

"9[eas 0] umelp weibelq "9 ainbi4 01 ale|al S[age| ul pasn sajis Yasu| Juswbel) sy Jo zIs pajoadxa 8y} sesealoul souanbas g~ OMal) Buipoous L.g3g
OJUI SJONJISUOD .G~ OMaJD O uoielBaiu] "ases|oNuUopUs [eMS YiM paisabip si NG dlwouab usym sjuswbel) uonauisal Buiureluod-1S3g pa1oadxs Jo azis ay)
Buiuino aneWaYdS 'Y JoNnIisuod £ oMal) Buipuodsalios yjm pajossuel) Alsnoiaald saull |89 OJUl S}ONIISUOD G OYa4D Jo uolelbalul ‘g ainbi4

93 0T jeadai oyawola)] e auabopnasd rh
juawbeuy bunabie] e jeadaadq s = dajowoud
lems 9 8'v9~ lems
| |
— - e— o e — e, 00909090 — —em——— — 4= 4 < —m il'ull
TZZOSA .__uwo_:._ ﬁ,__: T TE €8 Ak v '€ 1'8 z1 v thg thg 9 L 1SV193L
(T+eG) 1IV.S 024D + hDSATI-1ed/IIV.€ ON=1D + 1S39
lems 9 8'v9~ _s__sm
o_|'||b.¢..l -—aE¢T— ¢ e 44— . — < S il'.|.|‘|n_|
TZZOSA .__.n%u_.y._ ﬁ.__: T TE €8 AL v '€ 1'8 z1 v thg thg 1SVI8-L
(z+eg) Jed,5 OM21D + thDSATI-1ed/|IV.€ 024D + 1S3
lems 9 0°L9~ lems
|
I —- o -G . 909090909 9 — 4w — . 4= S ——<m il'ull
1ZZOSA awwvzn_ hosa a.__: T TE €8 '8 v '€ 1'8 z1 v thg thg 9 L 1SV1gL
(T+4S) 1IV.S OM=4D + thDSA-1ed/IIV.€ 024D + 1S3d
lemsg P 0°L9~ _m__sm
N — o =GN — 44 00— — 4. — S <= 'I'.|'|‘|t_|
TZZOSA aowa_:._ hosa H._.: z e €8 T8 v T'E 1'8 zZ1 v the thg 1SY1EL
(2+49G) 1ed.§ OM34D + hOSA-ded/IIV.€ OM=1D + 1539
lemsg @ T°L9~ lems
-_|' 4= |G¢tm—— G- -~ 4aEm 400 - -~ 4@am- — S 4= '|f|t_|l_-
TZZOSA thosa a._.: Z'E  £'8 0dNd '8 v ' 1'8 1SV18L z1 v the thg 9 L
(E+¥) IMNW.S OX21D + BINW,.E OM24D + TS34
lems 9 1°85~ lems
._|' = adEE——— 4 eam 02— 4w — S <= IJ'I_-
1ZZOSA hosA ﬂ._;ﬂ € €8 T8 'y e 18 z1 v the thg 9 L
s34

125



Chapter 5.

B S16 +
S16 + CrekO_3' S16 + CreKO_3'All/Par- CreKO_
5 All/Par-VSGY + E1VSGW + 3'Multi +
H 5'Multi
o 5'All 5'Par 5'All 5'Par —
kb &€ 1 2 3 4 1 2 3 41 21 2 3 45 1 & Clone

W es e D R e S e e e

145.5 ' .

97.0

48.5

23.1

145.5
97.0

- - :.--......

48.5

23.1

(%)

145.5
97.0

48.5

23.1

145.5
97.0

Figure 38. Integration of CreKO_5’ constructs into cell lines previously transfected
with corresponding CreKO_3’ construct. B, DNA from clones and recovery populations
(Pop) transfected with CreKO_5’ constructs, and the parental S16 line, were digested with
Swal endonuclease and separated by PFGE. Hybridisation of restriction fragments to
VSG221, BLAST or PURO probes is shown. Ethidium bromide stained agarose gel is
provided as a loading control.

expression. Cells were incubated for eight hours to allow time for
accumulation of Cre, and excision of the BES1 fragments. Cells were then
washed to remove tetracycline and incubated for a further 16 hours prior to
addition of ganciclovir. This incubation period was included to provide time
for turnover of TK-BLAST in cells where recombination had taken place,

126



Chapter 5.

109

@ 108 -e- Parental
:} - 3Al/Par-VSGY
§ 1 @ JAIPar-VSGY + 5Al
g 106 = JAlPar-VSGY + 5Par
= — JAl/Par-E1VSGY
S 108 .4+ BAIPar-E1VSGY + 5All
£ - 3JAl/Par-E1VSGY + 5Par
?E: 10 — 3'Multi
a 103 =¥+ 3'Multi + 5'Multi

1 1 | | | | | 1

0 24 48 72 9 120

Time (h)

Figure 39. Lines transfected with CreKO constructs do not exhibit growth defects.
Growth of parental S16, CreKO_3’ integrated, and dual CreKO_3’ and CreKO_5’ integrated
cell lines monitored over five days in culture. All lines grow at a rate similar to their parental.
Cultures were diluted at 72 hours to maintain log phase growth.

removing the negative selection marker from these cells. Therefore, addition
of ganciclovir would only kill cells where Cre-mediated excision of the TK-
BLAST encoding fragment had not occurred. Puromycin pressure was
maintained throughout to select for BES1-active cells. Ganciclovir was used
at 100 yg/ml, as this concentration has previously been used with the TK-
BLAST fusion protein (D’Archivio and Wickstead 2017). Susceptibility of dual
CreKO integration cell lines to ganciclovir was monitored to ensure this
negative selection marker was functional. Within 72 hours of addition, cell
numbers were reduced below the limit of linearity of the luciferase-based cell
count assay used here (Figure 40B). Ganciclovir addition to lines transfected
with pLEW100-Cre-EP1, and treated as outlined above, also resulted in
population decline. However, these cells did not recover as expected, with no
successful reduced-BES1 survivors growing out from this pressure. Further
work is required to understand why Cre-mediated recombination did not take
place in these cells, so this experiment can be repeated and produce lines
with reduced BES1 ESAG repertoires (discussed in Section 5.5).
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A Transiently transfect CreKO_3' + CreKO_5'
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Recover in medium
containing puromycin
and tetracycline for 8 h

Wash cells to remove tetracycline

Incubate for 16 h
in medium containing
puromycin

Ganciclovir added to cultures
and growth monitored

102

Cell number (cells)

10

+ pLEW100-Cre-EP1 + GCV

1 L} Ll 1 1 Ll 1 1 1 1 L| L 1 L}
0 24 48 72 96 120 0 24 48 72 96 120
Time post-addition (h)
-8- 3'All/Par-VSGW + 5°All =4~ 3'All/Par-E1VSGW + 5'All ¥ 3'Multi + 5’Multi

& 3'Al/Par-VSGWY + 5'Par -4+ 3'All/Par-E1VSGWY + 5'Par

Figure 40. Expression of Cre recombinase in dual CreKO integrated lines does not
make cells resistant to ganciclovir. A, Experimental design to obtain cells where loxP
flanked BES1 sequence had been excised by Cre recombinase in dual CreKO integrated
lines. B, Growth of dual CreKO_3’ and CreKO_5’ integrated lines monitored over five days in
the presence of 100 ug/ml ganciclovir (GCV), with or without transient transfection and
induction of Cre recombinase expression vector ()LEW100-Cre-EP1, as outlined in part A).
All lines are susceptible to ganciclovir and die within 4 days of its addition. The limit of
linearity is indicated by the black dashed line at 100 cells.
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5.5. Summary

Despite employing two different techniques, and multiple strategies and
modifications, cells with a reduced BES1 ESAG repertoire could not be
obtained in this study. Lines containing CreKO_5’ and CreKO_3’ constructs
integrated into BES1 were successfully produced, did not display impaired
growth, and were sensitive to negative selection. However, recombination
between loxP sites could not be induced upon introduction of Cre expression
vectors into these lines. A possible explanation for the failure of both
homologous-recombination and Cre recombinase-based methods for
knocking out sections of BES1 is that it is lethal to the cell. If this is due to the
ESAG complement of the BES, one would expect the KO Multi strategy to
succeed given that BES3 and BES7, shown to be active in vitro in Chapter 3,
do not encode multiple copies of ESAG3, ESAG4 and ESAGS. Hertz-Fowler
et al. were able to activate BESs with a reduced ESAG repertoire in vitro. In
fact, one of these, BES12, lacks putatively functional ESAG3, ESAG4 and
ESAGS8 coding sequence completely (Hertz-Fowler et al. 2008). Alternatively,
modification of the active BES in this way may induce cells to switch to a
different BES; in which case, the reduced transcription of a selection marker
from BES1 may result in the death of switched cells. However, deletion of
sections of BES1 in BES3 active cells should be possible if this were the
case, but this was also unachievable though homologous recombination-

based methods.

There are a number of potential reasons why induction of Cre
recombinase expression in dual integrated CreKO lines failed to result in out-
growers that had excised loxP flanked sequence: for example, 1) puromycin
pressure was maintained throughout the experiment, so if recombination
between loxP sites resulted in disruption of PURO transcription, cells may
have become sensitive to this drug (i.e. successful recombinants would be
killed). 2) Levels of TK-BLAST protein and transcript may not have
sufficiently depleted after excision of the BES1 fragment for cells to fully
revert to ganciclovir resistance. 3) The genomic location of this marker may
also play a role. Previous use of HSV-TK for this purpose has relied on its

transcription from chromosomal-internal loci (Scabhill et al. 2008). If greater
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amounts of transcript are produced from the BES, then encoded protein may
be present in the cell for a longer period, maintaining sensitivity to

ganciclovir.

If I were to repeat this experiment, a number of factors would be changed.
The inducible Cre expression vector was transiently transfected to avoid use
of an additional selection marker, and potential toxicity observed in PCF
(Barrett et al. 2004). However, this does not seem to represent as severe an
issue in BSF (Scahill et al. 2008). Thus, | would stably transfect pLEW100-
Cre-EP1 into dual integrated CreKO lines to allow for further troubleshooting.
This would include induction of Cre expression in the absence of puromycin,
and titrating the period of time left post-induction before the addition of
ganciclovir. Puromycin pressure could then be applied once ganciclovir
resistant clones have grown out. This would have the added benefit of
identifying if cells where recombination has taken place have also switched
BES. Should these modifications yield lines with successfully recombined
BES1 (monitored by Southern blot), the experiment would be repeated with
transient pLEW100-Cre-EP1 transfection and an updated protocol. Once
these lines are obtained, investigating the phenotype associated with
reducing the BESL1 repertoire will aid in understanding their essentiality of
these genes in vitro, and if their removal from the active BES induces any
adaptive response by the parasite, such as switching the active expression

site.
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Chapter 6. Discussion

Despite the presence of (GR)ESAG family members at important genomic
loci — the VSG expression sites — little is known about the function of the
majority of these families. The study of multi-gene families is challenging due
to their high DNA sequence similarity, which can cause issues when
attempting to target both homologous recombination and RNA interference to
specific genes, and also due to the potential for functional redundancy
between family members. Here | present a method to specifically target an
individual family member for RNAi-mediated ablation, through tagging at the
endogenous locus with GFP, then using GFP ORF sequence as template for
dsRNA production.

To obtain a complete set of GFP-tagged, active BES-encoded ESAGs, a
BES3 active cell line was required to tag ESAG5 and ESAG10. Switched
cells were selected for from a population of BES1-active cells using anti-
serum raised against the BES1-resident VSG — VSG221. We expected to
obtain cells that had undergone an in situ switch to BES3, as this is the
preferred form of switching in vitro (Aitcheson et al. 2005), and BES3 is a
commonly active in vitro BES. Instead, VSG221-specific serum pressure
selected for cells that had undergone gene duplication of the BES3 VSG121
into BES1, evidenced by the loss of VSG221. As a substitute, a BES3-active
wild type cell line was made RNAi competent, and used to produce GFP-
tagged ESAGS5 and ESAG10 cell lines. BES3 in this line appears to lack the
upstream expression site section that normally encodes ESAG10, and by
tagging this gene with a resistance marker on a different BES, a BES7-active
line was acquired. Cells derived from this wild type line consistently grew at a
slower rate compared to the S16 line, which was employed to tag other
ESAGs. This feature may be inherent to the wild type line, or result from
transcripts derived from the active BESs (BES3 or BES7). Loss of the BES3
upstream region has been reported previously, but the biological significance
of this rearrangement is unknown (Gottesdiener et al. 1991, 1992; Navarro
and Cross 1996).
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Pan-family RNAI constructs, capable of targeting knockdown of multiple
genes, were produced by taking advantage of the sequence similarity
between (GR)ESAG family members. Bioinformatic tools were used to
identify previously unknown GRESAG5 genes, and three were found present
on T. b. brucei chromosome 11. RNAI constructs housing multiple targeting
fragments were produced to target all members of the divergent (GR)ESAG5
and (GR)ESAG10 families. These, along with the (GR)ESAG6/7 and
(GR)ESAG12 pan-family RNAI constructs, target all known members of their
respective families. This combinatorial RNAIi strategy could be applied
elsewhere to target knockdown of two or more unrelated proteins, which may

be useful when investigating multi-component pathways.

Both GFP and pan-family RNAI constructs were able to ablate chimeric
BES-encoded protein, but only pan-family constructs were capable of
inducing growth defects in parasites. These results show that (GR)ESAG
families as a whole, and not necessarily BES-linked family members, are
important for parasite survival in vitro. The lack of growth phenotype
produced upon knockdown of the actively expressed ESAG indicates that
there may be functional redundancy between BES-linked and non-BES
encoded family members. This result is not surprising given the high
similarity at the DNA and protein level between these two (GR)ESAG family
arms. In addition, BESs can be activated in vitro that do not encode
representatives of all families (Hertz-Fowler et al. 2008), and some ESAGs
can be removed from the active BES without detriment to the cell (Carruthers
et al. 1996; Hoek and Cross 2001). Finally, at least for one family, GRESAGs
have been shown to functionally complement loss of the BES-linked gene
(Salmon et al. 2012a). The RNAI cell lines produced here did not induce
PAD1 expression, as has been described in similar lines elsewhere, but
levels of TfR were affected. The mechanism behind this phenotype is
unknown, but occurred in both GFP and pan-family RNAI lines, suggesting

that it was not linked to growth defects induced in the latter.

The apparently dispensable nature of ESAGs led me to attempt to reduce
the repertoire encoded by the active BES. Strategies to remove sections of

BES by homologous recombination were unsuccessful. Cell lines were
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produced with loxP sites and selectable markers introduced into the active
BES, and Cre-mediated recombination between these sites should result in
three versions of a reduced BES, with sequentially smaller ESAG repertoires.
Unfortunately, this was not completed due to time constraints, but should be
achievable with troubleshooting, and answer an important question: what is
the minimal BES ESAG complement? Given that specific results and
experimental limitations were discussed at the end of each results chapter,
more broad topics and future avenues of investigation will be explored here.

6.1. RNAI as a technique to ablate (GR)ESAG families

Pan-family RNAI constructs have been used here, and elsewhere
(Salmon et al. 2012a; Batram et al. 2014; Tiengwe et al. 2016), that are
capable of targeting multiple (GR)ESAG family members at once. This relies
on conserved sequence identity of around 22 consecutive base pairs
(Bernstein et al. 2001). However, sites of Dicer-mediated cleavage of dsRNA
are unknown, so siRNA containing these specific 22 bp stretches may not be
produced, and thus may not target degradation of related transcripts.
Measuring the degree of pan-family knockdown, based on ablation of GFP-
tagged ESAG, serves as a surrogate, and does not inform if other family
members are effectively targeted. This limitation could be remedied through
the use of a number of techniques, including northern blot, quantitative
reverse transcription PCR (RT-gPCR) or RNA sequencing (RNA-seq) to
investigate MRNA levels of (GR)ESAG family members. These experiments
would confirm if specific family members were targeted by pan-family RNAI,
however, as gene expression is post-transcriptionally controlled in
trypanosomes (Clayton and Shapira 2007), transcript and protein levels are
not strictly relative, so these techniques would still only provide an indirect
read-out.

As well as confirming RNAi-mediated degradation of specific GRESAG
transcripts, RNA-seq represents a powerful tool for the study of these RNAI
lines if reads are correctly mapped, taking account of intra-family sequence

identity. It would show if any GRESAGs are up-regulated to compensate for
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the loss of BES-derived transcript in GFP RNAI lines, as has been shown
when ESAG4 is knocked out of the active BES (Salmon et al. 2012a). It may
also shed light on the function of these families, by identifying associated
proteins or pathways, whose transcript may fluctuate when RNAI is induced.

Phenotypes produced by pan-(GR)ESAG family RNAIi constructs,
described elsewhere, are more severe than those presented in this study.
Use of stem-loop dsRNA, as opposed to the head-to-head promoter
employed here to produce complementary ssRNA, may improve RNAI
penetrance. This has been shown to be the case in yeast, where stronger
RNAIi phenotypes were induced by dsRNA hairpins, compared to dsRNA
derived from head-to-head promoters, as the former produced more siRNA
(Drinnenberg et al. 2009). This feature may also be shared by T. brucei,
where hairpin dsRNA-mediated knockdown of two kinesins induced
significantly greater growth defects than dsRNA from head-to-head
promoters using identical targeting sequence (Stretton and Wickstead,
personal communication). However, increased levels of siRNA have been
shown to result in off-target effects (Caffrey et al. 2011), and thus may be the
source of greater phenotypes presented in these examples. The reduced
SiRNA produced by head-to-head promoters may arise due to the need for
complementary single RNA strands to encounter in the nucleus, while
complementary bases encoded on the single strand used to produce hairpins

are fundamentally spatially ‘close’.

6.2. CRISPR/Cas9 to study (GR)ESAG families

Genome engineering using CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats) and Cas9 (CRISPR-associated protein-9) was in
its relative infancy at the beginning of this project. This transformative
technology, based on the bacterial adaptive immune system (to protect from
viruses and plasmids), has been adapted for use in numerous eukaryotic
organisms, and represents a powerful new genome-editing tool (reviewed by
Doudna and Charpentier 2014; Salsman and Dellaire 2016). Briefly, Cas9 in

complex with ‘single guide’ RNA (sgRNA), targets the endonuclease activity
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of this CRISPR-associated protein to complementary DNA sequence, where
it introduces a site-specific double-strand break (DSB). This stimulates DNA
repair by non-homologous end-joining (NHEJ), which often results in
insertions and deletions (indels), or homologous recombination. The latter
can make use of exogenous DNA sequence as a template to initiate
homology-directed repair, and thus has applications in gene knockout,
tagging, and site-directed mutagenesis, to name a few. Error-prone repair by
NHEJ can be used to silence genes by introducing mutations that result in
production of non-functional protein, and even deletions or chromosome

translocations when DSBs are targeted to multiple genomic locations.

This system has recently been introduced into apicomplexa and
trypanosomatids (reviewed by Lander et al. 2016a). CRISPR-Cas9-mediated
genome engineering has been reported in Leishmania spp. (Sollelis et al.
2015; Zhang and Matlashewski 2015; Zhang et al. 2017), T. cruzi (Peng et al.
2014; Lander et al. 2015, 2016b, 2017), and more recently T. brucei (Beneke
et al. 2017). Repair of DSBs in these parasites is dominated by
microhomology-mediated end joining (MMEJ), as opposed to NHEJ, and
results in deletion of sequence between regions of microhomology that
surround the DSB (Glover et al. 2008, 2011). Significantly, knockdown of the
B-galactofuranosyl glycosyltransferase family, consisting of 65 genes, was
achieved through multiplexing of three sgRNA to target DSBs to all family
members in T. cruzi (Peng et al. 2014). Therefore, CRISPR/Cas9 represents
an alternative tool to RNAi for the study of the (GR)ESAG families in
T. brucei, or in fact any multigene family. Importantly, it will allow study of
contingency gene families in organisms that lack the capacity for RNAI, such

as T. cruzi, most Leishmania spp. and Plasmodium spp. (Kolev et al. 2011).

CRISPR/Cas9 also represents an additional mechanism to produce
reduced-ESAG-repertoire BESs. By targeting DSBs to two intra-
chromosomal loci using two sgRNA, large-scale deletions (from a few kb to
Mb) have been achieved in mammalian genomes, relying either on NHEJ or
homology-directed repair (Salsman and Dellaire 2017). This scale of genome

editing has not yet been attempted in T. brucei with this system, but targeting
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of DSBs, as opposed to Cre-mediated recombination, to the active BES, may

facilitate its modification with greater efficiency.

6.3. The roles of (GR)ESAG families in vivo

ESAGs are hypothesised to have roles in adapting the parasite to
different mammalian bloodstreams, based mainly on variable TfR affinities for
different transferrin molecules, and SRA-mediated resistance to human
serum. Thus, investigating the behaviour of GFP RNAI lines in vivo may
reveal the importance of ESAGs during infection, as their ligands may be
more scarce than when grown in culture, or functions specific to this complex
environment. Given the redundancy between ESAGs and GRESAGs
highlighted by this study, and the adaptable nature of these families,
evidenced by up-regulation and rearrangement of family members in
response to disruption of the actively expressed BES-linked gene (Gerrits et
al. 2002; Mufmann et al. 2004; Van Luenen et al. 2005; Salmon et al.
2012a), it is unlikely that severe defects would be produced by ablation of
chimeric protein in these lines. However, more subtle defects, or a failure to
thrive, may occur if the specific ESAG did provide an advantage to parasite
growth. This phenotype could be revealed in vivo through dual inoculation
with RNAI and parental lines, and monitoring the relative proportions of each
of these populations through the course of infection, which could be achieved
via gqPCR or next-generation sequencing techniques. For this to work, the
BES encoding a GFP-tagged ESAG would need to be selected for by the
presence of hygromycin, to prevent switching and therefore transcription of
functional ESAG from a different BES. The DR4 mouse strain constitutively
expresses HYG, and is resistant to this drug pressure, so could be used in
these experiments (Uzureau et al. 2007). In the absence of selection
pressure, an increased rate of switching away from this BES in induced GFP
RNAI cells could also indicate that there is a benefit to activating a BES, from

which this ESAG transcript is not degraded.

If ESAGs do adapt the parasite to different mammalian hosts, and specific

variants have higher affinity for host ligand, or differential activity in different
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hosts, the high rate of recombination that occurs at BESs suggests that ‘host-
specific BESs (encoding an optimised set of ESAGs that provide an
advantage in a certain host) would not be maintained over extended time
periods. It is tempting to propose a mechanism whereby in situ switching
occurring early in an infection, provides an advantage to parasites that
activate a BES that is better suited to the current host environment,
potentially allowing these cells to outcompete those that have not activated
this specific BES. Then during infection, recombination of BES sequence
may enable accumulation of host-specific ESAGs, and formation of a host-
specialised BES. Expression of specific ESAG6, ESAG7 and ESAG3 subsets
in T. b. gambiense grown in pig or human serum provides some evidence for
this potential mechanism, as these cells also grew at a faster rate and took
up more transferrin than cells grown in calf or goat serum, which expressed a

more diverse range of these proteins (Cordon-Obras et al. 2013).

To this end, investigation of BES evolution through infection could prove
interesting, and generate evidence for this adaptation mechanism. This could
be achieved through isolating genomic DNA from parasites at certain points
during infection, sequencing the VSGs expressed by the population (through
targeted VSG RNA sequencing, or VSG-seq, described by Mugnier et al.
2015), and performing TAR cloning to isolate BESs from the population. TAR
clones encoding BESs which were active during infection could then be
identified through the ability to amplify VSGs shown to be transcribed at that
time point. Sequencing of the ‘infection-active’ BESs would identify if, and to
what extent, recombination occurs at these loci during infection, and if ESAG
repertoires change. Equally, if recombination is so high that specific BESs
cannot be tracked throughout the course of infection, it suggests that ESAG
repertoires are highly dynamic and, if necessary, the cell can adapt to their

presence in, or absence from, the active BES.

6.4. Producing an active BES with reduced ESAG repertoire

Removal of specific sets of ESAGs from the active BES during this study

has proved challenging. | have produced cell lines that, upon expression of
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Cre recombinase, should contain an active BES with reduced ESAG
repertoire. If this were made possible by the troubleshooting methods
outlined in Section 5.5, for all three reduction schemes, then this would
suggest that there is no minimum ESAG repertoire for parasite survival in
vitro. With all ESAGs removed, BES1 would have an architecture more
similar to a MES, that completely lack ESAGs, and are known to be active in
the quiescent metacyclic stage. It is likely that the active BES must encode a
functional TfR, suggesting that the removal of all but ESAG6 and ESAG7
should be possible, and that these genes represent the minimal repertoire for
survival in vitro. Investigation of reduced-BES1 lines by RNA-seq, as
described above, would identify if up-regulation of GRESAG family members
has occurred to compensate for the loss of BES-derived transcripts, and may
in turn shed light on why the parasite maintains these specific genes at a
privileged genomic location. Successful recombination of BES1 in these cell
lines will represent the first instance of Cre recombinase-mediated
modification of a BES, and the largest genomic maodification using this

system in T. brucei.

If Cre-mediated removal of BES sequence is not possible, it suggests that
either the disrupted BES-derived transcripts are essential, or the scale or site
of modification is not conducive to cell survival. Modification of BESs in the
PCF stage should not affect the cell, as these regions are all transcriptionally
silent. If recombined BES1 could not be obtained in BSF cells, differentiation
to the insect lifecycle stage could be achieved through incubation of BSF
cells at 27°C in PCF media containing cis-aconitate in excess of 3 mM
(Czichos et al. 1986). Cre recombinase expression vector could then be
transfected (stably or transiently) into these differentiated cells, and
recombination induced, with its success monitored by diagnostic PCR.
Recent literature outlines a procedure to complete the parasite differentiation
of PCF to BSF in vitro through transient expression of RNA binding protein
10 (RBP10; Mugo et al. 2017). This could be employed to convert these PCF
cells with reduced BES1, back into BSF, followed by addition of puromycin to
select for cells with an active BES1. If this BES can be activated in these

lines, it implies that Cre-mediated modification of the active BES in BSF cells
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is not viable. But if BES1 cannot be activated, then it could suggest that

these various sets of ESAGs are essential for cell survival.

The T.b. rhodesiense RES represents the smallest-ESAG-repertoire
containing expression site known to be active in vivo, with only TfR, ESAG5
and SRA protein coding genes transcribed along with VSG (Xong et al.
1998). Investigation of cells with reduced BESL1 in vivo may reveal that the
minimum ESAG repertoire is different between life in culture and the
mammalian host. SRA is only required for survival in human serum, and
BES1 does not encode functional ESAG5 and is known to be active in vitro
and in vivo, suggesting again that the TfR components may be the only
essential non-VSG transcripts arising from the active BES. Loss of ESAG
sequences from the active BES may impair the ability for cells to adapt fully
to the host environment. Thus, monitoring the capacity of reduced-BES1 cells
to establish infection, parasitaemia levels, and chronicity will reveal if these
genes are important for parasite virulence. The in vivo dynamics of these
cells could be investigated with a competition assay (described above) to see
if a reduced BES impairs the ability of the parasite to thrive in this
environment. Also, monitoring if the parasite attempts to repair the active
BES by replacing lost ESAG sequences could provide evidence that these
genes do provide an advantage to cells during infection, and could identify
how BESs that have undergone drastic recombination can be made

functionally competent.

Subtelomeric BESs are fragile, with DSBs occurring naturally at a higher
rate than chromosomal-internal loci, a feature with central importance to
antigenic variation (Boothroyd et al. 2009; Glover et al. 2013a). DSB
formation in the 70-bp repeat region induces VSG switching via gene
duplication, and thus recombination of donor sequence from the silent
catalogue into the active BES (Hovel-Miner et al. 2016). Telomeric exchange
is thought to occur at the 50-bp repeat region upstream of BESs (Pays et al.
1985; Navarro and Cross 1996), but also occurs within BES sequence
(Rudenko et al. 1996), although precise sites of recombination are unknown.
Removal of ESAGs from the active BES may therefore impact switching

frequency of cells via telomere exchange, as sequence homologous to other
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BESs is no longer present, and can therefore not act as donor template to
repair DSBs that occur in this region. This hypothesis could be tested by
observing the switch frequency, and mechanism, between parental and
reduced-BES cell lines. This could be achieved by the selection of VSG
switchers through incubation of cell populations in anti-VSG221 anti-serum
as described in Chapter 3, followed by cloning of survivors by limiting dilution.
The type of switch could then be diagnosed. Cells that have undergone gene
conversion will no longer encode VSG221 (which can be assessed by PCR,
also described in Chapter 3). Transcriptional switching, or telomere exchange
upstream of the selection marker (PURO in this case), will revert cells to
puromycin sensitivity, while telomere exchange downstream of PURO will
remain resistant (but still encode VSG221). Southern blotting could be used
to diagnose between in situ switching and telomere exchange occurring
upstream of PURO, as the genomic location of this gene will have changed in
the latter. However, switching in these monomorphic cell lines is infrequent,
so this experiment may have to be repeated in pleomorphic lines, or DSBs
experimentally induced in regions of active native and reduced BESs using
the yeast mitochondrial endonuclease I-Scel, which has previously been
used to introduce DNA lesions into T. brucei BESs (Glover et al. 2007,
2013a; Boothroyd et al. 2009; Hovel-Miner et al. 2016).

6.5. Virulence factors or contingency genes?

(GR)ESAG family members share genomic loci with the major T. brucei
contingency gene family, VSG, and undergo variant switching, which may
induce a change in phenotype. However, they are not themselves typical
contingency genes, as they do not appear to spontaneously switch at a set
frequency, and expression is instead dependent on lifecycle stage and
genomic location. As molecules that uptake nutrients from the host
(ESAG6/7, and probably ESAG10), and modulate the host immune system
(ESAG4 and SRA), these represent parasite virulence factors. Given that
other less-defined families are also present at the host-parasite interface, it is
tempting to speculate that they have similar roles, but further investigation is

required to confirm this. Investigation of two T. b. rhodesiense clones that
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differ dramatically in virulence phenotype showed that the same BES was
active in both lines, suggesting that BES derived-transcript did not affect the
clonal virulence (Inverso et al. 2010). However, the ESAG complement of this

expression site is unknown, and represents a very small sample size.

Transcription of ESAGs from the BES provides a lifecycle-specific control
of expression, as this only occurs in BSF cells. But in some cases,
GRESAGs are also expressed in this lifecycle stage, and appear to
functionally complement the BES-derived protein. So why are these genes
positioned at the expression site? When SRA is transfected into the T. brucei
rDNA locus, mRNA levels are only 5% of that from the T. b. rhodesiense
RES, but still provides resistance to human serum (Xong et al. 1998). This
suggests that increased transcript levels mediated by RNA polymerase | are
not important to the resistance mechanism. SRA need only be produced by
BSF cells, but T.b.gambiense constitutively expresses the protein that
confers resistance in this subspecies (TgsGP), thus the parasite need not
rely on activation of a specific BES to survive this environment. The
production of numerous other proteins is lifecycle-stage specific, controlled
through mechanisms other than their genomic location, so the benefit of
ESAG expression from the active BES remains unknown.

Linkage of contingency gene families, and those with roles at the host
parasite interface, appears to be conserved across protozoan parasites, and
may also be a feature of other pathogens. This study has identified
redundancy between (GR)ESAG family members at distinct genomic
locations, and that transcription of BES-linked family members is not
essential for parasite survival in vitro. These data do not explain why
members of these specific T. brucei gene families have moved, and are
maintained, at the VSG expression site. This feature, and the functions of a

number of these families, remain enigmatic.
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Surface membrane organization and composition is key
to cellular function, and membrane proteins serve many
essential roles in endocytosis, secretion, and cell recog-
nition. The surface of parasitic organisms, however, is a
double-edged sword; this is the primary interface be-
tween parasites and their hosts, and those crucial cellular
processes must be carried out while avoiding elimination
by the host immune defenses. For extracellular African
trypanosomes, the surface is partitioned such that all
endo- and exocytosis is directed through a specific mem-
brane region, the flagellar pocket, in which it is thought
the majority of invariant surface proteins reside. However,
very few of these proteins have been identified, severely
limiting functional studies, and hampering the develop-
ment of potential treatments. Here we used an integrated
biochemical, proteomic and bioinformatic strategy to
identify surface components of the human parasite Try-
panosoma brucei. This surface proteome contains previ-
ously known flagellar pocket proteins as well as multiple
novel components, and is significantly enriched in pro-
teins that are essential for parasite survival. Molecules
with receptor-like properties are almost exclusively para-
site-specific, whereas transporter-like proteins are con-
served in model organisms. Validation shows that the
maijority of surface proteome constituents are bona fide
surface-associated proteins and, as expected, most pres-
ent at the flagellar pocket. Moreover, the largest system-
atic analysis of trypanosome surface molecules to date
provides evidence that the cell surface is compartmental-
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ized into three distinct domains with free diffusion of
molecules in each, but selective, asymmetric traffic be-
tween. This work provides a paradigm for the compart-
mentalization of a cell surface and a resource for its
analysis. Molecular & Cellular Proteomics 14: 10.1074/
mep.M114.047647, 1911-1926, 2015.

The cell surface is the major point of interaction between
unicellular parasites and their surroundings, and is the site for
many essential functions such as nutrient uptake, host rec-
ognition, and environment sensing. This interface, however,
also represents the primary target for host immune attack. To
evade adaptive immune defenses, many pathogens (including
the causative agents of malaria, Lyme disease and AIDS) use
some form of antigenic variation - the expression of a series of
immunologically distinct surface proteins (1, 2)). As an exclu-
sively extracellular parasite of the blood, African trypano-
somes have made a huge investment in this strategy. In the
human-infective species Trypanosoma brucei, around ten mil-
lion copies of a single variant surface glycoprotein (VSG)'
form a dense surface coat that protects the parasite against
complement-mediated lysis. Periodic switching of the single
expressed VSG gene from a vast silent library enables
trypanosomes to avoid clearance by the host’s adaptive im-
mune response, prolonging infection and increasing the
chances of transmission. The monoallelic expression of VSG
is achieved through tight regulation from telomeric expression
sites (ES), with only one from about 20 ES being transcrip-
tionally active at any one time.

For the strategy of antigenic variation to work, the African
trypanosome surface coat must be kept free of many essen-
tial invariant antigens that might otherwise elicit an immune
response. Most of these are thought to be sequestered within
a specialized region of the surface membrane at the base of
the flagellum called the flagellar pocket (FP). This relatively
small membrane domain is the sole site for all endocytosis
and exocytosis performed by African trypanosomes, and has

1 The abbreviations used are: VSG, variant surface glycoprotein; FP,
flagellar pocket; ESP, enriched surface-labeled protein; UTR, untrans-
lated region; TM, transmembrane; GPl, glycosylphosphatidylinositol.
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the highest rate of endocytosis for any system thus far ob-
served (3, 4). Thus, the FP is a crucial interface between the
parasite and host. Unsurprising, disruption of FP function by
loss of the associated cytoskeleton or endocytic vesicular
traffic is lethal (5-7), highlighting the potential of this host-
parasite interface as a therapeutic target.

Our current understanding of FP function and its possible
exploitation for therapeutic gain have been significantly inhib-
ited by the paucity of data on its molecular composition.
Mining the parasite genome for genes encoding simple char-
acteristics of membrane association is of limited predictive
power, as a large proportion of predicted membrane proteins
unlikely to be on the cell surface, and in-silico generated
datasets are often not amenable to validation studies (for
example, the parasite genome is predicted to encode 257
GPl-anchored proteins, 1963 transmembrane proteins, and
over 7000 potentially glycosylated proteins, from a pool of
only 9202 predicted proteins (genedb.org, v4)). Attempts to
purify specific FP components, however, have been ham-
pered by technical difficulties in isolation and thus far none
have succeeded in providing validated, high-confidence da-
tasets (8-11).

Only a few validated FP constituents are known to date. The
first reported was the heterodimeric transferrin receptor (12)
encoded by the ES associated genes 6 and 7 (ESAG6 and
ESAG?7). Since then, only four more proteins have been spe-
cifically localized to the FP of bloodstream-form stages: the
haptoglobin-hemoglobin receptor (13), an aquaporin (14), a
hypothetical protein identified by proteomics of flagellar
fractions (15), and a protein associated with differentiation
(16). These components likely represent only a tiny subset
of the FP proteome. Here, we address this knowledge gap
using a comparative, semi-quantitative approach for the
high-confidence identification of cell surface proteins in
bloodstream-form Trypanosoma brucei. By creating a new
genetic toolkit for endogenous locus tagging of membrane
proteins, we validate our proteomic set by localization of 25
putative surface molecules of unknown function. As well as
demonstrating the location for many novel FP components,
we show that individual proteins access different combina-
tions of cell surface membrane domains, and present a
bioinformatics analysis of sorting signals. From these data,
we propose a new model for the domain organization of the
T. brucei surface.

EXPERIMENTAL PROCEDURES

Isolation of Surface Membrane Proteins—We used bloodstream-
form Trypanosoma brucei Lister 427 expressing VSG221 (BES1/MI-
Tat 1.2/VSG427-2/TAR 40), as monitored by immunofiuorescence
microscopy using an affinity-purified polyclonal antibody anti-
VSG221. 5 x 10® mid-log phase cells were harvested by centrifuga-
tion and resuspended at 2 X 108 cells mI~" in PBS (10 mm PO,, 137
mm NaCl, 2.7 mm KCI, pH 7.5) plus 20 mm glucose. Cells were held on
ice while pulsed with 500 um fluorescein-hexanoate-NHS (referred
hereafter to as fluorescein) dissolved in DMSO and HPG buffer (20 mm

HEPES pH 7.5, 140 mm NaCl, 20 mm glucose). Pulse duration was 15
min on ice, during which time cells remained actively motile and
morphologically normal (as assessed by light microscopy). Fluores-
cence microscopy showed fluorescein to be exclusively associated to
the parasite cell surface (Fig. 18). At the end of this period, unreacted
fluorescein was blocked by the addition of TBS (25 mm Tris-HCI pH
7.5, 150 mm NaCl) plus 0.25% w/v glycine, and removed by washing
cells in TBS plus 20 mm glucose. Fluorescein-labeled cells were lysed
with 2% v/v Igepal CA-630 and 2% w/v CHAPS in the presence of
protease inhibitors (5 um E-64d, 2 mm 1,10-phenanthroline, 50 um
leupeptin, 7.5 um pepstatin A, 500 um phenylmethylisulfonyl fluoride,
1 mm EDTA, 1 mm DTT) and 200 pg mi~ " DNase |, and centrifuged at
20,000 x g for 30 min to separate soluble labeled proteins from the
insoluble fraction. To increase identification sensitivity toward less
abundant surface membrane proteins, we included a VSG-depletion
step by affinity chromatography, for which a polyclonal antibody
anti-VSG221 was generated (please see below). The soluble fraction
was allowed to bind to 8 mg polyclonal antibody anti-VSG221 con-
jugated to protein G-Sepharose 4 fast flow (GE Healthcare). Then the
soluble fraction partially depleted of VSG was allowed to bind to 30
mg protein G-Dynabeads (Invitrogen) cross-linked to 400 pg poly-
clonal antibody anti-fluorescein for 1 h, after which period unbound
material was collected as flow-through and beads were washed
several times in the presence of high salt and detergent (500 mm
NaCl, 0.02% v/v Tween-20). Bound proteins were deglycosylated
native on column with 1000U of PNGase F for 1 h before acid then
basic elutions in 0.2 M glycine pH 2.5 and 0.2 m triethanolamine pH 11
respectively. To control for nonspecific binding to anti-fluorescein
column, a parallel isolation was carried out with unlabeled cells. To
account for possible cell lysis during the surface labeling step, 1 X
10°® cells were subjected to hypotonic lysis by resuspension in 20 mm
Hepes pH 7.5 in the presence of the protease inhibitors aforemen-
tioned for 30 min at room temperature, and then pulsed with fluores-
cein as above.

Mass Spectrometry—Proteins in the final eluate were precipitated
with cold acetone, solubilized in Laemmli buffer, and treated with 1 m
iodoacetamide to alkylate reduced cysteines. Proteins were resolved
by SDS-PAGE using pre-cast gels and standard techniques. Post-
electrophoresis gels were stained with SyproRuby (Life Technologies)
for imaging, or Coomassie blue for band excision. Mass spectrometry
analysis of proteins that were digested in-gel was performed on an
LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Scientific). The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD002180.

Label-free quantitation of mass spectrometry results—mzXML data
files were uploaded onto the Central Proteomics Facilities Pipeline
(release version 2.1.1; www.proteomics.ox.ac.uk), which uses Mas-
cot, XTandem and OMSSA search engines. The data were searched
with the following peptide modifications: fluorescein (K), acetylation
(protein N terminus), carbamidomethylation (C), oxidation (M), and
deamidation (N/Q). Note that we expect the majority of peptides, even
those derived from fluoresceinated proteins, not to contain the fluo-
rescein modification, as only a few lysines in any given surface protein
would be accessible. Precursor mass tolerance was set at 20 ppm,
MS/MS fragment ion tolerance at 0.5 Da, and number of missed
cleavages permitted at 2. Searches were performed against a cus-
tom, non-redundant trypanosome protein sequence database com-
bining predicted protein sequences from TREU927 and Lister 427
genomic data (tritrypdb.org), with the inclusion of ES and VSG se-
quences (17, 18), and containing in total 20,195 entries. The resulting
peptide identifications from each search engine were validated with
PEPTIDEPROPHET and PROTEINPROPHET and lists compiled at the
peptide and protein level. IPROPHET was used to combine the iden-
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tifications from three search engines and further refine identifications
and probabilities. Normalized spectral index quantitation (SINQ) was
applied to the grouped meta-searches to give protein-level quantita-
tion between labeled samples and controls (19). All lists of peptide
and protein identifications were generated with a probability cut-off
corresponding to 1% false discovery rate (FDR) relative to a target
decoy database. Only proteins identified with 2 or more spectra were
considered for further analysis.

Bioinformatics— Signal peptide and anchor sequences were pre-
dicted from the first 70 aa of each coding sequence by a stand-alone
implementation of SignalP v3.0b (20, 21) using the hidden Markov
model methodology, “eukaryotic” settings and thresholds of p = 0.9.
For GPI-anchor prediction, to reduce false positives, proteins were
considered only if they were a PredGPI hit (22) with false-positive rate
=0.1 and also had SignalP peptide prediction with p = 0.7 (because
only proteins directed to the endoplasmic reticulum are processed for
anchor addition). Transmembrane domains were predicted using TM-
HMM v2.0c (23, 24).

Generation of a Genetic Toolkit for Membrane Protein Localiza-
tion—A vector for specific tagging of GPIl-anchored protein genes,
named pSiG, was created by de novo synthesis (MrGene, Invitrogen).
pSiG contains an epitope tag and fluorescent protein flanked by a
signal peptide and GPl-anchor insertion sequences (derived from
VSG221) up- and downstream respectively. A derivative for tagging of
transmembrane protein genes, pSiS, was created by replacing the
GPl-anchor insertion sequence from pSiG with a stop codon gener-
ated by annealing two primers. In these vectors, part of the targeted
ORF and its UTR, at either the N- or C terminus, is cloned in frame
with the epitope tag/fluorescent protein, then the plasmid is linearized
for transfi 1 and 1ent of the endogenous gene fragments.
Hence, the sites for targeting the specific locus are supplied by the
user along with the site for linearization. The constructs contain
convenient restriction sites on either side of the fluorescent protein/
epitope tag for integration of short targeting sequences. Derivatives
include nine different fluorescent proteins, two epitope tags and three
selection markers. These vectors are available from the authors upon
request, and their DNA sequences can be found on the authors’
webpage (www.catarinagadelha.com/resources).

Endogenous-locus Tagging—ESPs and ESAGs predicted to en-
code transmembrane proteins were tagged at the C terminus,
whereas those predicted to contain a GPI anchor were tagged at the
N terminus (because of lack of robustness of prediction algorithms).
For N-terminal tagging, PCR amplicons containing ~200bp from the
5’-end UTR (untranslated region) and ~200bp from the N-terminal
end of the CDS (coding sequence) of interest were cloned together
into the Xbal-BamHI sites downstream of the fluorescent protein ORF
in pSiG, such that the N-terminal end of the CDS was in frame with the
fluorescent protein. For C terminus tagging, PCR amplicons contain-
ing ~200bp from the 3'-end UTR and ~200bp from the C-terminal
end of the CDS of interest were cloned together into the Hindlll-Avrll
sites upstream of the epitope tag sequence in pSiS, such that the
C-terminal end of the CDS was in frame with the fluorescent protein.
In the same step, a Notl linearization site was introduced between the
UTR and CDS. Integration of these constructs at the targeted endog-
enous locus results in transgenic lines in which one allele of the CDS
of interest contains fluorescent protein at its N/C terminus, but both
5’- and 3'-UTRs are identical to untagged copy. Vectors (~10 ug)
were linearized by digestion with Notl restriction endonuclease and
transfected into single-marker bloodstream form T. brucei (25) using
an Amaxa Nucleofector 2b device, followed by selection of stable
transformants with 5 pg/ml hygromycin. Correct integi ) was as-
sessed by diagnostic PCR from genomic DNA of clonal transformants
(not shown) and also immunoblotting of cell lysates separated by
SDS-PAGE against a mixture of two anti-GFP monoclonals (7.1 and

13.1; Roche) at 800 ng/ml in 1% w/v skimmed milk in TBS, followed
by 80 ng/ml horseradish peroxidase-conjugated goat anti-mouse
immunoglobulins.

Analysis of Integration into VSG221 Expression Site—Whole-chro-
mosome-sized DNAs were prepared as described elsewhere (26).
Agarose-embedded DNA was digested with Smil endonuclease and
subjected to pulsed-field gel electrophoresis in a contour-clamped
homogeneous electric field electrophoresis apparatus (CHEF-DR III;
Bio-Rad), loading DNA from 1.7 X 107 cells per lane. DNA separation
was performed in 1% agarose in TB(0.1)E (90 mm Tris borate, 0.2 mm
EDTA, pH 8.2) held at 14 °C for 20 h at 5.2 V/cm with switching time
ramped linearly 2-10 s and an included angle of 120°. DNA gels were
stained in ethidium bromide and prepared for transfer by UV nicking
(80 mJ, 250 nm UV) followed by equilibration in 0.4 M NaOH, 1.5 m
NaCl and then transferred to positively charged nylon membrane by
capillary transfer in the same solution. After transfer, membranes
were neutralized with 0.5 m Tris-HCI (pH 7) and cross-linked (120 mJ,
250 nm UV). Fluorescein-labeled probes were generated by random
priming from unlabeled GFP, HYG and VSG221 coding sequences.
Denatured template DNA (100 ng) were incubated for 5 h at 37 °C with
0.1 mm dATP, dCTP, dGTP, 0.67 mm dTTP, 0.33 mm Fluorescein-
dUTP, 2 um random heptamers and 5 U Klenow fragment. Hybrid-
ization was performed overnight in 1% w/v SDS, 5% w/v dextran
sulfate, 10% v/v blocking solution (Roche), 750 mm NaCl, 75 mm
sodium citrate (pH 7) at 60 °C. Blots were washed to a stringency of
0.1% SDS w/v, 30 mm NaCl, 3 mm sodium citrate (pH 7) at 62 °C.
Hybridized probe was detected with anti-fluorescein alkaline phos-
phatase-conjugated antibody and chemiluminescence. For reprob-
ing, membranes were stripped with hot 0.3% w/v SDS plus 0.3 m
NaOH.

Protein localization— For analysis of localization of tagged proteins
by native fluorescence, cells were harvested from mid-log phase
cultures, washed twice in PBS plus 20 mm glucose, allowed to adhere
onto derivatized glass slides for 2 min (at density of 2 X 107 cells/mi),
fixed for 10 min in 2.5% w/v formaldehyde, counter-stained with 5
pg/ml concanavalin A (ConA; it binds to a-pD-mannose and a-D-
glucose moieties associated to VSG and possibly other surface pro-
teins) conjugated to tetramethylrhodamine isothiocyanate (TRITC)
for 20 min, and mounted in a solution containing DAPI and a
photostabilizing agent (1% w/v 1,4-Diazabicyclo(2.2.2)octane, 90%
v/v glycerol, 50 mm sodium phosphate pH 8.0, 0.25 mg/ml
4',6-diamidino-2-phenylindole).

Generation and Purification of Polyclonal Antiserum—A fragment
encoding residues 27-384 of VSG221 (Tb427.BES40.22) was ampli-
fied by PCR from T. brucei Lister 427 genomic DNA and cloned in
frame into the bacterial expression vector pQE-30 (Qiagen) to allow
expression of the coding sequence fragment fused to an N-terminal
6xHis tag. Expression of recombinant protein was induced in
M15(Rep4) Escherichia coli (Qiagen) and protein was subsequently
isolated from cleared, sonicated bacterial lysates by nickel-affinity
chromatography by standard methods. 200 ug of recombinant
VSG221 was used as immunogen in rabbits. Reactive antiserum was
purified by binding to recombinant protein coupled to CNBr-activated
Sepharose beads, washed extensively with PBS and eluted with
0.2 m glycine pH 2.5 followed by 0.2 m triethanolamine pH 11. Affinity-
purified polyclonal antibodies were dialyzed against PBS and con-
centrated by ultrafiltration.

Immunoblotting of Surface Membrane Protein Isolation Fractions—
Immunoblots to test the purification procedure (Fig. 1C) were per-
formed with the following polyclonal antisera: anti-ISG65 (kind gift
from Mark Carrington, University of Cambridge, UK), anti-TfR (Piet
Borst, The Netherlands Cancer Institute, Netherlands), anti-p67 and
anti-BiP (James Bangs, University at Buffalo (SUNY).
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abbreviations.

RESULTS

Chemical Modification of the Cell Surface—A mechanistic
understanding of the interface between African trypanosomes
and their mammalian host requires the identification and char-
acterization of the FP molecular composition. As the FP mem-
brane is contiguous with the membranes of both the cell body
and the flagellum, it is extremely challenging to isolate pocket
proteins through classical cell fractionation procedures. To
address this problem, we devised a workflow to specifically
isolate cell surface proteins and generate a validated dataset
of bloodstream-form cell surface constituents of Trypano-
soma brucei. Our strategy is summarized in Fig. 1A and starts
with the chemical modification (fluoresceination) of the sur-
face of live cells held at low temperature (0 °C). Under these

conditions, recycling of the surface coat and endocytosis are
blocked, but chemical tags are still able to access proteins at
both the plasma membrane (~90% of which being VSG (27,
28)) and also the FP lumen (Fig. 1B). Labeled cells were then
solubilized and fluoresceinated surface proteins purified by
affinity chromatography. The purification method was opti-
mized by a VSG depletion step to increase sensitivity of
detection of less abundant surface proteins (Fig. 1A and sup-
plemental Fig. S1), and on-column enzymatic removal of N-
glycans to improve mass spectrometry identification of gly-
cosylated surface proteins (Fig. 1A and supplemental Fig. S1).
Finally, to allow more efficient solubilization of membrane
proteins and increase dynamic range, the sample was re-
solved by SDS-PAGE (supplemental Fig. S1), and gel regions
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1683 unique proteins (integrated spectral intensity) in labeled samples versus unlabeled and osmotically lysed controls (see Experimental
Procedures for more information). Points represent log10-transforms of total intensity (all replicates, samples and controls) against the ratio of
intensity in samples versus summed controls. Points representing signal from VSGs (BES copies or from elsewhere in the genome),
VSG-related proteins, ISGs, and proteins previously localized to the FP or flagellar membrane are highlighted. B, Representation of proteins
with select predicted features (SignalP peptide prediction p = 0.9; PredGPI false-positive rate <0.1; =1 predicted TM domain), annotation
(word match in description) or those detected in either the T. brucei flagellar proteome (30) or glycosomal proteome (31). Representation is the

ratio of the number of hits in enriched sets versus all uniquely detected proteins.

subjected to tandem mass spectrometry (GeLC-MS-MS). The
final eluate was enriched in an invariant surface glycoprotein
(ISG65) that localizes to the cell surface, and the low-abun-
dance transferrin receptor (ESAG6 subunit) which is found in
the FP (Fig. 1C). High-abundance markers of internal com-
partments, specifically the abundant luminal ER chaperone
BiP and the LAMP-like lysosomal protein p67, were either
greatly reduced or undetectable (Fig. 1C).

Semi-quantitative Comparative Mass Spectrometry Defines
a Trypanosoma brucei Surface Proteome—Our surface pro-
tein preparation is anticipated to contain many FP proteins as
well as those localized more generally to the cell surface and
early/recycling endosomes. Many FP components, however,
are expected to be present at only tens or hundreds of copies
per cell, as seen for the haptoglobin-hemoglobin receptor
(13). This necessitates highly sensitive detection, but also the
exclusion of inevitable contaminating proteins. To identify
proteins specifically enriched in our surface protein prepara-
tion, we used a label-free semi-quantitative mass spectrom-
etry approach against two controls: (1) to account for non-

specific binding to affinity chromatography columns, we
carried out parallel isolations with unlabeled cells; and (2) to
account for cell lysis during the chemical modification, in
which the fluorescein tag would access internal proteins as
well as those at the surface, a further control was made by
labeling hypotonically lysed cells. We then compared the
integrated spectral intensities from mass spectrometry of ma-
terial isolated from labeled versus control preparations, allow-
ing for removal of contaminants through testing for signal
enrichment in the labeled sample (Figs. 1D).

Across all preparations and replicates, we detected 1683
uniquely distinguishable proteins (each being represented by
two or more detectable peptides). The full list of hits and their
respective integrated spectral intensities is provided in sup-
plemental Table S1. The most abundant protein in blood-
stream-form T. brucei cells is VSG (27) and, as expected,
VSG221 (MITat 1.2/VSG427-2) expressed from the active ES
is detected in all preparations. However, its signal is highly
enriched (80X) in labeled samples versus controls (Fig. 2A),
despite being deliberately depleted in these preparations (Fig.
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1A and supplemental Fig. S1). We also observed, ~10° times
less abundantly, several other VSGs including those in other
telomeric ESs, likely representing rare cells in the parasite
population which have undergone switch events. Along with
these “true” VSGs, a number of VSG-related proteins (tran-
scribed from chromosome internal locations (29)) are also
enriched in the preparation, representing the first evidence
that this family of proteins is translated in bloodstream form
parasites and that they are surface associated.

Our procedure enriches for VSG, several ISGs and proteins
known to be localized specifically to the cell surface mem-
brane (Fig. 2A). Importantly, low abundance FP proteins, such
as HpHbR are also detected in these experiments and are
highly enriched (250x) in the labeled preparation. Analysis of
the features or annotations of enriched proteins compared
with all those detected showed a substantial over-represen-
tation of those with predicted signal peptide or glycosylphos-
phatidylinositol (GPI) anchor, as well those with annotations
for “VSG,” “ESAG,” or “ISG" (Fig. 2B). Conversely, annota-
tions associated with ribosomes, mitochondrion or cytoskel-
eton motors are under-represented in the enriched cohort
(Fig. 2B), as are proteins detected as part of the T. brucei
flagellar proteome (30) or glycosomal proteome (31). Interest-
ingly, we also find an under-representation of proteins with
predicted transmembrane (TM) domains in labeled prepara-
tions (Fig. 2B). This may suggest that a significant fraction of
TM proteins in trypanosomes are expected to be associated
with internal membranes, although this may also reflect less
efficient chemical modification of multipass proteins with few
extracellular lysines (see “Discussion”).

These data show that known surface, FP and flagellum
membrane proteins are substantially enriched in our chemi-
cally modified preparations. Using enrichment analysis, 307
and 650 uniquely distinguishable protein hits were identified
with 50- or 5-fold enrichment in the labeled sample when
compared with controls (Fig. 1D). However, these sets are
unlikely to represent only genuine membrane-associated pro-
teins. To further improve discrimination between true surface
proteins and contaminants, we applied a bioinformatic filter to
create sets representing only those proteins with predicted
signal peptide or signal anchor sequence, GPIl-anchor addi-
tion sites or TM domains. This is equivalent to intersecting our
enrichment data sets with bioinformatic prediction of mem-
brane-association as used by Jackson et al. (32), and consti-
tute “high-confidence” sets that have support from both
methods. This procedure is also analogous to the approach
used to analyze the trypanosome nuclear envelope and iden-
tify nuclear pore complex components (33), and here identi-
fied 82 or 175 uniquely distinguishable putative surface pro-
teins at 50X or 5X enrichment thresholds respectively (Fig.
1D). The full list of these sets is given in supplemental Table
S2. These sets represent hits with a high likelihood of being
genuine surface proteins, and identified proteins include
known FP components, VSGs and ISGs, as well as proteins

with predicted function as transporters (Tb427.04.4830,
Tb427tmp.02.0630, Tb427.03.4630, Tb427.08.2380, Tb427.08.
3620, Tb427.04.4860, Tb427.08.650, Tb427.08.2160), per-
meases (Tb427.05.3390) and channels (Tb427.10.11680). We
herein refer to the 5x-enriched, high-confidence set of 175
putative surface membrane proteins as the T. brucei blood-
steam surface proteome (TbBSP).

Most TbBSP Proteins are True Parasite Cell Surface Com-
ponents—Having demonstrated an efficient enrichment of
known FP proteins and related annotation in the labeled da-
taset, we next sought to robustly test our TbBSP by directly
interrogating the cellular location of multiple protein hits of
unknown localization, and looking for specific signal at the FP.
A set of 25 candidates were selected from the high-confi-
dence sets for further characterization using the following
criteria: (1) they were annotated as “hypothetical” proteins for
which no functional data had been previously reported for T.
brucei at the start of this work; (2) they represented the range
of general protein topologies detected, e.g. predicted GPI-
anchored proteins, type | and type Il TM proteins, and multi-
pass TM proteins; and (3) they included proteins with enrich-
ment ranging from 5 to >6000 times and spanning >3 orders
of magnitude of mass spectrometry signal intensity. Fig. 3
shows the enrichment and architectures of these candidates,
and supplemental Table S3 provides their accession numbers
and predicted features.

Chimeric proteins were created by integration of tagging
constructs at endogenous gene loci. Tagging cell surface
proteins is potentially complicated by requirements for signal-
ing sequences at both amino and carboxyl termini, and issues
with folding of fluorescent proteins targeted through the ER.
To overcome these problems, we created two new series of
vectors specifically designed for the endogenous-locus tag-
ging of genes encoding GPI-anchored and non-GPI-anchored
sequences containing N-terminal signal sequences. These
vectors are called the pSiG and pSiS series, respectively
(supplemental Fig. S2) and include the incorporation of a
“superfolder” GFP (or derivatives) with improved folding dy-
namics and greater resistance to the reducing environments
encountered in the ER lumen or extracellular space compared
with conventional GFP variants (34), plus an epitope tag (HA).
The pSiG/pSiS series also include processing signals (try-
panosome signal peptide or GPI-anchor addition sequences),
providing a means to rapidly and accurately tag surface pro-
teins at either N- or C terminus (supplemental Fig. S2). These
vectors provide the correct FP localization of previously ana-
lyzed proteins, for example, either GPl-anchored or non-an-
chored subunits of the transferrin receptor (see Fig. 7). More-
over, the toolkit does not force a non-TbBSP protein (ESAG1)
onto the cell surface (supplemental Fig. S2).

The 25 selected genes encoding candidate surface-asso-
ciated proteins, designated as enriched in surface-labeled
proteome (ESP) proteins (ESP1-25), were tagged at their en-
dogenous loci using the vectors described above. Correct
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representing 25 ESPs highlighted according to predicted protein architecture.

integration of the tagging construct and expression of fusion
proteins was assessed with immunoblotting of whole-cell ex-
tracts (supplemental Fig. 3A). Because genes are tagged by
integration at the endogenous loci, it is expected that protein
expression levels will be close to those for wild-type protein
and, consistent with this, different fusion proteins were ex-
pressed at different levels. Two tagged proteins (ESP4 and
ESP7) did not show a detectable signal on Western blots, and
were not pursued further.

For the 23 fusion proteins with detectable expression, 12
were clearly present at the FP membrane as assessed by
native fluorescence (Fig. 4 and supplemental Fig. S4). These
12 proteins localized either exclusively to the FP (ESP1, 6, 10
and 11) or in addition to another surface domain - for exam-
ple, five proteins localized to the FP and endosomal system
(ESP12, 14,19, 21, and 22), whereas ESP8 localized to the FP
and the junction between the cell body and the flagellum
membranes (the flagellum attachment zone). In addition to
these 12 FP proteins, ESP13 and 24 were present across the
entire cell surface (FP, flagellum and cell body) and a further
four ESPs were predominantly localized to endosomes (ESP5,
9, 15, 20). This is expected, because the endosomal mem-
brane is in constant flux with the cell surface and proteins
with clear FP function, such are TfR, maintain a steady-state
concentration in early/recycling endosomal compartments
(35, 36). Likewise, ISGs are equally distributed between

taken for validation by | Dataset as in Fig. 2, with points

endosomes and FP/cell surface (37). Therefore, these four
predominantly endosomal ESPs are likely to be transiently
present at the FP, albeit at low abundance, and are thus
enriched in our chemical modification procedure. ESP17
and ESP18 were found at both the cell body membrane and
an intracellular compartment tentatively interpreted as the
lysosome. The remaining five proteins (ESP2, 3, 16, 23, 25)
localized elsewhere in the cell and may represent contam-
inants, although mislocalization because of tagging cannot
be excluded (supplemental Fig. S4). Overall, experimental
validation by cellular localization of 23 ESPs shows that we
have identified 18 novel membrane proteins on the parasite
cell surface, the majority of which reside at the FP (exclu-
sively or in combination with another surface membrane
domain).

Diversification of Parasite Surface Architecture—ESPs at
the FP may represent promising therapeutic targets because
of their exposure and potential roles in modulating essential
parasitic processes, but only if those proteins are sufficiently
different to host ones. To map the evolutionary distribution of
ESPs, we asked if orthologs could be detected in organisms
representing a wide taxonomic diversity of eukaryotes, in-
cluding humans, and for which complete or near-complete
genome sequences were publicly available. Phylogenetic
analysis show that most ESPs are specific to African trypano-
somes and closely related parasites (Fig. 5). This provides
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ESP6
ESP12

at the FP. ESPs were localized by tagging the gene at the endogenous locus with
an ORF encoding superfolder-GFP. Images are representatlve of the signal distribution observed for each cell line. Yellow: native fluorescence
from superfolder-GFP; Blue: concanavalin A counterstain (ConA); Magenta: DAPI. Nuclear (n) and mitochodrial (mt) DNA contents, and FP
(yellow arrowhead) are indicated.

Fic. 4.1 li;

of surface p

evidence for a lineage-specific architecture for the surface
membrane of kinetoplastid cells, reflecting their shared an-
cestry and biological similarities. Striking, however, was the
finding that ESPs predicted to be GPIl-anchored are often
restricted to T. brucei, whereas type | and || TM proteins tend
to be conserved in all kinetoplastids (both intra- and extracel-
lular parasites) (Fig. 5). This distribution suggests specific
protein evolution to match distinct selective pressures en-
countered by these parasites, such as mechanisms of sur-
vival, host immune invasion and transmission. In contrast,
many of the multipass TM ESPs are from families conserved
right across eukaryotes (Fig. 5) and, thus, may have arose
early in eukaryotic evolution. This likely reflects the expected
hierarchy of conservation, with essential transporters being
more evolutionarily constrained.

Nine out of 12 ESAGs Encode Surface Associated Pro-
teins—The first FP component identified was the TfR previ-
ously mentioned, encoded by the expression site-associated
genes (ESAGs) 6 and 7. There are 12 distinct families of
ESAGs (ESAG1 to 12) that are co-transcribed with the active
VSG gene from one of ~20 telomeric expression sites (ESs).
Some or all ESAGs may be present in a particular ES (17), and
most have chromosome-internal paralogs known as genes-
related to ESAG (GRESAGS). Only a few other ESAGs have
been characterized in detail in T. brucei: ESAGS is a protein of
unknown function that has been localized to the nucleus (38,
39), whereas ESAG4 is an adenylate cyclase localized to the
flagellum membrane (40), and whose activity has been asso-

ConA
DAPI
phase
o,

ciated with control of parasitemia (41). GRESAGS is specifi-
cally expressed and secreted by the quiescent “stumpy”
bloodstream-form stage (42). Finally, an ESAG specific to the
subspecies T. b. rhodesiense - the serum resistance associ-
ated gene, or SRA - confers resistance to a trypanolytic factor
associated with the heavy density lipoprotein found in normal
human serum (43-46).

Given that ESAGs are co-expressed with the active VSG
during infection, they are believed to play roles in parasite
survival in the human host. All but two ESAGs (ESAG8 and
ESAG12) are predicted to encode a signal peptide sequence,
a GPl-anchor insertion site, or a TM domain, suggesting that
they may be associated to the surface membrane or secreted
proteins, but for the majority this has not been tested. Signif-
icantly, seven ESAGs (ESAG2, 4, 5, 6, 7, 10 and 11) are
present in our high confidence datasets (Fig. 6B), but the
remainder were not. We took this finding, and the genetic
tools developed here, as an opportunity to investigate the
cellular localization of all ESAGs and to test our surface pro-
teome for false negatives (i.e. true surface proteins not de-
tected in our set). We tagged every ESAG present in the active
ES of bloodstream-form trypanosomes used in this study
(BES1, Fig. 6A). Only pseudogenes of ESAG5 and ESAGT11
are present in this ES, and ESAG9 and ESAG10 are absent
(17). Because chromosome-internal copies of ESAGS5, 10 and
11 were highly enriched in our surface proteome, these were
also targeted for protein fusions. GRESAGY has previously
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Fic. 5. The distribution of ESPs across eukaryotes. Conservation was investigated by analysis of BLAST hits in the predicted proteomes
of model species from a wide range of eukaryotic lineages. Spot size represents the strength of BLAST hit (e-value). Red shows reciprocal
best-BLAST hits between genomes; gray shows non-reciprocating hits.

been shown not to be expressed in proliferative bloodstream-
form parasites (42), and was not pursued here.

Correct tagging of the active ES copy was confirmed by
Southern blotting (supplemental Fig. S5) and ESAG fusion
proteins were assessed for correct tagging by immunoblotting
(supplemental Fig. 3B), and localized by native fluorescence
microscopy (Fig. 7). Significantly, all ESAGs detected in our
surface proteome localize to the surface membrane.
ESAGB/ESAG7 localized to the FP and ESAG4 localized to
the FP and flagellum membranes, as previously described
(12, 41). Other surface proteome ESAGs localized to the cell
body membrane (ESAG2), cell body and FP (ESAG10), cell
body and flagellum (ESAG11), or FP and endosomes
(ESAGS5). With respect to those ESAGs not detected or not
enriched in our surface proteome, ESAG12 was detected in
endosomes, consistent with being also at the surface at low
levels and/or recycling through the endomembrane and sur-
face compartments. ESAG8 was expressed at levels close
to the limit of detection by immunoblot when tagged at

either end of the endogenous ES copy, and was undetect-
able in localization experiments. Importantly, ESAG1 and
ESAG3 - which contain signal sequences suggestive of
possible surface-association, but which were not enriched
in the surface proteome—did not localize to the cell surface
when tagged. These data demonstrate that (1) tagging with
our vectors does not cause non-TbBSP proteins to mislo-
calize to the surface and (2) ESAG1 and 3 are unlikely to be
surface-associated. Hence, of the 12 ESAG proteins, nine
are shown to be surface-associated or secreted, five of
which present at the FP membrane, clearly arguing for
direct roles in host-parasite interactions by virtue of being
exposed to the host environment.

Protein Localization Suggests Distinct Functional Mem-
brane Domains Maintained by Selective Barriers—The try-
panosome surface can be conceptually divided into three
regions of contiguous membrane: the FP, the flagellum mem-
brane and the cell body. Our localization data, using the same
tag with 14 hypothetical proteins and 6 ESAGs that clearly
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Fic. 6. Identification and validation of ESAG proteins in the TbBSP. A, Structure of the VSG221 expression site (BES1), which is active
in cells used in this study. B, Distribution of ESAG proteins in the comparative label-free semi-quantitative mass spectrometry. Dataset as in
Fig. 2, with points representing members of the 12 ESAG families (including predicted GRESAGSs) highlighted. C, Protein architectures and
localization of the ESAGs. All localization data are from ES copies, except for ESAGS, 10 and 11, which are not present in BES1) for which a
detected GRESAG was used. See Experimental Procedures for details of protein feature prediction.

target the cell surface membrane, allowed us probe for the
existence of these or other membrane domains with the larg-
est set of trypanosome surface proteins systematically tested
to date. Individual proteins in our sets were found to be
restricted to any one of these domains or to combinations of
them (Fig. 4 and supplemental Fig. 4), suggesting that the
three regions indeed act as specialized domains of surface
membrane, divided by selective barriers. Notably, we found
only one example of sub-localization within a region (for
ESP8), indicating that most proteins have free diffusion within
each of the surface membrane domains.

A polarized distribution of ESPs and ESAGs implies intrinsic
protein-sorting signals governing location on the cell surface.
We therefore analyzed this set for the presence of common
sequence motifs or structure that might regulate such sorting;
However, no simple correlation between cellular localization

and protein architecture emerged. For example, predicted
GPIl-anchored proteins were not all restricted to the FP, nor
were type | TM proteins restricted to the cell body membrane
(Fig. 8). Furthermore, motif elicitation analysis (MEME) de-
tected no common motifs among ESPs and ESAGs with
shared localization (data not shown). This suggests that pro-
tein topology alone may not be the primary determinant of
surface domain segregation in T. brucei, and more complex
interactions are at play.

DISCUSSION

A Surface Proteome for African Trypanosomes—Here we
describe a high-confidence, validated surface proteome for
the major host form of African trypanosome parasites. This
was achieved through a novel biochemical preparation in
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FiG. 7. Most ESAGs de surf: i ins. 9 ESAGs were localized by tagging the respective gene at the active ES (except
for ESAGS5, 10 and 11, for which a surface proteome GRESAG was used) with an ORF encoding superfolder GFP and imaged using native
fluorescence microscopy. Signal from superfolder-GFP is shown in yellow. Cells have been counterstained with concanavalin A (ConA, blue)
and DAPI (magenta). The FP is indicated by yellow arrowhead.
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by equivalent tagging methods (only) are also shown for comparison (references included in supplemental Table S3). See Experimental
Procedures for details of protein feature prediction.
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which the use of fluorescein was one of several steps opti-
mized to increase both the specificity and sensitivity of our
approach. Cell surface proteomic studies of other human
pathogens, as well as mammalian cells, have frequently used
the biotin-avidin based system to isolate plasma membrane
proteins (47-50). In initial experiments we too used sulfo-
NHS-biotin to chemically modify the surface of live trypano-
somes. However, following affinity chromatography with
streptavidin, we found the specificity of the approach was
compromised by high background from control (unlabeled)
cells, which could not be removed even on extensive wash-
ing. This may be a product of the parasite’s intrinsic biochem-
istry: trypanosomatids (except those harboring bacterial en-
dosymbionts) are unable to synthesize biotin (51); but this
vitamin is an essential requirement for cell growth (52), and
known to be incorporated into endogenous proteins (53). To
avoid contamination with endogenously biotinylated parasite
proteins, we abandoned biotin as a chemical tag, and moved
to fluorescein labeling combined with an antigen-antibody
purification system. Fluorescein is cell-impermeable, ensuring
that only surface membrane proteins from intact cells are
labeled by covalent modification of accessible lysine residues,
and antigen-antibody columns can be washed to high strin-
gency. Fluorescein also has an advantage that it can be
followed visually or by fluorimetry during preparations. Using
this approach, we have developed here a strategy for the
identification of surface-exposed membrane proteins, which
in trypanosomes isolates proteins that, at steady-state, reside
at the FP, early/recycling endosomes, flagellum and cell body
membranes.

Our surface proteome was extracted from a specific bio-
chemical preparation coupled with comparative semi-quanti-
tative mass spectrometry and bioinformatic filters. The bioin-
formatic methods used decrease the risk of contaminants in
the defined ToBSP in a manner analogous to those used to
describe the high-quality set of nucleoporins that compose
the trypanosome nuclear pore complex (33). In that study, an
initial set of 757 mass spectrometry hits was reduced by
removing 448 contaminants on the basis of functionally unre-
lated sequence homology and gene annotations (e.g. ribo-
somal, endoplasmic reticulum and cytosolitc proteins). The
remaining 309 proteins were informatically filtered for features
associated with known nucleoporins (such as functional mo-
tifs, molecular weight and predicted secondary structure) (33).
Here we filtered our experimental data for sequences that
predict targeting to the endoplasmic reticulum and membrane
anchoring (either via a GPl anchor or a transmembrane
domain).

The contrasting approach of interrogating the entire ge-
nome sequence for cell surface localization on the basis of
bicinformatic prediction of membrane-association is not ap-
plicable to our question because ~15% of the parasite’s
predicted proteome (1465 proteins) have such features. To
define a predicted cell surface phylome, Jackson and col-

leagues (32) combined this approach with sequence cluster-
ing to look more specifically at those putative membrane-
associated proteins in multigene families. Of the 50 CSP
families present in 7. brucei, 20 are detected in the surface
proteome (supplemental Fig. S6). Particularly well-repre-
sented are Fam10 and Fam79 (supplemental Fig. S6), which
comprise proteins of unknown function for which we present
the first experimental evidence. For example, of the 7 mem-
bers in Fam10, five were detected in our dataset, and we have
demonstrated the surface association of one (ESP17). Sig-
nificantly, however, the majority of proteins (63%) in the
surface proteome are not part of multigene families (and
hence not part of the CSP), yet are bona fide surface-
associated proteins according to our validation experiments
(12 out of 18 ESPs). This highlights the strength of our joint
approach of sensitive, semi-quantitative detection and
bioinformatic filtering.

Extent of the Surface Proteome—The surface proteome
includes almost all previously characterized surface proteins
for T. brucei (albeit rather few in number), as well as hypo-
thetical proteins with predicted function as receptors, trans-
porters, channels and others. These data suggest that the
overall coverage of surface proteins in our high confidence set
is broad, although it is to be expected that it will not be
complete. A natural limitation of our approach is that it only
derivatizes surface components with regions of modifiable
polypeptide chain exposed to the extracellular space. This
excludes proteins solely associated with the cytoplasmic side
of the membrane. Hence, proteins modified by N-terminal
palmitoyl- or myristoylation (such as for the flagellum calcium-
binding protein calflagin (54)) are not expected to be present.
Such proteins were not the focus of this work, as our primary
objective was to gain knowledge of the molecular compo-
nents exposed at the host-parasite interface.

A more significant cohort of proteins that may be underrep-
resented in our surface proteome are those with few exposed
extracellular lysine residues. This may explain why aquaporins
2 and 3 (shown to localize to the FP and cell body membranes
of T. brucei (14)) are not present in the ToBSP. Neither is a
putative calcium channel protein (FS179/Tb927.10.2880) lo-
calized to the region of flagellum attachment to the cell (15)).
These proteins are multipass TM proteins and are predicted to
have limited sequence on the extracellular side of the mem-
brane (e.g. aquaporins have only three lysines predicted to be
extracellular, which may or may not be accessible to fluores-
ceination depending on the folding of the protein). A number
of transporters and channel-like proteins are present in the
surface proteome (10/175 proteins in totall—and validation
showed that five detected multipass TM proteins are indeed
surface-associated—but it is noteworthy that proteins with
predicted TM domains were under-represented in our prepa-
rations (Fig. 2).

Confidence of Surface Prediction—We believe that a spe-
cific strength of the present work is the robust validation.
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Alongside bioinformatic support, we also developed a genetic
toolkit to test a subset of 25 candidates for FP/surface local-
ization. The majority were true surface components (14 out of
23 detectable fusion proteins were present at the cell surface,
four found predominantly in endosomal compartments that
are likely to cycle to the surface in small amounts, whereas
five localized elsewhere in the cell). This suggests that our
surface proteome contains relatively few false-positives
(~22% at the >5X threshold, and likely far fewer at greater
enrichment values).

A number of ESAGs were present in our surface proteome
and were localized to the cell surface when tagged, compared
with only 1 out of 4 (ESAG12) not present in the TbBSP
(despite containing sequence characteristics that might have
suggested surface proteins). Although this is only a small set,
it does indicate that the levels of false-negatives in our anal-
ysis (i.e. proteins that should have been detected, but were
not) is also proportionally low. It is improbable that our surface
proteome contains all proteins resident at the parasite sur-
face, but results from localization of hypothetical proteins and
ESAGs indicate a high confidence for the 175 proteins iden-
tified herein.

One issue with the interpretation of localization data for
ESPs and ESAGs is in defining where the cell surface ends.
Most of the proteins tested were detectable by light micros-
copy at locations in the cell consistent with being the FP,
flagellum or cell body membranes. However, the plasma
membrane is highly dynamic and is in constant exchange with
components of the endosomal system. In trypanosomes, TfR,
ISG and VSG are all present in endosomes as well as at the
cell surface. It is thus possible that some of the TbBSP pro-
teins not localized to cell surface domains are still molecules
that are found transiently or in low abundance at the cell
surface. In mammalian cells it is common to find many pro-
teins cycling between the cell surface and early/recycling
endosomes, but proteins as “deep” as those found in lyso-
somes have also been observed on the surface (55-57). Afri-
can trypanosomes too have a transport route for newly syn-
thesized lysosomal membrane glycoproteins to exit the Golgi
and reach the lysosome via the FP (58), though the lysosomal
marker p67 may take a direct route that bypasses the FP
membrane (59). Hence, it may be biologically meaningful that
proteins such as ESP15 (a type | TM protein that localized to
the lysosome) is in the surface proteome, whereas p67 (also a
type | TM glycoprotein) is not.

Membrane Domains and Domain Maintenance—The few
surface proteins analyzed to date suggest the existence of at
least three biochemically distinct domains across contiguous
membranes, and emphasize the idea that individual proteins
can access one or more domains on the cell surface. For
example, TfR is restricted to the FP and endosomes, the
adenylate cyclase encoded by ESAG4 is present at the FP
and flagellum, and VSG is distributed across the entire sur-
face membrane and endosomal system. The work here con-

siderably expands these observations, showing that 8 ESAGs
and 14 proteins of unknown function localize to one or more
of three separate membrane domains: the FP, the flagellar
membrane, the cell body. Moreover, these proteins do so in
all possible combinations (with the exception of flagellar
membrane alone, which was not observed).

Our results support a model whereby trypanosome surface
organization is determined by control of access to any of three
membrane domains. The finding that only one surface protein
(ESP8) showed evidence of sub-domain localization suggests
that diffusion within each domain is essentially free for most
components. However, selective diffusion barriers or very
rapid transfer systems exist between these domains. Because
newly synthesized proteins are delivered to the FP, most
combinations could be produced by the “opening” of sym-
metrical barriers at either the base of the flagellum (to access
the flagellar membrane) or distal end of the FP (to access the
cell body membrane). Nonetheless, the existence of proteins
that are enriched in at just the cell body (ESP17, ESP18 and
ESAG2) or cell body plus flagellar membrane (ESAG11) sug-
gests that for at least some of the surface proteins the barriers
or protein movement must be asymmetric.

This model raises major questions with regards to the
mechanisms underlying protein sorting and retention in Afri-
can trypanosomes, and elucidating such mechanisms in any
cell type remains a formidable challenge. We considered that
common motifs within the primary sequence might be used to
target ESPs and ESAGs to their respective domains or enable
them to cross specific domain boundaries, but simple com-
mon signals were not found in our analyses. It is also clear that
gross protein architecture (e.g. GPl-anchor, type | TM, etc.) is
not predictive of domain localization, suggesting that the sig-
nals are encoded by more complex or protein-specific cues.

The barriers to protein movement on the cell surface are
likely to be contained in the structural features described at
the boundaries between the domains—the rows of intramem-
brane particles seen by freeze-fracture electron microscopy
forming the ciliary necklace at the junction of the flagellum
and FP membranes, and the junction of the FP and neck
membrane (60). The molecular identity of these particles re-
mains unknown, but a morphologically similar configuration
identified at the base of the mammalian primary cilium re-
quires the GTPase septin for retention of receptors in that
organelle (61). Alternatively, lipid composition, particularly that
able to accommodate the geometric constraints of highly
curved membrane sections (like that at the junction of the
flagellum and the FP) could act as barriers to protein move-
ment or as targeting signal. The distribution pattern of mem-
brane probes and GPIl-anchored YFP between the ciliary and
plasma membranes are consistent with lipid composition op-
erating in this manner (62).

For two trypanosome membrane proteins, lateral move-
ment between surface domains appears to be dependent on
protein abundance as well as identity. Over-expression of a
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membrane-bound acid phosphatase predominantly found in
endosomes causes it to re-distribute over the whole cell sur-
face (36). In a similar manner, TfR in excess of normal levels is
no longer retained in FP and endosomes, and escapes to the
entire cell surface (35). The relevance of such artificial over-
expression to endogenous protein targeting is uncertain, but
trypanosomes grown in serum with low-affinity transferrin
compensate by up-regulating the expression of TfR which, in
turn, escapes the FP (35). However, it is clear that surface
domain targeting in trypanosomes must be more complex
than just a saturable mechanism of FP retention, as has been
proposed for TfR, because we observe proteins with localiza-
tions specific to each individual domain, and combinations
thereof - including proteins excluded from the FP (e.g.
ESAG2), from most of the cell body (e.g. ESP8) or from the
flagellum membrane (e.g. ESAG10).

Unraveling the Host-Parasite Interface—With a cell body
entirely covered by ten million copies of a single glycoprotein,
cellular functions that would normally occur at the plasma
membrane of a typical eukaryotic cell are here concentrated
at the FP of trypanosomes. The restriction of endocytosis and
secretion to a focal point on the parasite surface allows for
invariant receptors, channels and transporters, and other sig-
naling molecules to be sequestered in an environment that is
protected from the attention of host defenses, whereas the
cell body membrane is mostly denuded of those proteins.
Sitting at the critical interface between host and parasite, it
is surprising that so few components of the FP have been
described prior to this study. The essential nature of receptors
such as TfR and HpHbR highlights the FP as an area of
vulnerability that could be exploited in a therapeutic context.
Our work has expanded this portfolio to 12 novel FP compo-
nents with proven localization and identifies a total of 175 in
the surface proteome, >50% of which are estimated to also
be FP proteins. Importantly, 60% of surface proteome com-
ponents cause a significant loss-of-fitness when knocked
down individually (50/83 genes covered in a large-scale RNAi
library screen (63)) compared with 42% for all genes (p =
0.001), showing that the TbBSP is notably enriched in genes
essential for growth in the bloodstream. Because these pro-
teins are mostly parasite specific and exposed to the extra-
cellular space, our surface proteome is a potential source of
drugable targets for disease treatment and control.

The high-confidence surface proteome described here
greatly increases our knowledge of the trypanosome surface,
and provides a significant resource against which hypothesis
about membrane protein sorting and retention might be
tested. Moreover, the methods we described are widely ap-
plicable to the study of cell membrane composition in human
pathogens in general; whereas the surface compartmentaliza-
tion is significant for understanding trypanosome biology and
an important paradigm for surface organization in other
systems.

Acknowledgments—We thank Ben Thomas (University of Oxford)
for help with semi-quantitative analysis of mass spectrometry data;
Jim Haseloff (University of Cambridge) for superfolder fluorescent
protein constructs; and Mark Carrington (University of Cambridge)
and Bob Lloyd (University of Nottingham) for access to fluorescence
microscopes. We also thank Catherine Lindon (University of Cam-
bridge), Flavia Moreira-Leite (University of Oxford), and David Horn
(University of Dundee) for critical reading of the manuscript.

* This work was supported by the MRC (project grant G0900255 to
CG and MCF), the Royal Society (research grant RG130195 to CG),
the BBSRC (new investigator award BB/J01477X/1 to BW), the Na-
tional Institutes of Health (PHS GM103314 and GM103511 grants to
BTC and WZ) and the Wellcome Trust (program grant 090007/2/09/Z
to MCF). Data are available via ProteomeXchange with identifier
PXD002180.

[S] This article contains supplemental Figs. S1 to S6 and Tables S1
to S3.

** To whom correspondence should be addressed: School of Life
Sciences, University of Nottingham, Queen’s Medical Centre, Not-
tingham NG2 7UH, United Kingdom. Tel.: 44-115-8230378; Email:
catarina.gadelha@nottingham.ac.uk.

During this project, Woods and Oberholzer (and collaborators) re-
ported on the localization of ESP8 (which the authors named FLA3)
and ESP10 (therein named FS133), respectively (15, 64).

REFERENCES

1. Morrison L. J., Marcello L., and McCulloch R. (2009) Antigenic variation in
the African trypanosome: i ic com-
plexity. Cell Microbiol. 11, 1724-1734

Burton D. R., Poignard P., Stanfield R. L., and Wilson I. A. (2012) Broadly
neutralizing antibodies present new prospects to counter highly antigeni-
cally diverse viruses. Science 337, 183-186

Engstler M., Thilo L., Weise F., Grunfelder C. G., Schwarz H., Boshart M.,
and Overath P. (2004) Kinetics of endocytosis and recycling of the
GPl-anchored variant surface glycoprotein in Trypanosoma brucei.
J. Cell Sci. 117, 1105-1115

Engstler M., Pfohl T., Herminghaus S., Boshart M., Wiegertjes G., Hedder-
gott N., and Overath P. (2007) Hydrodynamic flow-mediated protein
sorting on the cell surface of trypanosomes. Cell 131, 505-515

Allen C. L., Goulding D., and Field M. C. (2003) Clathrin-mediated endocy-
tosis is essential in Trypanosoma brucei. EMBO J. 22, 4991-5002

Garcia-Salcedo J. A., Perez-Morga D., Gijon P., Dilbeck V., Pays E., and
Nolan D. P. (2004) A differential role for actin during the life cycle of
Trypanosoma brucei. EMBO J. 23, 780-789

Bonhivers M., Nowacki S., Landrein N., and Robinson D. R. (2008) Biogen-
esis of the tr endo ic organelle is cy me-
diated. PLoS Biol. 6, €105

MclLaughlin J. (1987) Trypanosoma rhodesiense: antigenicity and immuno-
genicity of flagellar pocket membrane components. Exp. Parasitol. 64,
1-1

Grab D. J., Webster P., Ito S., Fish W. R., Verjee Y., and Lonsdale-Eccles
J. D. (1987) Subcellular localization of a variable surface glycoprotein

idylinositol-specific i C in African tr
J. Cell Biol. 105, 737-746
10. Olenick J. G., Wolff R., Nauman R. K., and McLaughlin J. (1988) A flagellar

and pt yp

»

«

>

L

o

N

®

©

pocket membrane fraction from 77 brucei im-
munogold ization and iant i Infect. Immun.
56, 92-98

11. Nolan D. P., Jackson D. G., Windle H. J., Pays A., Geuskens M., Michel A.,
Voorheis H. P., and Pays E. (1997) Characterization of a novel, stage-
specific, invariant surface protein in Trypanosoma brucei containing an
internal, serine-rich, repetitive motif. J. Biol. Chem. 272, 29212-29221

12. Salmon D., Geuskens M., Hanocq F., Hanocg-Quertier J., Nolan D., Ruben
L., and Pays E. (1994) A novel heterodimeric transferrin receptor en-
coded by a pair of VSG expression site-associated genes in T. brucei.
Cell 78, 75-86

13. Vanhollebeke B., De Muylder G., Nielsen M. J., Pays A., Tebabi P., Dieu M.,
Raes M., Moestrup S. K., and Pays E. (2008) A haptoglobin-hemoglobin

1924

Molecular & Cellular Proteomics 14.7

177



ASBMB

~
S

P~

MOLECULAR & CELLULAR PROTEOMICS

MCP

Proteomic Definition of a Host-Parasite Interface

by
©

receptor conveys innate immunity to Trypanosoma brucei in humans.
Science 320, 677-681

. Baker N., Glover L., Munday J. C., Aguinaga Andres D., Barrett M. P., de

Koning H. P., and Horn D. (2012) Aquaglyceroporin 2 controls suscep-

Rout M. P., and Chait B. T. (2009) Evidence for a shared nuclear pore
complex architecture that is conserved from the last common eukaryotic
ancestor. Mol Cell Proteomics 8, 2119-2130

84. Pedelacq J. D., Cabantous S., Tran T., Terwilliger T. C., and Waldo G. S.
(2006) Engineering and characterization of a superfolder green fluores-
cent protein. Nat. Biotechnol. 24, 79-88

35. Mi

tibility to and in African Proc.
Natl. Acad. Sci. USA. 109, 10996-11001
. Oberholzer M., Langousis G., Nguyen H. T., Saada E. A., Shi M. M.,

Jonsson Z. O., Nguyen S. M., Wohlschlegel J. A., and Hill K. L. (2011)

R., Janssen H., Calafat J., Engstler M., Ansorge I., Clayton C..
and Borst P. (2003) The expression level determines the surface dis-

Independent analysis of the flagellum surface and matrix
provides insight into flagellum signaling in mammalian-infectious
Trypanosoma brucei. Mol. Cell. Proteomics 10, M111 010538

Dean S., Marchetti R., Kirk K., and Matthews K. R. (2009) A surface
transporter family conveys the trypanosome differentiation signal. Nature
459, 213-217

Hertz-Fowler C., Figueiredo L. M., Quail M. A., Becker M., Jackson A.,
Bason N., Brooks K., Churcher C., Fahkro S., Goodhead |. et al. (2008)
Telomeric expression sites are highly conserved in Trypanosoma brucei.
PLoS One 3, e3527

Cross G. A., Kim H. S., and Wickstead B. (2014) Capturing the variant
surface gly in repertoire (the of Tr brucei
Lister 427. Mol. Biochem. Parasitol. 195, 59-73

Trudgian D. C., Ridlova G., Fischer R., Mackeen M. M., Ternette N., Acuto
0., Kessler B. M., and Thomas B. (2011) Comparative evaluation of
label-free SINQ normalized spectral index quantitation in the central
proteomics facilities pipeline. Proteomics 11, 2790-2797

of the receptor in Tr brucei. Mol. Mi-

crobiol. 47, 23-35

36. Engstler M., Weise F., Bopp K., Grunfelder C. G., Gunzel M., Heddergott N.,
and Overath P. (2005) The membranevbound histidine acid phosphatase
TbMBAP1 is essential for endocy and ycling in
Trypanosoma brucei. J. Cell Sci. 118, 2105-2118

37. Leung K. F., Riley F. S., Carrington M., and Field M. C. (2011) Ubiquitylation
and developmental regulation of invariant surface protein expression in
trypanosomes. Eukaryot. Cell 10, 916-931

38. Lips S., Geuskens M., Paturiaux-Hanocq F., Hanocg-Quertier J., and Pays
E. (1996) The esag 8 gene of Trypanosoma brucei encodes a nuclear
protein. Mol. Biochem. Parasitol. 79, 113-117

39. Hoek M., Engstler M., and Cross G. A. (2000) Expression-site-associated
gene 8 (ESAGB8) of Trypanosoma brucei is apparently essential and
accumulates in the nucleolus. J. Cell Sci. 113 (Pt 22), 3959-3968

40. Paindavoine P., Rolin S., Van Assel S., Geuskens M., Jauniaux J. C., Dinsart
C., Huet G., and Pays E. (1992) A gene from the variant surface glyco-

20. Nielsen H., Engelbrecht J., Brunak S., and von Heijne G. (1997) Identifica- protein expression site encodes one of several transmembrane adenyl-
tion of prokaryotic and eukaryotic signal peptides and prediction of their ate cyclases located on the flagellum of Trypanosoma brucei. Mol. Cell.
cleavage sites. Protein Eng. 10, 1-6 Biol. 12, 1218-1225

21. Nielsen H., and Krogh A. (1998) Prediction of signal peptides and signal ~ 41. Salmon D., Vanwalleghem G., Morias Y., Denoeud J., Krumbholz C.,
anchors by a hidden Markov model. Proc. Int. Conf. Intell. Syst. Mol. Biol. Lhomme F., Bachmaier S., Kador M., Gossmann J., Dias F. B. et al.
6, 122-130 (2012) y of Tr brucei inhibit the innate im-

22. Pierleoni A., Martelli P. L., and Casadio R. (2008) PredGPI: a GPI-anchor mune response of the host. Science 337, 463-466
predictor. BMC Bioinformatics 9, 392 42, Barnwell E. M., van Deursen F. J., Jeacock L., Smith K. A., Maizels R. M

23. Sonnhammer E. L., von Heijne G., and Krogh A. (1998) A hidden Markov Acosta-Serrano A., and N K. (2010) D
model for predicting transmembrane helices in protein sequences. Proc. and extracellular release of a VSG expression-site-associated gene
Int. Conf. Intell. Syst. Mol. Biol. 6, 175-182 product from Tr brucei forms. J. Cell Sci. 123,

24. Krogh A., Larsson B., von Heijne G., and Sonnhammer E. L. (2001) Pre- 3401-3411
dicting trar e protein top y with a hidden Markov model:  43. Rifkin M. R. (1978) Trypanosoma brucei: some properties of the cytotoxic

ication to J. Mol. Biol. 305, 567-580 reaction induced by normal human serum. Exp. Parasitol. 46, 189-206

25. Wirtz E., Leal S., Ochatt C., and Cross G. A. (1999) A tightly regulated  44. Hajduk S. L., Moore D. R., Vasudevacharya J., Siqueira H., Torri A. F., Tytler
inducible expression system for conditional gene knock-outs and dom- E. M., and Esko J. D. (1989) Lysis of Trypanosoma brucei by a toxic
inant-negative genetics in Trypanosoma brucei. Mol. Biochem. Parasitol. subspecies of human high density lipoprotein. J. Biol. Chem. 264,
99, 89-101 5210-5217

26. Melville S. E., Leech V., Gerrard C. S., Tait A,, and Blackwell J. M. (1998)  45. Xong H. V., Vanhamme L., Chamekh M., Chimfwembe C. E., Van Den
The molecular karyotype of the megabase chromosomes of Trypano- Abbeele J., Pays A., Van Meirvenne N., Hamers R., De Baetselier P., and
soma brucei and the assignment of chromosome markers. Mol. Pays E. (1998) A VSG expression site-associated gene confers resis-
Biochem. Parasitol. 94, 155-173 tance to human serum in Trypanosoma rhodesiense. Cell 95, 839-846

27. Jackson D. G., Owen M. J., and Voorheis H. P. (1985) A new method forthe ~ 46. Vanhamme L., Paturiaux-Hanocq F., Poelvoorde P., Nolan D. P., Lins L.,
rapid puri of both the bound and forms of the Van Den Abbeele J., Pays A., Tebabi P., Van Xong H., Jacquet A.et al.
variant surface glycoprotein from Tr brucei. J. 230, (2003) Apolipoprotein L-l is the try lytic factor of human serum.
195-202 Nature 422, 83-87

28. Grunfelder C. G., Engstler M., Weise F., Schwarz H., Stierhof Y. D., Boshart ~ 47. Roesli C., Borgia B., Schliemann C., Gunthert M., Wunderli-Allenspach H.,
M., and Overath P. (2002) Accumulation of a GPl-anchored protein at the Giavazzi R., and Neri D. (2009) Comparative analysis of the membrane
cell surface requires sorting at multiple intracellular levels. Traffic 3, proteome of closely related metastatic and nonmetastatic tumor cells.
547-559 Cancer Res. 69, 5406-5414

29. Marcello L., and Barry J. D. (2007) Analysis of the VSG gene silent archive ~ 48. de Miguel N., Lustig G., Twu O., Chattopadhyay A., Wohischlegel J. A., and
in Trypanosoma brucei reveals that mosaic gene expression is prominent Johnson P. J. (2010) Proteome analysis of the surface of Trichomonas
in antigenic variation and is favored by archive substructure. Genome vaginalis reveals novel proteins and strain-dependent differential expres-
Res. 17, 1344-1352 sion. Mol. Cell Proteomics 9, 1554-1566

30. Broadhead R., Dawe H. R., Farr H., Griffiths S., Hart S. R., Portman N.,  49. Niehage C., Steenblock C., Pursche T., Bornhauser M., Corbeil D., and
Shaw M. K., Ginger M. L., Gaskell S. J., McKean P. G. et al. (2006) Hoflack B. (2011) The cell surface pi of human
Flagellar motility is required for the viability of the bloodstream trypano- stromal cells. PLoS One 6, 20399
some. Nature 440, 224-227 50. Biller L., Matthiesen J., Kuhne V., Lotter H., Handal G., Nozaki T., Saito-

31. Colasante C., Voncken F., Manful T., Ruppert T., Tielens A. G., van Hel- Nakano Y., Schumann M., Roeder T., Tannich E. et al. (2014) The cell
lemond J. J., and Clayton C. (2013) Proteins and lipids of glycosomal surface p of Mol. Cell F ics 13,

es from Leis and Tr brucei. 132-144
F1000Res. 2, 27 51. Klein C. C., Alves J. M., Serrano M. G., Buck G. A., Vasconcelos A. T.,

32. Jackson A. P., Allison H. C., Barry J. D., Field M. C., Hertz-Fowler C., and Sagot M. F., Teixeira M. M., Camargo E. P., and Motta M. C. (2013)
Berriman M. (2013) A cell-surface for African tr Biosynthesis of vitamins and in trypano-
PLoS Negl Trop Dis 7, e2121 on the ioti iation as led by i

33. DeGrasse J. A., DuBois K. N., Devos D., Siegel T. N., Sali A., Field M. C., analyses. PLoS One 8, e79786

Molecular & Cellular Proteomics 14.7 1925

178



ASBMB

~
S

P~

MOLECULAR & CELLULAR PROTEOMICS

MCP

Proteomic Definition of a Host-Parasite Interface

52.

57.

59.

Roitman C., Roitman |., and de Azevedo H. P. (1972) Growth of an insect
trypanosomatid at 37C in a defined medium. J. Protozool. 19, 346-349
dos Santos A. L., Abreu C. M., Batista L. M., Alviano C. S and de Araujo

Soares R. M. (2001) Cell i and p in
Bl ithidia culicis: i of growth Curr. Mic
43, 100-106

Emmer B. T., Souther C., Toriello K. M., Olson C L., Epting C. L., and
Engman D. M. (2009) Identification of a

quired for protein sorting to the flagellar membrane. J. Cell Sci. 122
867-874

L tz J., and Fambrough D. M. (1986) Lysosomal membrane
dynamics: structure and i of a major
membrane glycoprotein. J. Cell Biol. 102, 1593-1605

Harter C., and Mellman |. (1992) Transport of the lysosomal membrane

glycoprotein Igp120 (Igp-A) to lysosomes does not require appearance

on the plasma membrane. J. Cell Biol. 117, 311-325

Saftig P., and Kl 1J. (2009) Ly is and
membrane proteins: trafficking meets function. Nar Rev. Mol. Cell Biol.
10, 623-635

Brickman M. J., and Balber A. E. (1994) Transport of a lysosomal membrane
glycoprotein from the Golgi to endosomes and lysosomes via the cell
surface in African trypanosomes. J. Cell Sci. 107 (Pt 11), 3191-3200

Alexander D. L., Schwartz K. J., Balber A. E., and Bangs J. D. (2002)

3

=3

3

2.

Developmentally regulated of the
tein p67 in Trypanosoma brucei. J. Cell Sci. 115, 3253-3263

Gadelha C., Rothery S., Morphew M., Mcintosh J. R., Severs N. J., and Gull
K. (2009) Membrane domains and flagellar pocket boundaries are influ-
enced by the in African trypar . Proc. Natl. Acad.
Sci. U.S.A. 106, 17425-17430

pro-

. Hu Q., Milenkovic L., Jin H., Scott M. P., Nachury M. V., Spiliotis E. T., and

Nelson W. J. (2010) A septin diffusion barrier at the base of the primary
cilium ciliary protein Science 329,
436-439

Vieira O. V., Gaus K., Verkade P., Fullekrug J., Vaz W. L., and Simons K.
(2006) FAPP2, cilium , and of the apical
membrane in polarized Madin-Darby canine kidney (MDCK) cells. Proc.
Natl. Acad. Sci. U.S.A. 103, 18556-18561

Alsford S., Tumer D. J., Obado S. O., Sanchez-Flores A., Glover L., Berri-
man M., Hertz-Fowler C., and Horn D. (2011) High-throughput pheno-
typing using parallel sequencing of RNA interference targets in the Afri-
can trypanosome. Genome Res. 21, 915-924

. Woods K., Nic a' Bhalrd N., Dooley C., Perez-Morga D., and Nolan D. P.
(2013) Identifi and ization of a stage specific membrane
protein involved in flagellar attachment in Trypanosoma brucei. PLoS
One 8, e52846

1926

Molecular & Cellular Proteomics 14.7

179



Awej-ued govS3(49)-22T-212d 919VVILIDIVIOVOV LYONIbeesd OVYVOD LI 1VO 19DV LIOVIDIINehbed Aiwej-ued govS3(4O)
Awey-ued 2/99vS3(49)-2/2T-212d OVVIIIVIDIILL 1DV 1VNIObEEID 99119109191119911119391ebbed  Ajwej-ued //99vSI(HD)

T uswbely YNy
Ajwrey-ued GOVSI(49)-22T-212d

Awej-ued y9vS3(49)-22T-212d DDIVODLOVVVYYLYDDD 1 ONIHBEedD 90999110V L1D91V1VvIdebbed Ajwej-ued yOVS3I(49O)
Awey-ued £9vST(49)-22T-212d 102101 1VIL1OVVYIVVYVLLDDONIBEEID  |VOVYVILIDDLIVYID1DDVOVDHIINebbed Alwrej-ued £9vS3(49D)
Awrey-ued 29vSI(HD)-22T-212d  1111DVODIVYVLIOOVILOVYVILNODEEID 9911900911V IOVLIVYVYOLY1997ebbed Awey-ued zovs3a(49)

019VOIL19VIIVOIVIIehIIedd 9OIVVLLOOVYVYVYIDDD1Idebhed T Ajiwej-ued gOVSI(Y9)

Alwey-ued TOVSI(H4D)-LLT-L12d  VIDO19OVILIOVOLID199DD13eHd3edD D99IVIDIVOL1D19D110937ebbed  Ajwej-ued TOVSI(YO)
d494s-2/1-212d V09 109VII9VI LY 110beedd VOLODVVYOLDDOVDIDIINebbed d494s
d499-//1-/12d 10119199999 1VDIOHI0EEdd 109VVI99DIVLOIVIDIFebhed dd499

10NJ1Su0) MPUIH/TeD) Jawiid asianay (ITHureg) Jawud premioH juswbely bunabie |

//T-/12d uo paseq s)onisuod IYNY

0011999191099 1 1 Veberdied 919VVYIOLOIVYVLIOVLL1DVDID136306696e] 440 0T9VS3

10-0T9OVS3I-9IsyH-siIsd
022111912VII9D 1VvIh0bhabe) VYOOI LDDIVVV LI LV 1VIIVVNIbeead d1N 0TOVvS3
VOVVILLL1I9D1DV1VVYI.LDDI6336bIbe) VOO LVYVOOVVYVVYLVVVYVYO LY.L 1V1Eebedjes 440 2/99vSs3

IN-2/99VS3-9JsyH-sIsd
111091VIIVVYVLL11110VD1vdd1ebbes 99OVOL11VIDD119VD11963066d6e] d1ln 2/99vS3
IN-SOYST-OJSUH-SISd VOOV LLOIVILDLIVVYIDL1D3630bbobe) 9IVLLIDDD1OVIOVID1DDIehe]doTed 440 $9VS3
. DIVLIDL119VOVIVVVVYOLID1DDI3Tebbes 9IVLO1VID 199DV IIIDIo6bIbe] d1N §OvSs3
10N11SU0) (reax/noN/iHweg) Jawud aslanay (TMPUIR/TeqX/NON) Jawud piemioo Juswbelq

9ISYH-SISd uo paseq s1onnsuod buibbel-449 snaoj-snouabopug

"9SBIIaMO| 18 YDd uoisny ul asn Joj aouanbas
pue salis uonolsal Buipoousa sbey sswud ‘yYN@ areidwal 01 Arejuswajdwod asuanbas sajedlpul asedladdn "Apnis Siyl ul pasn siawlld 'Z xipuaddy

180



1OVVYVYVYLL111091VI1IVVYVLL1111DVOlV1ledbbeeesebehnol VOOVVYOLYOVIOVIIVD Bunabuel g ||v
VOVIVIDDLDD09VLL DLVVOVVOVYVYOLILID111D091Y 1svg
Jawud asianay Jawud premioH 1onpolid

(LSv1g) swawbel ON

€-Z Wwawbely IvNY Ajjwey
-ued 0TOVS3(YO)-2.19-212d

G-Z Wawbel) IYNY Ajiwrey
-ued 6OVS3(Y9)-22T19-212d

90 1019VOVOVYOVIIORINEEID

90019VVIOVVIOOVIODLVY

OVO9O LD 1VVIDDDOVVIIDERID

VOOOL1VOOLVOOVOD
JVOI100191VIO0911L
119JVIOVOOIOVVIO

D0V 1OVI 199090V 1Orehhbimbnoehto

99 1VOVVYOOVIVOIL1DDIINebhes
109119V191992110961005e06120000)
V1VYV929VOD 10DV IOeedhhireseltesnh
VOOVVYVOVIDDLD1VY.1D9D6nohod10eIBoRE
00001119919201 1v331ebbes

€ Ajjwrey-ued 0TOVSA(YD)
Z Alwrey-ued 0TOVSA(YD)
G Alwrey-ued GOVSI(YD)
 Ajiwey-ued GOVYSI(YD)
¢ Ajiwey-ued gOYSI(49)
2 Aiwey-ued gOYSI(49)

10NJ11suo)d

(TPUIH) Jawud asianay

(THweq) Jawid premio4

awbely Bunabire

//79-/12d uo paseq s1onisuod IYNY

G VYOVIDI 12229V 1 19635eb63169 VOVYVILO191110291vOeberdes 1Svid
JVYVIOVIODLIVL111V11D9DEbeded V109VVIOO1VIODDVO 19jowoud YNa4 £2T-212d
10N11SU0D (TFsajmeqy) jewud asianay (reax/1yds) Jawud premioo 19npo.d

dems 6nup 22T-212d

Awej-ued z1OvVSIA(Y9D)-22T-212d

T uswbel) IYNY
Ajwey-ued 0TOVSIA(YD)-2LT-212d

VOVVOLLIOVOOVVYOOVOOVIILERID

9OV LVIV 19920V DDebTedn

99OVILLIVIVVIL1D19909VvdIebbed

Awey-ued zTOVSI(YO)

VOIIVILOIVIIVOLYIOTebbes T Ajwej-ued 0TOVSI(YO)

181



2e69BEEDOVVYID LOVVI LOVVVOVIVYVYOIIIDVVIVYIIV.LYLIOVVIOVYVYILYY.LIVOVIOOVILV.IDOVLIIOOVL
VOOOLILIVIVVVOVLIOLIDI91VOILDD0300OL111111VII099113VIOVLIVVYVIVYVYLOIOOVVOOIVIOOVIVVLIOILOLLIVL
VOVL11DD1119092VIDI9VIOLID1ODVVYILODLDIIVODILVYLIDVVYOIVLVLIVIVIVIOVIV.IDDL1OVY 1 voneeboee

Y.1n.gunde-oynd-.5asejopje-xoj+sgad VOOOYYYOYY — O09VVOV.IOVOOOVO Lviiobeered
d.LN.Eunoe-1Sy1g-Y1-59sejope-xo+sgd  LVOVLVOOLOV1vvibeoedd D202V190110991viobeees

MPUTH/TH093) 20|96
d1ln .G 9sejople + dxo|

d1n.€ unde + 0dNnd
dlN .g unoe + 1Svi1g-M1

(1001gb H1N .G 9Se|op[e + dXO0| YIM pauo|d) 10Nsuod (12dS) Jawiid asianay (MpuiR) 1awud premiod

1o9npo.d

(+) 11 S 1duosanigd uo paseq S1onsu0d ajeIpalaul OMald

19110V0991199111331ebbes JVOOOVOLOV.ID1 1011 1one1beadieorentmbo Bunabier & MNN OM
1OVVVI9DL1OVOOVVIVINI6E1000616) 00111001VV99 190 16ehd10oeh Bunabier .5 nNN O
9199919VI19993Jehbed VOVIVIVDIDDIMeIbebieorentmbo Bunabirer £ red/lIv OM

09100 1VVODIVIVI06e1009616) 90VI19919119vD16eb1d0eh Bunabiey G red OM
VOVVVV.1091991100VV1006e10006161 VOO LVVVLVI L1090 16endoeh Bunabirel S |1V OM
OOOVVVIVVLIVOV.IVIOLOVIVYD OVIOVIOOOV.LIDOV SYLN unoe yum 9AH
(THwreg) Jawud asionay (Toyx) 1awud premiod 19Npo.d

((+) 11 s 1duosanigd ol pauojo sY1N unde yum HAH) siuswbely OM

D9101VIVVVIOLVLIVIIVLD 99911 1JVVIIIIDVILIIIVIIIVVY1VO1eenbboeb6616) Bunabuel £ NNl
911 1VVYVVYVYVYLOV.1VYOOV.1DDD 11edbbeeesehehno] OVVOVLOVIOVLIVOIVLIVIIVIVVIVVLY Bunabuel g NN
IYVYVYVYDIIDILDIVVYIVO D911D111111VOVIVIVIODIOD1IV1VIvVOeenhbbtebh6h) Bunebiel g red/||v

DOVIVVLYVVYOVLVYVYOD1DD1edbheeesehehno] 99IVILODIDLIDVIL Bunabuey g red

182



MhOSATI-red/IIV.£ OM3ID

0911099919101 9b1erede

DOVVIIVIVIVOIIIBEIOE]D Bunabirey & hOSA-red/|IV .€

10NJ1Su0) (TSpN) Jowid asianay

(1ads) Jawud premioH

1onpoid

red/IIv.£ OMaI1) uo paseq S1onJ1suod & OMal1d

_MOSA-
fed/lv.e OMa1d

NINALE OM81D

led/IIv.£ OMa1D

091109991910 19beredse
9191091103019003633bb36e)
9111V11VVV1D2OVID11OVIOVIVObiereden
VOVYLVYVYOVIOVVYVYVYYLLOVYLIVVOI1VVYO19b336hobe)
11100V9000919 1 167ereden
OVOVOLLLVVVVOVVIVILIODVYHIDIILHIbe]

DOVVIIVIVIOVOODIbede  bBunabirey g hosa-red/|Iv
DOVVI9D109100brereded  Hunabuel g hoOSA-1ed/||v

9909VOLIOLOVOLLLIVIVVYVLL1iBeeR
VOOOVOLOVIODLIDOLL119]11Vhrerede
VOOVOOVLIVLLIVOLVIVVYVVVIODD 116e1de10
9901911111VVVLOVVYOVOOOhIereded

Bunsbiel g nin
Bunabuel s NN
Bunsbuer g red/|v
Bunsbuel . red/|v

19N1SU0) (INON/19PN) Jowiud asianay (19pN/12ds) Jawind premio- 19Npo.d
d.1N.£unde-0dnd-.gase|ople-xo+Sgd uo paseq S1onisuod £ OMa1D

T 091191VOVLIV1DDVIVIOhereden VOVVLLOOVID1D1VOVY LD 1VYIOV1vDdJeihbee) Bunabiey € ninA
JVVIOVV.19O9 LOVVIDIVYIneehol 19VVY100V209L1109 1beredeln Bunsbiel s NN

fed.S~OMI5 J1V19V910111VYOVIDI L9V Lbrereder D09OVYVOVODLVYOLVLV.LL1V1IDDIIEIBheE) Bunabuey g red
L11D110V1911000VVOVI 1Y 1o1eebo) V09 .10091009Vvhiereden Bunabiey g red

.S ONRI 00D2VLLV119291010vhiereden 19999VI9VOVVYDIIeIbbee) Bunabirey g |Iv
VOOVOVIVVIVVVVYIO LYOINeeho) 191910V90191V.111vDD 1 1breresen Bunabrey g |Iv

1oNNSU0D (19023/19pN) Jawid asianay (TepN/Iudy) Jawnd premio4 19Npo.d

d.LN.eunoe-1Sy1g-y 1-5ase|jope-xoj+Sgd uo paseq spnisuod . OMa3I0

183



19101119VI1VII9O199
9011VIO9O1009V1O09091L
O19V1IOVIVIO1O91123D
99DIJVIVVLDIDID1IVO
J19VLIOVIOVOLO9D1102D
992IJVIVVLIIDID1IVD
O19V1IOVIVIO1O91123D
990IVIVVLODI1IVI

OVIOLLIVO1OVIID9DD

9110VOI9101VVVIOOLlVY

OVOVI1LIOID1DI09VIVD

1191VVOOOVVYIODI19D

VOL1OVVOVOLOI1VIVIOD
OV191010VI9I0dvVI91D

1OV1IVOO9OIVIODIOO
100VVO9OOL111109VVIVVYVIL

199111300191 191919

1919191119021 11VVVLI1O9V

91011991993V1IO1019

OOV 199OVILVIOVVVLIVYVIO
00901001V19VvVOl1OL
OOV199VI1VOOVVVLIVVIO
00901001V19VvVOloLl
VYVOVL19109VIOIVIOOLVD
VOLVO1O9O111VODL19OVIL
VYVOVL1I9O1D09VIOIVIOOLVD
VOLVO1lO9111VODLI9VIOL

VVOLVOO1lV1IOO1IVIOOIV

(‘9.1 2inb1d) TZTOSA

(‘9.1 21nb1d) TZZOSA

(9 + /4 VST ainBi4) onsoubelp £'89vST pabbel-d49
(SY + /4 VST a4nbid) jonuod £'89vSs3 pabbel-d49
(94 + 94 'VST 2.nbid) onsoubelp z'8OvSsT pahbel-d49
(SY + 94 VST a4nbid) jonuod Z'g9vSs3 pabbel-d49
(9 + 54 "VST 2InBi4) onsoubelp T°8OVS3 pabbel-d49
(G + G4 "VST ainbi4) (0102 T'8DVST pabbel-d49
(Y + ¥4 "VYST 2inBi4) onsoubelp z'yoOvSs3 pabbel-d49
(Y + €4 'VST 2inbi4) |01U0d Z'¥OVST pabbel-d49
(€4 + ¥4 "vST @inbi4) onsoubelp T yoOvS3 pabbel-d49
(€4 + €4 'VST 2inbi4) |01U0d T ¥OVST pabbel-449
(24 + z4 VST 2Inbi) onsoubelp z'€ovS3 pabbel-d49
(¢ + T4 VST ainbi) [0nuod g'e€DVST pabiber-d49
(TY + 24 'VST 2inbi4) onsoubelp T'€ovS3 pabbel-d49
(TY + T4 'VST 2inbi4) |01U0d T'£9VST pabbel-449
(2d + T4 'veT ainfid) 29vS3 pabber-d49

(TY + T4 "veT ainbid) 99vS3 pabbel-d49

Jawid asianay

Jawud premio4

Juswbelq

d0d dnsoubelg

184



10991001VO1119VI9 9109VVOILVOOVIOVVYLY VCZOSA
19101119VI1VID9D199D 19V1IIVOIOIVIODIOD TZCTOSA
O9OVOLL10991191191109 100VVOOOL111109VVOVVYVOL TZZOSA
11099922VIOO9VLL O09OVVIV1IOVOOIVOLY odnd
YOVOVOOD102009VLL O1VVOVYVOVVOLOLIO1110091V 1svid
YOOVO9OI10029111D 9DIJVILIOVVOLIODOVVYVVVOLY OAH
9O091VIIVIVIOILVILIOVIVIOD 109VOVVYOIOOIVVVIOIO dd9Ils
091VvIOI192109VIVLIOLL VYOL19109VOOVIIOD d499
Jawud asianay Jawud premio agoid

saqoud 10|q uIBYINOS

185



I

Actin 5'

\
ColE1 origin
HYG
=—AmpR . _ o
pSlS-Hhst PFR2 intergenic
5524 bp
Signal Peptide ~. ——
Hindlll (1540)
HA~
Avrll (1636)
Aldolase 3'

I

Xbal (2473)
BamHI (2493)

Notl (284)

/
/

\ 177-targeting

ColET origin T7 terminator
T7 terminator BamHI (1049)
Tet-O .
RNAI
—_— targeting ==
AmPR fragment
p2T7-1 77 Hindlll (1512)
5738 bp Tet-O — Clal (1518)
T7 —

T7 terminator ~

~

T7 terminator

rDNA promoter

Actin 3' BLEO

\

Sphl (2069)

Rsrll (2894)

186



Notl (284)

177-targeting

\

ColE1 origin T7 terminator

T7 terminator

BamHI (1048)
7= \/

Tet-O

“~AmpR RNAI
targeting =

p2T7-B1 77 fragment
6028 bp

Tet-O ~ Hindlll (1808)
T7 Clal (1814)

T7 terminator,
T7 terminator

rDNA promoter
BLAST

Actin 3'

Sphl (2365)

Rsrll (3187) Xbal (2786)

Kpnl (653)
EcoRI (701)

F1 ori

AmpR Hindlll (937)

loxP
Aldolase 5'

pBS+lox-aldolase5'-TK-
BLAST-actin3'UTR
— ColE1 origin 5005 bp

Actin 3'

Notl (2781)  Spel (2769)

187



F1 ori Kpnl (653)
EcoRI (701)
~
AmpR
LoxP/
Aldolase 5' = _
Hindlll (937)
pBS+lox-aldolase5'-
PURO-actin3'UTR
4099 bp
PURO_
/CO|E1 origin
Actin 3'

Notl (1875) Spel (1863)

/ Kpnl (653)
F1 ori EcoRI (701)
AmpR Vs
LoxP

Hindlll (937

Aldolase 5' - Al Esn
pBS-CreKO_3'
4488 bp
P ColE1 origin
Actin 3'
3' targeting

5' targeting \

|

Spel (1863)

Ndel (2055)
Notl (2264)

188



AmpR

- ColE1 origin

Notl (3150)

Kpnl (653)

/

F1 ori

Ndel (860)

3' targeting 7
EcoRI (1070)
5' targeting ~

LoxP™™

Aldolase 5' =
Hindlll (1306)

pBS-CreKO_5'
5374 bp

Actin 3'
BLAST

Spel (3138)

Appendix 3. Maps of constructs used in this study. Restriction enzymes used to produce

constructs are shown.
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Appendix 5. ESAG6 and ESAG7 share a high degree of sequence identity. Nucleotide
sequence of ESAG6 and ESAG7 from BES1 was used to produce a dot plot (MAFFT).
Schematics of ESAG6 and ESAG7 are shown adjacent to dot plot axes. Targeting fragments
used in the ESAG6 N-terminal tagging construct are highlighted. Diagram drawn to scale.
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Appendix 7. GRESAGs targeted by pan-family RNAi fragments

(GR)ESAG Pan-family RNAIi fragment

family 1 2 3

Th927.1.4870
Th927.1.4910
1 Th927.1.5120
Th927.3.5830
Th927.9.660

Th927.1.2040
Th927.1.4890
Th927.1.5100
Th927.3.2510
Th927.3.570
2 Th927.6.470
Th927.6.500
Th927.6.540
Th927.9.7330
Th927.9.7410
Tbh11.01.6240

3 Th11.v5.0752
Th927.10.16190

4 Tpe27.11.17040
Th927.9.15890
Th927.7.6860  Th09.v4.0016 Th927.5.340
5  Tb11v5.0826 Th09.v4.0107 Tblly5.0282 '0927.2:1920 Tb927.4.810
Th11.v5.0463
o7 Tb927.7.3250

Th927.7.3260
8 N/A

Th927.8.3620  Tbh927.1.2820
10 Th927.8.3630  Th927.1.2850 Tbh927.10.9080
Th927.8.3650  Tbh927.1.2880

12 Th927.7.7510

Pan-family RNAI fragment 1 targets all ESAGs of the indicated family as well as GRESAG
genes in all except (GR)ESAGS. Greyed out cells indicate the lack of use of additional RNAI

fragments.
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(GR)ESAGS5

¢ Th927.4.810

Tb11.v5.0463
[ '! Tbh09.v4.0016
Th927.9.15890

LO Th09.v4.0107

® Th11.v5.0282

¢ Th927.5.340

® Tb927.2.1920
‘ Th927.7.6860
Th11.v5.0826
Tbh427.BES98.3

Tb427.BES5.3
Th427.BES28.5

(GR)ESAG10

Tbh427.BES15.4
Tb427.BES4.3
Th427.BES29.4
Th427.BES153.4
Tb427.BES65.3
Tbh427.BES56.4
Th427.BES126.4
Tb427.BES59.4
Th427.BES51.4
Th427.BES134.4
Th427.BES10.3

Tbh927.1.2820
I[ Th927.1.2850

l Th927.1.2880

® Tb927.10.9080

——e Th927.8.3620

£Tb927.8.3630
Th927.8.3650

—e Th427.BES134.1

Th427.BES153.1

Tb427.BES126.1

Th427.BES29.1

Th427.BES15.1

Th427.BES59.1

Tb427.BES56.1

| Fragment 5

Fragment 2

Fragment 3

| Fragment 4

Fragment 1

Fragment 2

Fragment 3

Fragment 1

Appendix 10. Pan (GR)ESAG5 and (GR)ESAG10 family knockdown requires multiple
RNAI fragments for full coverage. Neighbour-joining hierarchical clustering of (GR)ESAG5
and (GR)ESAG10 family DNA sequences. Generated using MAFFT and Phylo.io 1.0.0 with

the Jukes-Cantor substitution model.

Based on 1316 and 1318 conserved sites in

(GR)ESAGS and (GR)ESAG10 sequences, respectively. Genes targeted by different RNAI
fragments required for pan-family knockdown are shown.
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Appendix 11. Pan-family RNA fragment 1 mediates ablation of GFP-ESAG5 or
ESAG10-GFP, but does not induce growth defects. A, Immunoblot of whole cell lysate
from GFP-tagged ESAG5 and ESAG10, and derivative GFP and pan-family RNAi fragment 1
RNAI lines, shows ablation of chimeric protein in both cases. RNAI lines were grown in the
absence (-) or presence (+) of tetracycline for 24 hours to induce RNAI. Parental VSG121-
positive SmOx sample is included as a negative control. Chimeric protein detected with
monoclonal anti-GFP antibodies. Expected approximate chimeric protein sizes (post signal
peptide sequence cleavage): GFP-ESAGS5, 82 and ESAG10-GFP, 105 kDa. Nitrocellulose
membrane stained with Ponceau-S provided as a loading control. B, Growth of GFP-tagged
ESAGS5 and ESAG10 lines, and derivative RNAI lines was monitored for five days. Neither
GFP nor pan-family RNAIi fragment 1 RNAI induce growth defects. Parental, GFP RNAIi and
pan-family RNAi fragment 1 cultures are shown in blue, green and red, respectively. Cultures
containing tetracycline are shown with a dashed line, absence of tetracycline is indicated by
a solid line. Arrowheads indicate which day cultures were diluted into fresh media to maintain
log-phase growth.
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Appendix 12.

Professional Internships for PhD Students
Reflection Form

Name of Organization

Warwick Ventures

Details of Placement
Please describe your main activities during the placement.

| was tasked with producing a report outlining how the Research Excellence
Framework 2014 (REF2014) attributed impact in the History Unit of Assessment
(UOA), as well as assisting Warwick Ventures Business Development Managers in
their roles supporting and developing spin-out companies from the University of
Warwick. | worked with a humber of the University’s spin-out companies in various
roles, these included producing marketing materials, undertaking market research,
planning a new lab facilities and liaising with consultants and academics to
communicate my findings.

Warwick Ventures wished to understand how the REF2014 History panel attributed
‘impact’ to case studies from this UOA, by understanding this they aim to be able to
provide better support to the University, to improve in this category for the next REF
assessment. The findings of my report detailed how case studies reporting
contributions to media productions and publications that generated wealth, and
reached a wide audience, received very high impact scores. | suggested that
identifying specific academics or projects whose research could be developed to
provide such outcomes should be a focus for Warwick Ventures.

Placement Achievements
Please detail all outcomes from the placement, including any publications,
presentations given and reports written etc.

The report | generated into how the REF2014 attributed impact to History case
studies was the most significant output of my time at Warwick Ventures. To produce
this report | needed to extract information from a representative set of case studies
from the History UOA, with a variety of impact scores. This included designing the
study, deciding what information was needed, how to go about collecting this, and
then critically analysing the data.

| produced marketing materials for a spinout company, VirionHealth. These included
a datasheet that was presented to potential investors. A plan was put together
detailing specifications, equipment and construction works required to relocate Stoli
Catalysis to new premises. This required a great deal of research and input from
consultants. Finally, | undertook preliminary marketplace research into therapeutic
cyclic peptides, for a promising future University spin-out company. GlobalData and
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Espacenet databases were mined for current and trial drugs of this class, including
patents, which were compiled to provide to an external consultant to conduct further
research.

Skill development
Has this Placement helped you developed any new skills or enhanced your previous
skill set?

The placement allowed me to apply a number of skills | have learned throughout my
academic career, but mainly the PhD, to different and unfamiliar situations.
Conducting research and handling datasets are not new skills for me, but the
placement highlighted to me that these can be used outside of my day-to-day work
in the lab, and have probably been enhanced the experience. Designing how to
assess the REF2014 case studies was practice in experimental design, again
something | am used to, but not in the context | had to apply this skill during the
placement.

New skills include searching GlobalData and patent databases, which | had no
experience using. | also had to interact with a number of academics and consultants
that work outside of my field, which has increased my confidence.

Future Work
Has this Placement influenced your future career aspirations? If so, in what way?

The placement has not influenced my career aspirations.
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