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ABSTRACT

African trypanosomes can survive prolonged exposure to the immune responses of
their mammalian hosts by constantly changing the variant surface glycoprotein
(VSG) expressed in their surface coat in a process known as anligenic variation.
Each parasite has a repertoire of approximately 1000 silent ¥SG gencs, which are
expressed differentially. The VSG genes are expressed exclusively at specialised
transcriptional units known as the bloodstream expression sites (BESs).
Approximately 20 of these sites exist in the trypanosome nucleus, although only one
is maximally active at a time, cnsuring that a single VSG is expressed in the
parasite’s surface coat. VSG switching is mediated by replacing the VSG gene in the
active BES, or by silencing the active BES and initiating transcription from a new
BES.

Investigations into trypanosome antigenic variation have described scveral different
VSG switching mechanisms, although the majority of these studies were performed
with laboratory attenuated trypanosome lines. Following repeated syringe
passaging, these “monomorphic” lines have lost the ability to differentiate from the
proliferative bloodsitream form. Under normal circumstances these trypanosomes
cannot be transmiited by the tsetse fly and do not develop through their life cycle. In
addition, monomorphic trypanosomes display a marked reduction in their VSG
switch rates, which are up to 4 or 5 orders of magnitudc lower than those of non-
adapled lines (Twmer, C.M.R. and Barry, I.D. 1989. Parasitology 99: 67-75; Turner,
C.M.R, 1997. FEMS Microbiol. Lett. 153: 227-231). This raises questions about
the significance of the switching mechanisms observed in these lines. It has been
proposed that non-adapted, or pleomorphic, trypanosomes normally have an active
VS8G switch mechanism, involving gene duplication, that is depressed, or from which
a component is absent, in monomorphic lines (Barry, J.D. 1997. Parasitol. Today 13:
212-218). The main aim of this thesis was to ¢xamine this hypothesis by analysing
the switching mechanisms used during V8¢ activation during the early stages of a
chronic, pleomorphic infection. Additionally, this investigation examined the
chromosomal environment of the basic copy VSG genes, to delermine whether a

chromosome position effect influenced the carly order of ¥SG gene expression,




The majority of the work presented in this thesis was derived from a single rabbit
mfeclion using ILTat 1.2 pleomorphic trypanosomes, which display a switch rate of
1 x 107 switches/cell/generation (Turner, C.M.J. 1997. FEMS Microbiol. Lett. 153:
227-231). In total, 88 trypanosome clones were isolated from this infection, and it
was subsequently discovered, by immune lysis assay, that they represented 11
distinct variable antigen types (VATs). To examine the reproducibility of the timing
of expression, a further three JLTat- 1.2 infections were undertaken in new rabbit
hosts and these infections displayed a gencrally reproducible pattern of VAT
appearance. Genomic DNA from a representative of each of the 11 VATs was then
isolated and separated by pulsed field gel electrophoresis (PFGE), or digested with
HindlIll, EcoRI or Psil, and size fractionated on agarose gels. After Southern
bloiling, the fillers were probed with VAT specific full-length cDNAs, to establish
the copy number, chromosomal location and the method of activation of each of the
11 ¥SG genes. This analysis revealed that duplicative events predominated during
the early stages of infection, with at least 9 (possibly 10) of the VSGs becoming
activated by this mechanism. Only 1 VAT had activated its VSG gene by the
transcriptional switch that accounts for 2/3 of the switching events obscrved in the
carly stages of monomorphic infections (Liu, A.Y.C. er al. 1985. J. Mol. Biol. 167:
57-75). At least & (and probably 10} of the activated VSGs originated from
telomeric [oci, while there was only 1 example of duplication from a chromosome
internal site, where most VSG genes reside, and this occurred in the second relapse
peak. PFGE delermined that 6 VATs possessed minichromosomal silent copies of
the respectively expressed VSG, and it appeared that these donors were preferentially
utilized in the duplicative events. The upstream flank from one of these
minichromosomal donors was cloned, and it appears that the duplication boundary
delimits at the 70 bp repeat region, which is located upstream of most VSG genes. A
smaller single relapse study was also inilialed using the rapidly switching
pleomorphic line, ILTat 1.61c, which switches at 3 x 107 switches/ cell/gencration
{Tarper, C.M.J. 1997. FEMS Microbiol. Lett. 153: 227-231). This yielded only one
analysable product, which was one of the same 11 genes observed in the rabbit
tnfection, and was activated by duplication from a minichromosomal basic copy.

In swinmary, it appears that, during the early stages of inlection, trypanosome
antigenic variation is predominated by duplicative transposition of telomeric ¥SGs,

many of which reside on the minichromosomes. These results contrast strongly with




the outcome of analyses of monomorphic trypanosomes, which utilize several
different switching mechanisms, and most commonly display transcriptional
switching during the early stages of infection. The work presented in this thesis
therefore supports the hypothesis of a dedicated duplicative switching mechanism

that is reduced in (or even absent from) laboratory adapted, monomorphic lincs,
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CHAPTER 1

INTRODUCTION



1.1 General introduction

Trypanosomes are unicellular, uniflagellate protozoans, of the order kinetoplastida,
that diverged early during eukaryotic evolution, and consequently display differences
in their genetics and metabolism when compared to higher organisms (Cross,
1990a). Several trypanosome species, including Zrypanosoma brucei, T. evansi, T.
equiperdum, T. congolense and T vivax (collectively termed the African
irypanosomes), are exfracellular parasites that proliferate in the tissue fluids,
capillary beds and vascular system of their mammalian hosts (Vickerman, 1985).
Although these infections remain sub-clinical in much of the vast reservoir of
African wildlife, high-level parasitaemias arise in non-indigenous domesticated
cattle, resulting in decrcased productivity and cven death. High parasitaemias are
also responsible for the severity of acute human sleeping sickness; this disease,
which 1s caused by certain variants of 7. bruce:, is generally fatal if left untreated. 7.
brucei is now considered to comprise two morphologically indistinguishable
subspecics, which are identified by their differences in host range and associated
pathologies (Borst et gl. 1981; Tait er al. 1985; MacLeod, 1999). One of these
subgroups possesses two host range variants, 7. brucei brucei and 7. b. rhodesiense.
The first variant, T. b. brucei, causes Ngana (meaning “loss of spirits” in the Zulu
language) in cattle and also infects a wide range of the African wildlife, but this
variant 18 not resistant to human serum. However, T. b. rhodesiense, the second
variant, is resistant to human serum and is the causative agent of the acute form of
human sleeping sickness. The second subspecies, 7. b. gambiense, is also
responsible for human sleeping sickness, but produces the chronic forin of the
disease.

In Africa, trypanosomes are transmitied between hosts mainly by an insect vector,
which in the case of T, brucei (and indeed most of the African trypanosomes) is
Glossina, the tsetse fly. The life cycle of 7. brucei is illusirated in Figurc 1, and is
characterized by a succession of different forms adapted to the varied environments
the parasite encounters (Vickerman, 1985). In the mammalian bloodstrcam, the
slender form of the parasite divides and cannot engage in oxidative phosphorylation,
since mitochondrial functions are repressed. Instead it relies on aexobic glycolysis,

metabolising glucose to pyruvate, inside specialised organelles termed glycosomes.




As an infection progresses, the population becomes increasingly pleomorphic,
consisting of the slender dividing form, intermediate forms, and the non-dividing
short stumpy form, pre-adapted to transmission in the fly. All of these bloodsiream
types are covered by a coal which is made from a characteristic surface protein, the
VSG (variant surface glycoprotein) (Overath et ¢l. 1994), which shields the parasite
from the mammalian host’s immune system. Once ingested by the fly, the stumpy
trypanosomes quickly differentiate into the actively dividing non-infective procyclic
form, in which the VSG coal is replaced with one composed of procyclin (Roditi and
Pearson, 1990). A recent study (Van Den Abbeele ef al. 1999) has demonstrated
that the number of T. brucei parasites in the tsetse midgut falls dramatically over the
first few days following the infective bloodmeal. In this investigation, the authors
estimated that about 7.5 x 10° trypanosomes were ingested during the bloodmeal,
and demonstrated that after 3 days the parasite number of the population had
dropped over 3 arders of magnitude to 1-2 x 10° individuals. The remaining parasite
population, consisting of transformed procyclic trypanomastigotcs, was shown to
expand rapidly over the next 3 days, until the number of midgut parasites stabilised
at 2-5 x 10° parasites; this population size remained constant throughout the last 18
days of the observation period.

During the population expansion within the midgut, the proeyclic cells move from
the posterior towards the anterior madgut, while their morphology becomes
progressively elongated (Van Den Abbeele et al. 1999). The end-point of this
midgut colonization is indicated by the presence of a long trypomastigote form,
referred to as mesocyclic cells (Vickerman, 1985), which occur in the antcrior
midgut near the proventriculus; (Vickerman, 1985; Van Den Abbeele ef al. 1999).
This mesocyclic trypomastigote form then enters the proventriculus, changing into
longer (post-mesocyclic) cells, which begin to replicate their DNA from a diploid to
a tetraploid state, and migrate to the foregut and proboscis (Van Den Abbeele ef al.
1999), Instead of entering mitosis immmediately, the (tetraploid) long trypomastigote
form differentiates into a long epimastigote cell (with no loss of genetic material)
and it is suspected that this stage migrates to the salivary glands (Van Den Abbecle
et al. 1999). The long epimastigote cell then divides asymmetrically generating two
morphologically distinet (diploid) daughter cells, the long and short epimastigote
forms (Van Den Abbeele ef al. 1999), The short epimastigote trypanosomes then
attach to the epithelial cells of the salivary glands where they multiply rapidly; the




fate of the long epimastigote stage has not been determined, although it is possible
that it does not develop any further and dies (Van Den Abbeele er al. 1999).
Development then progresses through a non-dividing intermediate stage, the nascent
metacyclic (Vickerman, 1985), when the parasites begin to re-express the VSG coat,
before transforming into infective metacyclic trypanomastigote cells, which are

transmitted back to the mammalian host when the fly feeds.

TSETSE FLY

Figure 1. Simplified life cycle of T. brucei (adapted from Vickerman [1985]). The VSG coat is
indicated in the metacyclic, long slender and short stumpy stages by a thicker outline of the
trypanosome. The long slender, procyclic and epimastigote stages are proliferative, while the short
stumpy and metacyclic stages are non-proliferative. Procyclic trypanosomes reside in the tsetse

midgut, while the epimastigote and metacyclic stages occur in the salivary glands of the fly.




1.2  Antigenic variation

The African trypanosomes are extracellular parasites, which exposes their surface
molecules to attack from the immune system of their host. As mentioned before, the
bloodsiream form cells are protected by a VSG coat, which masks the underlying
surface antigens and inhibits the non-specific immune mechanisms of the mammal
(Overath et al. 1994). However, the coat itself is highly immunogenic and provokes
an antibody mediated response, ultimately leading to the destruction ol the
trypanosome. To prevent total climination of the infecting population, the parasites
has developed the ability to vary the VSG expressed in their surface coat using a
mechanism known ag antigenic variation (for recent reviews see (Cross, 1996; Barry,
1997a; Borst et al. 1998; Cross ¢f al. 1998)). A single African trypanosome can
potentially produce at least 100 antigenically novel surface coals (Capbemn et al.
1977), and it seems likely that this is a conservative representation, with an cstimatcd
1000 VSG genes available in the parasite’s repertoire (Van der Ploeg et . 1982). Tt
therefore seems clear that, with such a vast capacity for variance, the infection can
remain for prolonged periods in the bloodstream of the mammalian host. However,
studies performed on cattle have revealed thal chronic infection can cventually lead
to the animal visibly climinating the trypanosomes from its bloodstream (Nantulya et
al. 1984; Nantulya et al. 1986; Barry, 1986). In these cases, the animals displayed
no further clinical symptoms of discase and appeared resistant to subsequent
infections from the same irypanosome serodeme (Nantulya et «l. 1984; Barry, 1986).
This phenomenon, known as “self-cure”, is associated with the host exhausting the
parasite’s repertoire of V8G coats, resulting in acquired immunity to subsequent
trypanosome chailenges.

Antigenic variation enables the trypanosome to avoid immune-destruction and
therefore prolong the infcction period. The selective benefit from this strategy is
obvious, since the probability of the infection being passed to a new host by the
tsetse vector is directly dependent on the time that the population can survive within

the bloodstream,
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1.3 Structure of the VSG coat

In bloodstream form trypanosomes the dense VSG coat completely encompasses
the surface of the cell membrane, associating as tightly packed dimers (Overath ef al.
1994) (Figure 2). This molecular arrangcment appears to thwart complement
activation (Ferrante and Allison, 1983), while preventing other non-humoral
molecules from reaching the cell membrane, and shields the invariant surface
molecules (which probably do not penetrate far into the coat) from immunoglobulin
(Ig). However, low molecular weight compounds are small cnough to pass between
the VSG molecules and reach transporters on the membrane. T.arger host macro-
molecules, some of which arc required for trypanosome metabolism, are also
excluded from the membrane surface. Recepiors for these molecules are contained
within the flagellar pocket (see Figure 3) (Coppens ef al. 1988; Grab er al. 1992,
Webster and Russel, 1993), which is readily accessible to large protein complexes
and Ig, but not the cellular arm of the host immune system (Borst, 1991a). [t has
been suggested (reviewed in Borst and Fairlamb, 1998) that humoral immune
responses to these invariant proteins may not be especially effective, since the
antibodies could be cleared from the flagellar pocket by endocytosis.

Each VSG monomer contains about 400-500 amino acids (Carrington ef af. 1991)
and consists of two domains separated by a “hinge” region; (Johnson and Cross,
1979; Carrington et al. 1991). The amino-terminal domain constitutes two-thirds of
the molecule and represents the epitopes accessible to host antibodies. This region
displays an enormous variation in its amino acid sequence, sharing only 13-30%
sequence identity between VSGs (Miller et al. 1984, Carrington et al. 1991).
However, some amino-tetmainus homology has been discovered between VSGs
originating from the same serodeme (Olafson ef @/, 1984), and also between
immunologically distinct VSGs (Barbet, 1985); it has also been demonstrated that
cysteine residucs are conserved within this region (Cross, 1984).  Further
homologies were revealed when Carrington ef «f. (1991) aligned the amino acid
sequence of 19 VS8Gs in the context of canserved patterns of cysteine residues. The
authors discovered that the amino-terminal domains ot these VSGs could be divided
into 3 distinct classcs (typcs A, B and C). Despite differences in amino-terminus

sequence, the individual VSG molecules appear to fold into a similar three-




dimensional stracture, which has been determined for two VSGs by X-ray
crystallography (Blum ef al. 1993).

A higher degree of sequence similarity between VSGs is displayed in the carboxy-
terminal domain, which consists of one or two tightly folded subdomains (Allen and
Gurnett, 1983; Carrington ef al. 1991). The greatest homology within this region
occurs in the SO amino acids closest to the carboxy-terminus (Matthyssens et al.
1981; Rice-Ticht et al. 1981), and the work of Carrington ef af. (1991) identified
four classes (types 1-4) of cysteine residue (and glycosylation site) arrangement
within this domain. Additionally, different combinations of the various amino and
carboxy-terminal domains were detected in this study, with the amino-terminus
classes A and B associating with each of the carboxy-tcrminal classes 1,2 and 3.

The greatest degree of amino acid conservation between VSGs occurs in the
carboxy-terminal hydrophobie tail of the VSG precursor peptide (Holder and Cross,
1981; Cross, 1990b). This pre-protein is modified in the endoplasmic reticulum,
where the comserved tail is liberated from the VS8G, and a
glycosylphosphatidylinositol (GPI) moiety is covalently linked to the rcmaining
protein. After the attachment of the GPI anchor, these mature molecules are referred
to as membrane form (mf) VSGs. During an antigenic switch the mature mfVSGs
are exocylosed to the cell surface in the flageilar pocket and then diffuse laterally to
form the new coat (Overath ef a/. 1994), where the GPI anchor attaches the VSG to
the phospholipid bilayer of the plasma membrane.

The VSG coat is shed when the irypanosomes differentiate to the procyclic form
and is replaced by a coat of procyelin, also known as PARP (procyclic acidic
repetitive protein). It appears that, during fransition, the coat is mixed, containing
both PARP and VSG molecules, resulting from a gradual release of the VSG, which
ensures (hat the trypanosome is never “naked” (Ziegelbauer and Overath, 1990;
Roditi and Pearson, 1990). The PARP coat is nol as dense as the VSG coat and this
could presumably result in the membrane-embedded transporters becoming more
accessible to certain molecules in the procyclin coated insect form trypanosomes

when compared to the metacyclic and bloodstream [orm parasites.
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Figure 2. The arrangement of dimeric membrane-form (mf) VSG molecules attached to the lipid

membrane by GPI anchors. An invariant surface glycoprotein (ISG) and a host antibody are also

indicated in this schematic representation. After Overath et al. (1994).
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1.4 The bloodstream expression sites (BESSs)

1. brucei has a repertoire estimated at approximately 1000 individual VSG genes
and pseudogenes, the majority of which reside in long tandem arrays within the
chromosomes; these genes are thought generally to be clustered in one or a few loci
and are known as the chromosome internal, or basic copy (BC) genes (Van der Ploeg
et al. 1982; Gibson and Borst, 1986). The remaining VSG genes occupy telomeric
sites, predominanily on the sel of about 100 minichromosomes present in the
genome, which vary in size between approximately 25 and 150 kb (Van der Ploeg et
al. 1984b; Gibson and Borst, 1986).

In the bloodstream-form trypanosomes, VSG gene transcription occurs exclusively
at specialised telomeric regions called bloodstream expression sites (BESs) (Figure
4) (Johnson et al. 1987; Kooter et al. 1987; Pays et al., 1989b). It is estimated that
up to twenty of these units exist within each nucleus (Cully ef a/. 1985; Borst er al.
1990), although only one BES is maximally active at a time, ensuring that a single
VSG is expressed in the protein coat of the parasite (Vanhamune and Pays, 1998;
Chaves ef al. 1999). The BES typically consists of a 45-60 kb transcriptional unit
from the promoter to the end of the VSG gene (Johnson ef al. 1987; Kooter et al.
1987, Pays et al., 1989b), and is polycistronic, containing several expression site
associated genes (ESAGs).  Morc recently, a shorter BES, approximately 30 kb in
length, has also been discovered (Xong et al. 1998). The VSG gene is located 5-10
kb from the chromosome end and is surrounded by two “barren” regions devoid of
restriction sites. The upsiream barren region extends for several kb and contains
multiple imperfect 70 bp repeats, while the downstream region is composed mostly
of telomeric and sub-telomeric hexanucleotide repeats, which constitute the end of
the chromosome.

Homology hetween the individual BESs is high, although there are distinct
differences. Tt has been observed that some BESs possess two promoters, which are
arranged in tandem and separated by 13 kb of DNA (Gotlesdiener e al. 1991,
Gottesdiener et al. 1992). It has been estimated that this second promoter is present
in half of all the BESs (Gottesdiener et al. 1992; Navarro and Cross, 1996). Much
of the heterogeneity between the BESs appears in the ESAG sequences, where
sequence divergence ranges from <10% {(ESAG6 and 7) (reviewed in Borst and

Fairlamb (1998)) to approximately 30% (ESAGI) (Cully er al. 1985); the £SAG set
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encoded by different BESSs also appears to vary significantly. The proteins encoded
by the very similar ESAG6 and ESAG7 have been shown to form a heterodimeric
transferrin receptor (Steverding et al. 1995), while ESAG4 appears to be part of a
large family of adenylate/guanylate cyclase genes (Alexandre et al. 1996), with at
least nine additional members outside BESs (Alexandre et al. 1996; Borst and
Fairlamb, 1998). The remaining ESAGs are not as well characterized (Overath et al.
1994), but there is some speculation that they could also be involved in membrane
surface functions (reviewed by Borst and Fairlamb, 1998). However, the ESAGS
gene is clearly not involved in membrane function, since it produces a protein that
associates with the nucleus of the cell (Lips et al. 1996).

It has been proposed that the close association of the ESAG genes with the VSG
genes in each BES indicates that the ESAG proteins are essential for the trypanosome
during the bloodstream stages of its life cycle (Cully er al. 1985). However, more
recent studies have discovered genes related to ESAGs (GRESAGs) outside the BESs,
and have identified ESAG transcripts from BESs in procyclic cells (Pays et al.
1989b; Graham and Barry, 1991; Alexandre ef al. 1996). It therefore appears that
the control of expression of the ESAG genes is more complex than was originally
suspected, and it is possible that the ESAG gene products are also necessary in the

insect stages of the trypanosome life cycle.

Figure 4. Schematic representation of a BES and the chromosomal internal BC genes. The red flag
denotes the BES promoter. After Barry (1997a).
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1.5  The genetic mechanisms for antigenic variation

A number of studies have been performed on the African trypanosomes since the
carly 1980s to elucidate the genetic mechanisms behind antigenic variation. These
invesligations have reported several different ways by which a new VSG gene can
become expressed by the parasite. However, the majority of these studies were
conducted using laboratory adapted “monomotphic™ trypanosome lines (populations
which do not differentiate into the stumpy bloodstream form, and are not
iransmissible by tsetse fly under normal circumstances), which display VSG
switching rates several orders of magnitude lower than in non-adapted, pieomorphic
fines (see section 1.12, page 25). The reduced switch rate obscrved in these
attenuated parasites is low enough to be explained by background mutation and
homologous recombination, and this has led some investigators to question the
relative significance of the different switch events seen in these lincs (Barry, 1997a).

The five reported types of DNA rearrangements associated with antigenic switching

are summarised below and in Figure 5 (page 18):

1. Duplicative transposition of a chromosome internal gene into an active BES.

The BC VSG genes are never expressed within their own chromosome internal loci.
For transcription 1o oceur, these genes must be copied and transposed to the active
RES, forming an expression linked copy (ELC), which replaces the previous ELC
(Hoeijmakers et al. 1980; Pays ef al. 1983a; Myler et af. 1984). This is the only
route to activation for the chromosome internal genes, which consiitute the majority
of the VSG repertoire, and is thus the dominant mechanism in antigenic variation.
The genc replacement occurs through recombination between regions of homology
flanking the BC genes and the BES. In their 5° flank, the BC genes possess several
of the 70 bp rcpeats found in the BES (Liu et al. 1983), while there is also
considerable homology within the highly conserved carboxy-terminal coding region
and in the 3’ untranslated region (UTR) (Timmers et ¢/, 1987; Lee and Van der
Ploeg, 1987). The homology can extend up to 200 bp into the 3° UTR, which
contains a block of 16 nucleotides, whose sequence is conserved in most VSG genes

(Majumder et a/. 1981). It is therefore convenient to consider the BC VSG genes
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and their flanking regions as expression cassettes, which are copied into the BES,
replacing the previous cassette and resulting in the expression of a new antigen type.

Studies have revealed that the upstrcam array of 70 bp repeats is frequently
involved in ¥SG gene recombination (Florent ef al. 1987; Lee and Van der Ploeg,
1987), although it appears that this region is not always utilised in monomorphic
trypanosomes {Donelson et al. 1983; Michiels et al. 1983; Pays ef al. 1983c¢; Lee
and Van der Ploeg, 1987). Indeed, the deletion or inversion of the 70 bp repeat
region of the active BES in monomorphic trypanosomes had no effect on the
incidence of FSG duplications into that BES (McCulloch et al. 1997). The
downstrcam conserved region of the VSG coding sequence and associated
cnvironment have also been shown to act as recognition sequences for transposition
(Pays et al. 1983c; Timmers e al. 1987). Homology within the ¥S( coding region
itself can lcad to gene partial conversion events, although this is thought to occur
mainly in the later stages of infection (Bernards ef ¢l. 1981; Barbet and Kamper,
1993).

Although mosl of the experimental evidence comes from monomorphic lines,
duplicative transposition has also been demonstrated in high-switching pleomorphic
lines, and the duplication boundary delimits to the 70 bp repeats in cvery obscrved
activation with sufficient mapping (Delauw ef al. 1987; Shah et al. 1987; Matthews
et «l. 1990). Tt therefore appears that this repeat sequence is normally associated
with recombination in pleomorphic lines, although it is clear that further
experimentation is necessary, since relatively few switch events have been analysed

in these trypanosome lines.

2. Duplicative transposition of a silent telomeric ¥SG gene into an active BES.

This mechanism is also referred to as telomere conversion, and involves the same
principles as the internal gene tramsposition. The main difference is that the
duplication can proceed beyond the boundary of the expression cassette, resulting in
the replacement of large segments of scquence, and possibly the whole telomere (de
Lange er ¢, 1983). Although the majority of duplicative transposition involves the
chromosome intermal genes, telomere conversion remains an important switching
mechanism, probably providing the main rtoute to activation for the

minichromosomal genes (Barmry, 1997a).
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3. Reciprocal telomere recombination

Reciprocal telomere recombination occurs via a classical homologous
rccombination rcaction and involves the simple exchange of one (elomeric region
(including its VSG gene) for another (Pays ef al. 1985b). This leads to the
expression of a new variable antigen type (VAT) if a novel VSG gene is incorporated
info an active BES. Ii is suspected that telomeric reciprocal recombination is just a
typical background cross-over cvent, since there arc fow reported instances, afl of
which were reported in monomorphic trypanosomes. However, one in vitro
investigation has suggested that earlier studies may have underestimated the
frequency of these reaclions, confusing changes far upstream of the VSG gene for
transcriptional switches (Rudenko er o/, 1996). Using integrated markers, and
improved pulsed field gel electrophoresis (PFGE) techniques, this study concluded
that telomere exchange could be an important, rather than rare, cvent in
monomorphic irypanosomes. Reciprocal telomere recombination, however, has not

been reported in pleomorphic trypanosomes.

4, Mosaic gene formation

This process is also referred to as segmental gene conversion and involves the
formation of a mosaic ELC from ihe combination of two or more VSG coding
regions, producing an antigenically novel surface coat, which protects the parasite
from cxisting antibodics in the bloodstrecam (Pays ef al. 1985a; Longacte and Eisen,
1986; Roth et al. 1989; Thon ef al. 1989; Kamper and Barbet, 1992). These
conversions arc thought to be generally associated with antigen types appearing in
chtronic infections when the host has acquired immumity 1o most of the non-mosaic
genes (Roth ef al. 1989; Thon et al. 1990; Barbet and Kamper, 1993). It has been
suggested that the additional source of anfigenic variation provided by this relatively
infrequent mode of switching could be important in prolonging the infection period
(Kamper and Barbet, 1992). The simplest combinations arise when a new VSG gene
does not completely replace the previous sequence in the BES, producing a chimera
consisting mostly of the new gene, with the downstream region derived from the

VSG originally in the BES (Pays et al. 1983d). In such cases, the two VSGs
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mvolved have substantial homology with each other. More complicated segmental
conversions between VSG gene family members result in the formation ol mosaic (or
composite} genes (Pays ef al. 1985a). Ofien, mosaic genes arc constructed from
various VSG members that are incomplete pseudogencs, and therefore cannot encode
a VSG if expressed singly (Thon ez al. 1989).

£~

5. “in situ” switching: the transcriptional activation of a new BES and silencing of

the previous VSG gene

The in situ switch 1s the second major method of antigenic variation after gene
conversion. Early experiments indicated that although these (we processes would
oflen oceur simultaneously, they were in fact independent of cach other (Myler et al,
1984), in situ switching involves no exchange of genetic material, but requires the
aclivation of a previously silent BES and the inactivation of the transcribed BES.
This results in the formerly expressed VSG gene being silenced, while the VSG gene
in the newly activated BES becomes transcribed. The regulatory mechanisms that
ensure that only one BES is transcribed, whilst the other sites are maintained in an
inactive state, have not yot been determined. Moreover, the potential mechanisms
involved in executing a transcriptional switch between an active and inactive BES
are only now being examined. Failure to activate the new BES would result in the
loss of the surface coat und destruction of the parasite, while contin_ued expression of
the old BES would causc the production of a mixed VSG coat (Mufioz-Jordan ez al,
1996}, rendering the trypanosome vulnerable {o antibodies raised against the last
VSG. It had previously been hypothesised that a mobile promoter clement, which
could transpose from one BES to the next, would ensure that the two stages of in situ
switching remained synchronous. However, in vitro studies on certain trypanosome
variants demonstrated that more than one BES could be activated concurrently
(Cornelissen et al. 1985a), suggesting a stochastic model for the control of BES
transcription (each BES is activated and inactivated independently of other BESS).
Although this mode] was accepted for some time, a recent study has suggested that a
more complicated system must operate, in which the activation and inactivation of
the individual BESs are not independent of each other (further details in section 1.9,
page 18) (Chaves et al. 1999).
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Figure 5. The mechanisms of VSG activation in 7. brucei (adapted from (Borst, 1991b)): (1)
duplicative transposition of a chromosome internal BC gene; (2) telomere conversion of a silent gene;
(3) segmental gene conversion; (4) reciprocal telomere exchange; (5) “in situ” transcriptional
switching. Region A depicts a ¥SG gene at the active BES; B, C and D represent chromosome
internal BC genes; X and Y denote telomeric genes originating in silent loci; M depicts a mosaic
gene; Z represents a VSG present at a different BES. Expression site promoters are denoted by flags,
which are raised or lowered to represent activation / silencing respectively; transcription is indicated

by an arrow under the BES. The vertical bars downstream of the V'SGs represent the telomere ends.
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In addition (o these five mechanisms, it was thought that antigenic variation
occurred during duplicative transposition by the generation of point mutations within
the ELC (Lu et al. 1994). A more recent study, however, has concluded that point
mutations are very rarely generated during the gene conversion process (Graham and
Barry, 1996) and this is consistent with thc earlier results of Kamper and Barbet
(1992). Tt has also been suggested (Graham and Barry, 1996) that the high point
mutation frequencies observed in earlier investigations are probably artefactual,
associated with the intensive selection pressure and prolonged growth during
experimentation. Indeed, Baltz et al. (1991) were able to generate point mutations
by deliberately growing trypanosomes under sirong selective pressure for prolonged
periods. Graham & Barry (1996) also implied that point mutagenesis seems an
unlikely mechanism for antigenic variation, sincc an ellective switch requires that
the new VSG possesses a completely novel set of cxposed cpitopes, and it is

improbable that this could be achieved through single base changes.

1.6 The metacyclic variable antigen types (MY ATSs)

In the mctacyclic stage of development a small, specific, subset of FSGs is
activated (1-2% of the total ¥SG repertoire). It is at this stage of the lifc cycle that
the parasiles pass from the tselse salivary glands into the dermal connective tissue of
a new mammalian host, where a chancre develops, resulting from a local
inflammatory rcaction (Barry and Emery, 1984). Metacyclic VSG (MVSG) gene
expression occurs at telomeric expression sites (MESs) that are separate from thosc
used by bloodstream forms (Cornclissen ef @/, 1985b; Lenardo ef af. 1986), and are
expressed independently of the bloodstream VSG repertoire (Esser er al. 1982;
Crowe ef al. 1983; Turner et al. 1986). An infecting population of metacyclic
parasites is polyclonal (Tetley ef al. 1987), with the various VATSs arising in fixcd
proportlions in a particular serodeme (Hajduk et al. 1981), although each individual
cell expresses only a single VSG in its coat. When the metacyclic parasites enter a
new mammalian host, they soon differentiate to the long slender, rapidly dividing
bloodstream form, but still express the MVSGs in situ from the MESs. These

parasites, known as metacyclic-derived trypanosomes, drain from the chancre into
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the lymphatic system and eventually reach the bloodstream, where they persist for
approximately the first five days of infection (Esser and Schoenbechler, 1985), after
which the MESs are silenced and the BESs activated at around the sixth day of
infection. It is thought that the antigenically heterogeneous metacyclic population
has evolved as a highly effective means of initiating and establishing an infeetion in
a host that may have acquired immunity to various VATs in a previous infection
(Barry ef al. 19%0).

Although the MVSG coding regions themselves are not obviously different from
their bloodstream counterparts and can in fact be transposed to the BES during
bloodstream infection, their upstream environment differs from that of other
telomeric ¥SG genes. It has been demonstrated that this region is either completely
devoid of the 70 bp repeats (Lenardo ef al. 1986), or possesses just 1-2 copies of
these repeats (Matthews et al. 1990), which presumably reduces the probability of
recombination with the bloodstream VSG genes, thus accounting for the relative
stability of the metacyclic genes. However, there is still movement of VSG genes
through these telomeres, ensuring that the MVAT repertoire is constantly evolving
(Barry et al. 1983); (Lenardo ef al. 19806).

1.7 Gene expression in trypanosomes

The trypanosome genome is thought to be polycistronic and intronless, appearing
almost eubacterial in its organisation {(reviewed in Clayton, 1992). However, the
work of Marchetti et al. (1998) is indicative of a more complicated genomic
arrangement. This investigation demonstrated that several RNA polymerase TIT-
transcribed small nuclear RNA genes appeared to be scattered throughout the
genome, and interspersed with the closely juxtaposed RNA polymerase II
franscription units; this arrangement is characteristic of eukaryotic genomics.
Interestingly, the RNA polymerase III genes constituted the 3” boundary of the RNA
polymerasc II transcription units in the loci examined in this analysis.

A recent study has revealed that chromosome I of Leishmania major displays a
remarkable polycistronic genc arrangement, in which the first 29 genes are all
cncoded on one strand, whilc the remaining 50 genes are encoded on the opposite

strand (Myler ef al. 1999). The only known exceptions to the polycistronic
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organisation in 7. brucei are the MVSG genes, which arc cxpressed in situ from
monocistronic, telomeric loci (Graham and Barry, 1995). Genes within a polycistron
are generally packed in dense clusters and often contain tandemly arranged copies of
related genes, as observed for the 7. brucei glucose transporters (Bringaud and Baltz,
1993). However, unrelated genes can also occur within a polycistron, and this is the
case for the VSG BES (Pays et al. 1989b). Although the primary transcription
within a polycistron is under common control, the individual genes within the unit
can display markedly different expression levels (Gibson et /. 1988; Bringaud and
Baltz, 1993; Revelard ef al. 1993). This indicatcs that gene expression is controlled
primarily at the postlranscriptional level in trypanosomes.

The polycistronic primary transcripts are segmented into their constitucnt
messengers by the RNA processing machinery (Ullu ez al.  1993), individual mature
mRNAs result resulting from the addition of a cap at the 5° end and a poly[A]” tail at
the 3’ end. Capping is achieved by #rams splicing, a process first described in 7.
brucei (reviewed in Nilsen, 1995), which is mechanistically related to cis splicing of
inirons in yeast and higher eukaryotes. During frans splicing, the 5° ends of the
nascent RNA molecules are processed by the addition of a 39 nucleotide pre-capped
spliced leader, derived from a reaction with a 140 nucleotide mini-exon donor RNA
(Murphy ef ¢l. 1986). The 3’ end of mature mRNAs is generated by cleavage of the
pre-mRNA at a polyadenylation site, or by trimming from the downstream splicc
site, followed by the addition of a poly[A]" tail, using a mechanism similar to that
operating in higher eukaryotes. The #fans splicing and polyadenylation processes
appear to be coupled, and both use a polypyrimidine tract as a recognition sequence
(Matthews and Guil, 1994; Vassella et al. 1994).

T. brucei possesses the three classical RNA polymerases observed in the other
eukaryotes (Lee and Van der Ploeg, 1997). The polymerase involved in the
transcription at the loci containing the VSG and procyclin genes appears to be
resistant to very high conccntrations of the drug w-amanitin, while the transcription
of most other trypanosome protein-coding genes is inhibited by this drug (Kooter
and Borst, 1984; Kooter ef @f. 1987). The o-amanitin insensitivity of the VSG and
procyclin polymerase is indicative of RNA polymerase [, an enzyme complex that

also transcribes ribosomal RNA genes.
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1.8  Life cycle dependent stage-specific rcgulation of VSG expression

Contrary to the early assumptions that VSG expression could be prevented entirely
by BES promoter repression in the procyclic cclls, it has been demonstrated that the
BIS promoters remain active throughout the bloodstream and procyclic stages of the
trypanosome life cycle (Zomerdijk ef a/. 1990; Rudenko ef al. 1994). The work of
Rudenko et al. (1994) has revealed that during the procyclic stage, a low level of
transcription could be detected from many (if not ail) of the FSG cxpression sites.
Although this study clearly demonstrated transcripts from more than one BES, it did
not determine whether these products were representative of transcription from all of
the BESSs, transcribed at a low level, or from just a few BESSs transcribed at a higher
level (Ansorge et al. 1999). Similarly, this analysis could not establish whether all
of the transcriptional products originated from individual cells, or whether the
heterogeneity of thesc transcripts resulted from a phenotypically diverse population,
in which each cell produced only a single (or few) transcripi(s) (Rudenko et al.
1994; Homn and Cross, 1997). Although this work was not entirely conclusive, it
seems plausible that all the BES promoters display a similarly low level of
transcription in the procyclic cells, and this model is widely accepted (Alarcon ef al.
1999). Further evidence for this model was provided by an investigation by Navarro
and Cross (1998). The authors placed a reporter gene 1 kb downstream of a BES
promoter and discovered that, in the bloodstrecam stage, transcription from this locus
differed by 1000-fold, depending on whether the BES was active or inactive.
However, in procyclic cells the amount of transcription was independent of the
previous activation state of the BES, and proceeded at 4 level 100-fold below that
observed at the active BES in bloodstream form cclls. 1t therefore appears that the
mechanism of genc silencing operating in procyclic cells is different from that seen
in the bloodstream stages, when only a single BES is maximally active.

The transcriptional down-regulation of the BESSs associated with the procyclic stage
oceurs not ouly at the level of transcription initiation (Rudenko ef o/, 1994), but also
by transcription attenuation (Pays ef a/. 1989a; Zomerdijk et a/. 1990; Rudenko ef
al. 1994), This attenuation results in the transcription aborting at approximately
500-1000 bp downstream of the promoter (Pays ef al. 198%9a; Zomerdijk et al. 1990;
Rudenko et al.  1994), thus preventing the expression of any gene within that

polycistron. The down-rcgulation of VSG expression observed in procyclic cells
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seems to be both promoter and position dependent. A BFZS promoter becomes
derepressed when it is placed in the ribosomal spacer region (Rudenko et al. 1994),
while a ribosomal promoter demonstrates no change in activity when it replaces the
endogenous BES promoter (Rudenko ef al. 1994, Horn and Cross, 1997).

A recent study, by Navarro ef al. (1999), has suggested that the repression of the
BES promoters in the procyclic form is dependent on life-stage dependent changes in
chromatin structure. In this study, a BES promoter was substituted with a
bacteriophage T7 RNA polymerase (T7RNAP) promoter in trypanosomes that had
been genetically manipulated to express T7RNAP. Tt was discovered that T7RNAP
dependent i{ranscription was unaffected in thc bloodstream form, but was repressed
in procyclic cells, where the effect was demonstrable along the entire length of the
BES. Since it is unlikely that a bacteriophage-derived polymerase would be affected
by inherent transcriptional regulation, it seems probable thut this rcpression is due to
conformational changes in chromatin structure.

The control of VSG cxpression from the metacyclic repertoire, in contrast (o the
BES regulation observed in bloodstream forms, displays a strict stage specific
regulation under exclusively transcriptional regulation during the parasitc lifc cycle
{Graham and Bairy, 1995). More recently, it has been revealed that MVSG gene
promoter activity is also dependent upon chromesomal location (Graham er af.
1998). This study analysed the effect of introducing a metacyclic promoter, linked
to a reporter gene, either back into its endogenous telomere, or into the non-
transcribed spacer region of ribosomal DNA. It was demonsirated that at the
bloodstream stage of development the promoter was inactive at the telomere, but
highly active at the chromosome-intemal position, while no acltivity was seen at
either locus in procyclic trypanosomes. The regulation of MVSG rcpertoire is the
only example of “truc life cycle stage-specific control of gene expression by
transcription initiation” discovered thus far in the Kinetoplastida (Grahanm: and Barry,
1995).

It was previously believed that transcription only occurred {rom the active BES in
bloodstream form trypanosomes. However, it has recently been demonstrated, by
analysis of nuclear RNA following UV irradiation of the cells, that an extremely low
level of minor transcripts can also be detected from some of the “silent” BESs and
MESs (Alarcon et al. 1999). An immunofluorescence assay demonstrated that the

number of contaminating (noun-clonal) parasites was <1 in 5000 suggesting that these
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minor transcripts werc not artefactual. It was also noted that, following UV
irradiation, the proportion of the minor transcripts increased 2-3 fold, while the
major RNA showed no corresponding increase. This discrepancy also implicd that
the rare transcripts were not derived from other active BESs in roguc cells. Evidence
for this *“leaky” transcription has also been observed in independent studies. For
cxample, Ansorge ef al. (1999) have demonstrated that, in a bloodstream form
rypanosome clone expressing the 222 VSG BES, 20% of ES4G6 mRNA (which is
transcribed exclusively in the BESs (Pays et al. 1989Db)) originaled from
independent, supposedly inaclive, B£Ss, In addition, an earlier study had revealed
that a low level of drug-resistance was conferred when neo or ble genes were
inserted 1 kb downstream from a “silent” BES (Navarro and Cross, 19906).

By collating the analyses of several laboratories, Alarcon ef al. (1999) have
proposed a model for the regulation of the BASs and MESs throughout the
trypanosome life-cycle. They suggest an cpigenetic regulatory mechanism for the
control of both BESs and MESs rather than an independent, life-cycle stage specific,
system [or the control of the metacyclic repertoire. This hypothesis can only be
substantiated by further investigations in metacyclic irypanosomes, using single-cell
reporter techniques (Bairy ef af. 1998; Alarcon et al. 1999) and by repeating these

experiments in pleomorphic bloodsiream trypanosomes.

1.9 Regulation of a singlc active BES

In bloedstream form trypanosomes, only one out of the twenty BESSs is maximally
active at any particular time, while the remaining sitcs arc “silenced”, ensuring that a
single VSG is expressed in the surface coat. The fundamental mechanisms behind
BES silencing and in situ switching have yet to be determined, despite the growing
amount of interest and research in this area. It has been observed thai switching
between BESs occurs by regulation of transcriptton initiation, and this is not
dependent on promoter sequence specificity (Rudenko ef /. 1995). However, the
method of promoter repression remains unclear. Until very recently it was

considered that BES repression could be controlled by telomeric silencing associated
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with changes in chromatin conformation, and this was consistent with the
observation that actively transcribed telomeres grow slightly faster than inactive
telomeres (Pays ef al. 1983b; Myler et al. 1988b). In addilion, it has been shown
that the active and silent BESs display marked differences in their sensitivity to
DNAasel (Pays et a/. 1983b) and single-strand specific endonucleases (Greaves and
Borst, 1987). However, the latest and most comprehensive analysis of in situ
switching has suggested that the regulation of BES transcription cannot be controlled
by telomere silencing alone, and could even be influenced by an entirely different
mechanism (Chaves ef . 1999). This study utilized trypanosomes in which two of
the BESs werc tagged with different selectable marker genes, enabling the
investigators to attempt to produce double expressors (with transcription occurring at
both BESs, thercfore resuliing in a mixed VSG coat) by drug selection in vitro. Il
was found that double resistant clones arose at a low frequency, and appeared to be
achieving this phenotlype by rapidiy swilching between the two BESs. The authors
concluded that the BESs were not activated / inactivated independenily and
suggested that the double expressors were not a stable intermediate during in sifu
switching. They also proposed that B/£Ss can exist in a “pre-active” silent state, from
which they can be readily activated (explaining the rapid switching between the two
BESs during drug selection). These resuits indicate that the mechanism of BES
regulation cannot be explained by telomeric silencing alone and it appears that a
non-stochastic system must operate.,

It has also been suggested that the novel modified nucleotide [-D-glucosyl-
hydroxymethyluracil (base J) could be involved in telomere inactivation (Gommers-
Ampt er al. 1993). This modification was originally detected following the
observation that some telomeric DNA was partially resistant to digestion by the
restriclion digestion endonucleases Psfl and Pyull (Bernards ef al. 1984; Pays ef al.
1984), and this was subsequently shown to result from presence of a previously
unidentified base (Gommers-Ampt ef a/. 1991). Further analysis demonstrated that
this modification correlated with base J, which substitutes approximately 0.5-1.0%
of thymidine in the DNA of African trypanosomes (Gommers-Ampt ef al. 1993).
Basc I appears to accumulate around non-transcribed repetitive sequences including
the telomeric repeats (van Leeuwen e al. 1996), the 50 bp repeats that lie upstream

of the BES promoters and the 177 bp repeats that constitute the majority of
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minichromosomal sequence (van Leeuwen ef al. 1997). This modification is alse
seen 1n the FSG coding sequence and associated 70 bp repeats in the silent BESS, but
is absent from these sites at the active telomere (van Leeuwen ef al. 1997); the
changes at the silent sites arc lost reversibly on {ranscriptional reactivation,
Although base J is found in non-transcribed ¥SG genes near telomeres in
bloodstream from trypanosomes, it does not occur in the chromosome-internal arrays
and is conpletely undetectable in procyclic cells.

The association of basc J with telomeric repeat sequences has led to the suggestion
that a modifying enzyme could recognise and bind to these regions and operate for a
distance along the neighbouring DNA (Bernards et a/. 1984). This hypothesis is
consistent with the observation that the modification becomes progressively more
pronounced lowards the telomere end (Bernards er a/. 1984). Alternatively, it is
possible that putative changes in chromatin structure, associated with the repetitive
DNA that surrounds the VSG genes in the BESs, could act as a target for such a
modifying enzyme (van Leeuwen ef al. 1997). The fact that the active BES is
devoid of J in the VSG coding sequence and flanking 70 bp repeats is suggestive of
competition between {ranscription and DNA medification in the BESs. However, it
has not yet been eslablished whether base J modification is the direct cause of BES
inactivation, or whether it is a consequence of telomeric silencing that could

facilitate the repression of the inactive state (van Leeuwen ef al. 1997).

1.10 The dynamics of trypanosome antigenic variation and hierarchical VAT

(variable antigen type) expression

T. brucei is transmitted to a new mammal when metacyclic parasites are introduced
into the host dermal conmective tissue by the bite of an infected tsetse fly. As
mentioned previously, these metacyclic trypanosomes rapidly differentiate fo the
long slender bloodstream form, but continue to express the metacyclic VSG genes
over the first few days of infection. At about day 5-7 it appears that the MESs are
silenced and transcription commences from the BESs, resulting in the expression of

the bloodstrcam VAT repertoire (Esser and Schoenbechler, 1985; Barry, J. D., pers.
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comm.). Often, one of the first BVATs to become activated is the major VAT
ingested by the tsetse fly when it took its infective feed (Hajduk ef al. 1981; Delauw
et al. 1985). As the infection progresses, the parasitaemia displays a continually
relapsing growth pattern consisting of recurring infective peaks, each embodying
multiple VAT sub-populations, and troughs of sub-patency. The parasitaemic profile
of a trypanosome infection can contrast greatly between populations in different
hosts, with differences arising in the timing of emergence, number and complexity,
and overall size of the relapse peaks (Barry, 1986). A typical mouse parasitaemic
profile (representative of a less complicated infection) is presented in Figure 6, and

displays a classical relapse pattern.

Many B-VATs

log Trypanosomes/ml blood

Days after tsetse fly bite

Figure 6. Typical parasitaemic profile of a trypanosome infection in a mouse host (After Barry,
1997b; data from Hajduk e al. 1981). The shaded sub-peak represents the expression of the
metacyclic repertoire. The irregular shape of the two main parasitaemia peaks is due at least partly to
the different VAT sub-populations embodied within the population, since each VAT generates a

distinct sub-peak. As the infection progresses, a series of complex relapse peaks will be generated.

Investigations into the progression of antigenic variation in trypanosomes have
revealed that some VATs are expressed more frequently than others, clearly

demonstrating a “semi-predictable” order of antigen type appearance (Gray, 1965);




(Capbem et al. 1977; Miller and Tucner, 1981; Timmers ez ¢/. 1987). 1t is thought
that this hicrarchical cxpression of VATs enables the parasites to maximize the
infection period by ensuring efficient use of the potentially exhaustive VSG gene
repertoire.  Monomorphic studies have revealed that the early switches appear to
involve predominantly telomeric BC genes (Pays er al. 1983a; Myler ef al. 1984,
Liu et al. 1985), while the chromosome-internal genes, which are presumahly
activated at a lower frequency, must be expressed after the initial stages of infection,
since they represent the majority of the ¥SG gene repertoire (Lee and Van der Ploeg,
1987; Timmers et al. 1987). Towards the end of an infoction, the products of
relatively rare switching events, such as scgmental gene conversion, become
apparent (Thon et al. 1989, Barbet and Kamper, 1993). During an infection it is
inevitable that more frequenily activated VSG genes will become re-expressed by
some trypanosomes. However, any parasite presenting a VAT that has been
previously encountered by the host immune system will be eliminated, and this
provides some explanation of how the less frequently activated ¥SGs arise in the
later stages of infection. Although the immune response plays a significant role in
controlling the population dynamics of the trypanosome infection, it is important to
recognise that the actual timing of antigenic variation appears to be independent of
this influence (Myler et al. 1985).

111 The minichromosomes of 7. brucei

T. brucei posscsses approximately 100 minichromosomes which vary in size
between about 25 and 150 kb (Van der Ploeg e al. 1984b; Gibson and Borst, 1986).
These chromosomes are linear and contain a tandemly repeated 177 bp clement
(Sloof et al. 1983}, which constitutes approximately 83-90 % of the cntirc scquence.
This repelitive region appears to be indigestible with most restriction enzymes
(Williams ef al. 1982; Weiden et al. 1991), including some that cut frequently, such
as Haelll (Weiden et . 1991). The 177 bp repeats flank a unique sireich of DINA,
located in the centre of the chromosome, which extends for about 5 kb and is termed
the restriction island, after the discovery of several unique restriction sites within this

domain (Gull et al. 1998). The sub-telomeric region immediately proximal to the
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177 bp repecats appear to consist of minichromosomal specific DNA (Weiden e al.
1991), while GC.rich repeat sequence, separated by AT-rich spacers, have been
detected belween the specific sequence and the telomeric repeats (Weiden et «l.
1991). The telomeres themselves consist of a consorved (CCCTTA), repeat that is
also represented in the telomeres of the larger chromosomes (Van der Ploeg ef al.
1984a). VSG genes are the only protein encoding genes that have been discovered
thus far on minichromosomes (Van der Ploeg ez al. 1984b; Weiden ef al. 1991), and
these provide the trypanosome with a large pool of silent telomeric BCs.

There has been no evidence of the FSG genes becoming transcribed from
minichromosomal loci, and no VSG promoters have been discovered thus far.
However, Zomerdijk er al (1992) demonstrated ribosomal promolers on t(wo
minichromosomes in 427 monomorphic trypanosomes. One of these promoters was
located adjaccnt and internal to the telomeric repeats, which has led to speculation
that this region is a product of telomere healing, possibly by de novo telomere
addition, The authors targeted a neo gene behind this promoter, and subsequently

demonstrated that it could efficiently mediate neo-mRNA synthesis.
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1.12  Differences between monomorphic and plcomorphic trypanosome lines

Trypanosomes rapidly become attenuated in the laboratory as a result of repeated
syringe passaging. These monomorphic lines no longer difterentiate to the stumpy
bloodstream form and under normal circumstances cannot be transmitted by tsetse
fly bite. Additionally, monomorphic trypanosomes display & marked drop in the
overall rate of antigenic variation, which, at 1 x 10° — 1 x 107 switches/
cell/generation (Lamont ef al. 1986), is up to tive orders of magnitude lower then in
the non-adapted, pleomorphic lines (Turner and Barry, 1989; Turner, 1997).
Although this reduced switch rate has facilitated studies into antigenic variation,
allowing cloned populations to remain predeminantly of one VAT during expansion,
it is important to consider the possibility that the selection to monomorphism is
associated with alterations in the cell’s recombinational or transcriptional machinery.

The diminished rate of antigenic variation in monomorphic trypanosomes is low
enough io be explained by background mutation and mitotic homologous
rccormbination, and this raises questions about the significance of the VSG gene
activation events observed in these lincs. Barry (1997a) proposed that the difference
in ¥8G gene switching between monomorphic and pleomorphic {rypanosomes is
indicative of a specific gene switching mechanism that might include a dedicated
enzyme activity catalysing specific recombination, which is reduced in, or even
absent from, monomorphic lines (further details are given in sections 3.1, page 52
and section 6.5, page 146).

In monomorphic trypanosome lines, in situ switching predominates during the early
stages of infection (Liu er a/. 1985), while duplicative events become more common
only as the infection progresses (Michels ef a/. 1983; Lee and Van der Ploeg, 1987,
Timmers et af. 1987). Both in situ and duplicative events have been observed in the
relatively few analyses performed using pleomorphic trypanosomes (Delauw et al.
1987, Shah et al. 1987; Matthews er af. 1990), but the relative frequencies of these
twa activation mechanisms have not been determined at any stage of the expression
hierarchy. If duplicative events are controlled by a dedicated mechanism in
pleomorphic lines, then it is logical to expect a higher proportion of duplicative

switching, relative to in situ transcriptional switches, throughout the entire
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expression hierarchy, when comparing pleomorphic with monomorphic populations.
The main objective of the work presented in this thesis was to examine this

hypothesis, by asking three key questions regarding trypanosomne antigenic variation:

1. How are VSG genes activated during early infection, and is there a predominant
swifching mechanism?

2. Where are the FSG gene donors located, and does their chromosomal
environment influence their timing of appearance in the VS gene expression
hierarchy?

3. Which BESs are involved in the early switching events, and what are the

boundaries of duplication during gene conversion?
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CHAPTER 2

MATERIALS AND METHODS
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REAGENT ABRBREVIATIONS

ATX selective plates for blue/ white colony screening:
L-agar supplemented with 0.27 M ampicillin (Sigma, Ltd.), 0.5 mM IPTG
(Boehringer Manheim), 0.2 M X-Gal (Bochringer Manheim)

CBSS Carter’s Balanced Salt Solution (1 x):
(0.023 M HEPES, 0.12 M NaCl, 5.41 mM KCl, 0.55 mM CaCly, 0.4 mM MgSQy, 5.6
mM NayHPOy, 0.035 M glucose, .05 mM phenol red, ptH to 7.4

DEPC diethyl pyrocarbonate:
Uscd at 0.1% to remove RNAase

DMSO dimethyl sulphoxide

Ei{Br cthidium bromide

IPTG isopropyl-p-D-thiogalactopyranoside

NDS solution used for the manufacture of genomic plugs (1 x):

0.5 M IDTA, 0.5 M TRIS base, 0.5 M NaOH, 17 mM lauroyl sarcosine,
pH adjusted to 8 or 9 with NaOH

PBS phosphate buffered saline (Sigma, Ltd.)

PSG phosphate/ sodinm chloride/ glucose buffer (1 x):
0.06 M Na,HPQy4, 3.6 mM NaH;POy, 46 mM NaCl, 55 mM glucose, pH to 8

SDS sodium dodecyl sulphate

SOC SOB broth + 20 mM glucose
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SOB Bacterial media (per litre):

20 g bacto-tryptone, 5 g bacto-yeast cxtract, 0.5 g NaCl

SSC sodium chloride/ sodium citrate solution (I x):
0.15 M Na(l, 0.015 M Na;CeHs07.2H,0

TAE TRIS/ acetate/ EDTA buffer (1x):
0.04 M TRIS base, 0,04 M glacial acetic acid, ] mM EDTA

TE 10 mM Tris.Cl, 1 mM EDTA

TBE TRIS/ borate/ EDTA bufter (1x):

X-Gal 5-bromo-4-chloro-3-indolyl-f-D-galactoside
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2.1 Routine handiing of trypanosomes

The two trypanosome clones utilized in this study were derived from a
Trypanosoma  bruycei DBATRO (East Afiican Trypanosomiasis Research
Organization) 795 line that is tsetse fly transmissible. The ILTat (I.LR.A.D. —
International Laboratory for Research in Animal Diseases — Trypanczoan antigen
type) 1.2 expressor clone switches VSG at about 1 x 107 switches/cell/generation
and the [LTat 1.61c clone, derived from a single metacyclic (rypanosome, switches
at about 3 x 107 switches/cell/generation (Turner, 1997). The ILTat 1.2 infections
were undertaken in lop-eared or New Zealand White rabbits (Bantin and Kingtman,
[Tull, U.X.), while the ILTat 1.61¢ investigation involved single relapse infections in
ICR mice (Bantin and Kingman, Hull, UXK.). The rabbit infections were established
by the intravenous injection of approximately 1 x 10° clonal trypanosomes
{previously grown in an immunosuppressed mouse infected with the ILTat 1.2
stabilate), while the single relapse infections were initiated by an intraperitoneal
injection of the ILTat 1.61c stabilate into an immunosuppressed mouse; subsequent
cloning steps were performed in non-immunosuppressed mice. Full experimental
details and clone histories are given in sections 3.2-3.3 and 3.10 (pages 53 and 74

respectively). Routine procedures are described below.

2.1.1 Host immuunosuppression, trypanosome growth amd collection, and

stabilate manufacture

Trypanosomes were grown from stabilate in ICR 1inice that had been
immunosuppressed by cyclophosphamide treatment (250 mgkg’ body weight,
Sigma Ltd.) 24 h previously. Unless otherwise stated, exsanguination was
performed at the initial parasitaemic peak (typically 3-5 days post infection) by
cardiac puncture into 5% sodium cilrate anticoagulant in CBSS (Fairlamb et al.
1992) (0.1 ml of 5% citrate used per 0.9 ml collected bloed).

Stabilates were prepared immediately by mixing the blood 2:1 with 22.5% DMSO
(r CBSS), and freezing the sumple gradually to -70°C over a 24 h period; Lhe
stabilates were then transferred to Hquid nitrogen for storage. When a stabilate was

required for infection a tube of it was thawed rapidly at 37°C, mixed with 0.1 ml 5%
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foetal calf serum (in CBSS) and injected immediately into the immunosuppressed
animal.

If a large number of parasites were required (e.g. for prepating genomic DNA), the
infection was cstablished in an immunosupressed ICR mouse and the blood collected
at the initial peak as before, but then divided cqually and injected intraperitoneally
into two Wistar rats (Bantin & Kingman, Hull, U.X.). The trypanosomes were then
harvested at the initial peak, typically 24-48 h later.

2.1.2 Trypanosome cloning

Trypanosome clones were isolated immediately from the blood by
micromanipulation. A. dilution series of the trypanosomes was prepared in 5% foetal
bovine setum (GibcoBRL, Life Technologies) in CBSS, in the wells of a Terasaki
dish (Greiner labortechnik). These dilutions were examined using a binocular
microscope to establish the number of trypanosomes in each well. When a well
containing a single trypanosome was found, 5 ul 5% foctal bovine scrum {in CBSS}
was carefully pipetted into that well. The entire contents were transferred by
micropipette into 100 pl 5% foetal bovine (in CBSS) in a 1.5 ml eppendorf tube.
This liquid was then drawn into a syringe containing 0.4 ml of air, and was injected
immediately, intraperitoneally, into an ICR ruouse, using the air to push the last drop
of liquid from the syringe. The Terasaki plate was kept moist by tining the edges
with wet tissue, and the procedure was undertaken in an atmospherically controlled

environment (14°C, 80-95% humidity).

2.1.3 Preparation of blood smears for immunofluorescence and plasma for

immune lysis

Thin-film blood smears were prepared by placing a drop of blood (mixed 1:1 with
CBSS) on a glass microscope slide. The blood was spread along the length of {he
slide using a slide edge and left to air-dry. The smears where then fixed in acetone
for 5 min, air-dried, and stored at 4°C sealed in polythene bags containing silica gel

(to remove any moisture). If trypanosomes were not being collected for other
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purposes, the small amount of blood nceded for these smears was taken from the tail
of the mouse using a surgical lancet.

Plasma was prepared dircetly from the rabbit blood. On each day of infection, in
all four rabbits, 0.4 ml of blood was isolated and this was spun at maximum speed in
a microcentrifuge for 10 min, to pellel the trypanosomes and the larger blood
components. The supernatant was then collected and sodium azide was added to a
final concentration of 0.2% (to prevent microbial growlh during storage). Plasma
(containing specific antibodies) was also prepared from the clonal mice in the ILTat
1.2 study (see section 3.3, page 53). At the initial peak these mice were drug-cured
with cymelarsan (5 mgkg’ body weight; Rhéne Mérieux) and the blood was
collected three days later (allowing sufficient time for antibodies to be raised); the
plasma was then prepared as above. All the plasma satples were stored in 1.5 mi

screw-cap eppendorf tubes at 4°C.

2.2 Serology

2.21 Immune lysis assay

Trypanosomes were suspended in guinea-pig complement to 5 x 10 cells.ml”'. The
plasma isolated [rom the clone mice (containing specific antibodies) was diluted
1:20 m guinea-pig complement (Harlan) and mixed with the trypanosome dilution in
the bottom of a V-welled microtitre dish (Greiner labortechnik), Incubation was
undertaken at room temperature for 1 h after which the contents of the well were
mixed again. A drop (5,1}) of the reaction was then placed on a microscope slide and
sealed with a glass coverslip. Percentage lysis was then determined by phase-
confrast light microscopy, with destroyed cells appearing as ruptured “ghosts”. Each
trypanosome clone was also incubated for an hour in the presence of gumea-pig
complement alone, as a negative control, to ensure that all the lysis was due to the
action of anfiserumi. The assay was performed within an hour of blood collection

and the trypanosomes were stored on ice while the dilutions were prepared.

37




2.2.2 Immunofluorescence

Indirect immunofluorescence was performed on the acetone-fixed thin blood
smears that were prepared for each of the clone mice. Reference antisera, which
originally had been derived in either mounse or rabbit hosts, were used separately as
the primary antibody (see section 3.6, page 63). Prior to the experiment, the slides
were marked with a hydrophobic paint pen (Mark-Tex corp., BDH) to produce wells
for antibody containment. The smears were then rehydrated for § min in PBS
(Sigma, Ltd.), drained and dried between the wells, and transferrcd to a humid
chamber. A drop (Sul) of the appropriately diluted primary antibody was then added
to the wells and incubated at room temperature for 30 min {details of primary
antibodies and dilutions are indicated in Table 3, section 3.6, page 64). The slide
was then drained and washed twice with PBS, and dried between the wells.
Afterwards, 5pl anti-rabbit or anti-mouse IgG fluorescein isothiocyanate (FITC)
labelled conjugates (Promega) (diluted 1:100 or 1:50 respectively) were introduced
into the wells and incubated at room temperature for 15 min. The slide was again
washed twice in PBS and a few drops of PBS:glycerol (1:1) were added, after which
the wells were sealed with a glass coverslip, Fluorescence was then determined by
UV light microscopy using an arbitrary scoring system: ~ no fluorescence, (+) faint
fluorescence, + slight fluorescence, ++ clear fluorescence and -+ strong
fluorescence. Positive controls were also performed using the VAT specific mouse
plasma, generated from the clonal mice, as the primary antibody. The plasma in
these controls was diluted in 1 x PBS to 1:80, previously determined by an

optimisation serics.

2.3 Reverse transcription polymerase chain reaction (RT-PCR)

2.3.1 RNA isolation

RNA was isolated directly from infected blood (after the parasitaemia achieved 1 x
107 cells.ml” or greater (Herbert and Lumsden, 1976)) with TRIzol (Gibco-BRL,
Life-Technologies), The blood was mixed with TRIzol (0.1ml blood: 1 mi TRIzol)

and incubated at room temperature for 5 min, Following incubation, 200 pl of
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chloroform was added and the tube was shaken vigorously for 15 s before incubation
at room temperature for 2-3 min. The solution was then spun at maximum speed in a
microcentrifuge (cooled to 4°C) for 15 min and the colourless aqueous phase was
eluted. Afterwards, 1 ul of (10 mg.ml™) glycogen and 500 pl of isopropano] were
mixed with this eluate, and the reagents were then incubated at room temperature for
10 min. The RINA was then pelleted by centrifugation for 10 min at 4°C, afler which
the supernatant was removed. The pellel was washed with 1 ml 75% ethanol, air-

dried and dissolved in 11 pl DEPC-treated water.
2.3.2 Reverse iranscription

cDNA was generated by reverse {ranscription using Superscripl II reverse
transcriptase (GibcoBRL, Life Technologies). 1 pl of 0.5 ng.ul” oligo[dT] primer
(GibcoBRL, Life Technologies) was added to the 11 pl containing RNA (see Section
2.3.1, page 38) and heated to 70°C for 10 min., After cooling the solution on ice, 2 pul
10 x PCR buttfer (Advanced Biotechnologies), 2 i 25 mM MgCls, 1 pl 10 mM
dNTPs (Pharmacia Biotech) and 2 pl 0.1 M DTT were added to the reaction, which
was mixcd and warmed to 42°C for 5 min. Next, 1 ul of Superscript II (200 U.pl™h
reverse Iranscriptase was added and the tube incubated at 42°C for 50 min. The
enzyme was then heat inactivated at 70°C for 15 min after which the solution was
cooled on ice. Finally, 1 ul of RNAase H (3.8 U.ul™) was added and the reaction
incubated at 37°C for 20 min to remove the single stranded RINA.

2.3.3 PCR amplification of F'SG specific cDNA

DNA representing the expressed VSG gene was amplified from the ¢cDNA wusing
two short oligonucleotides (manufactured by Cruachem) as described by Carington
et al. (1991). The first primer (tbsl: GTTTCTGTACTATATTG) was a 17mer
specific to the mRNA spliced leader, while the second primer (th3ut:
GTGTTAAAATATATCA) was an antisense 16mer specific to a region in the
downstream untranslated region (UTR), highly conserved in all ¥SG genes. The 50
ul PCR reactions consisted of the following components: 5 pl 10 x PCR buffer
{Advanced Biotechnologies), 3 pl 25mM MgCly, 1 pl 10 mM dNTPs (Pharmacia
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Biotech), 2 pl $ uM tbsl, 2 pl of both 5 pM primers, 0.5 ul (5 U.ul) Tug polymerasc
(Advanced Biotechnologics), 1 pl ¢cDNA from the RT step and 35.5 pl sterile,
distilled water.  This reaction mix was contained within a thin-walled
microeppendorf tube (Perkin-Elmer corporation), and was overlaid with a drop of
mineral oil (Sigma Ltd.).  Amplification was performed in a Stratagenc
Robocycler96 for 30 cycles of 1 min at 96°C, 1 min at 42°C and 2 min at 70°C; the
reaction began with a “hot start” at 96°C for 5 min and ended with a 5 min extension
period at 70°C.  An aliquot (usvally 10 pl) of the PCR product was run on a 0.7%
agarose gel at 100 V for analysis.

2.4 Cloning of PCR amplified VSG specific cDNAs
2.4.1 Ligations

Following fractionation on a 0.7% agarose gel, the VSG specific PCR products
were gel purified vsing the QIAgen gel extraction kit (following the manufacturer’s
protocol) and were cloned with the “T-easy” vector (Promega) or PCR Script Amp
SK(+4-} plasmids (Stratagene) (following the manufacturer’s protocol); the ligations
were performed either overnight at 4°C (“T-easy™), or at room temperature for 1 h
(PCR Script). At each cloning attempt several differeni insert:vector ratios were
prepared (e.g. 1, 2, 3 and 5 ul of purified PCR product) to maximize the probability
of a successful ligation. The “T-easy” vector possesses an open multiple cloning site
with a 3” terminal thymidine at either end. This enables Tag polymerase generated
PCR products, which contain 3° terminal adenines, to be ligated directly into the site.
The PCR Script system works by adding an infrequently cleaving restriction
enzyme, which cuts at a site within the plasmid polylinker (producing blunt
overhangs) into the ligation mix. PCR products generated by Tug polymerase must
be “polished” (to remove the 3’ A overhangs) using Pfu polymerase before the

ligation step.
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2.4.2 Transformations and plasmid retrieval

Transformations were performed by heat shocking competent . coli DH5w cells
(GibcoBRL, Life Technologies). Approximately one-third (usually 3 ul) of the
ligation product was added to a 100 ul aliquot of competent cells (previously thawed
on ice), mixed gently, and left on ice for 30 min. The cells were then heat shocked at
42°C for 60 s, and immediately transferred to ice for 1-2 min, Afterwards, 0.9 ml of
SOC was then added to the cells, which were subsequently placed at 37°C for 1 h.
After this incubation period, the cells were spun down, resuspended in 100 pl SOC,
and spread on ALX selective L-agar plates, allowing blue/white colony screening
(AIX plates: 0.27 M ampicillin (Sigma, Ltd.), 0.5 mM IPTG (Boehringer Manheim},
0.2 M X-Gal (Bochringer Manheim)). Transformed colonies were re-streaked on
fresh AIX plates, after which a single colony was selected to inoculate 5 mi [L-broth
(supplemented with ampicillin to a final concentration of 10 pg.ml"]). The plasmids
were then retrieved from 3 ral of thas overnight cullure using the QIAGEN Mini kit
(following the manufacturer’s protocol), and the insert size was determined by
restriction digestion with NotI (“T-eusy”™ vector) or Nofl/ EcoRI (PCR Script) of 300
ng plasmid (the enzymes were obtained from New England Biolabs). Resultant

products were visualised on a 0.7% agarose gel.

2.5 Isolation and purification of trypanosomes from blood

During some procedures, such as preparing genomic DNA, it was ncccssary 1o
separate the trypanosomes from blood components, and this was achieved on a
Percoll gradient (Grab and Bwayo, 1982). A Percoll stock solution was prepared by
adding 8.55 g of sucrose and 2.00 g of ghicose to 100 ml of 100% percoll (Sigma,
Ltd.), and the pIT was adjusted to 7.4 by adding solid HEPES. As soon as the blood
was collected, an equal volume of Percoll stock solution was added and the solution
was mixed. Another 4 volumes of Percoll stock solution and 2 velumes of CBSS
were then added and mixed, and this solution was then transferred to 50 ml
centrifuge tubes (Nalgene, BDH) (filled to at least 80% of the total tube volume).
The tubes were then centrifuged in a JA20 {Beckman) rotor (with a fixed angle of
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34°) at 17500g for 15 min at 4°C. This caused the trypanosomes to separate from
the blood cells, and formed a discrete band near the top of the gradient. 'The
parasites were then collected with a disposable plastic pipette. Following pelleting
{by centrifugation in a swing out rotor at 1500g for 5 min), the trypanosomes were
washed in CBSS to remove the Percoll; this washing step was repeated at least once

to ensure that no traces of Percoll remained.

2.6  Isolation of genomic DNA
2.6.1 Prcparation of genomic plugs from live trypanosomes

It was necessary to produce minimally sheared genomic DNA, encascd in agarose
plugs, for the pulsed field gel electrophoresis (PFGE) analysis. Following their
isolation on a Percoll gradient, trypanosomnes were spun down gently (1500g) at
room temperature and carefully resuspended in PSG buffer. This wash was repeated
once more, and the concentration of the cells was determined using a
haemaocytometer under a phase contrast microscope. The trypanosomes were then
spun down again and resuspended in PSG to a concentration of ! x 10° cells.ml”
(twice the final concentration of the plug) and warmed to 37°C for 1 min. Equal
volumes of the trypanosome suspension and a 1.4% low-melting point agarose
(InCert agarosc, FMC Bioproducts) solution (which had been melted and cooled to
37°C previously) were mixed together by swirling, resulting in a final concentration
of 5 x 10® cells.ml™ in 0.7 % agarosc. Next, 100 pl of this suspension was pipeticd
into each well of a plug mould (BIO-RAD) and atlowed to set. The plugs were then
placed in NDS at pH 9.0, supplemented with 1 mg.ml” proteinase K (Sigma, Ltd.),
at S0°C for 24 h. After this period, the plugs were transferred to NDS at pH 8.0, and
supplemented with 1 mg.ml™” proteinase K, at 55°C for 24 h. The plugs were then
stored in fresh NDS at pH 8.0 at 4°C,
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2.6.2 Standard genomic DNA preparations

Trypanosomes were separated on a Percoll gradient, as described previously, and
then washed in ice cold digestion buffer (10 mM Tris-HCI at pH 7.5, | mM EDTA
and 100 mM NaCl). The cells were then centrifuged at 1500g and resuspended in 5
ml digestion buffer, supplemented with SDS to 1% and proteinase K to 1 mg.m!™
and incubated for at least 2 h at 55°C; the solution was swirled gently every 15 min.
RNAnse was then added to a final concentration of 100 pg.ml” and incubated at
50°C for at least an hour. The genomic DNA was then phenol/chloroform exiracted
2-3 times and chloroform exiracted once; the phases were separated by centrifuging
at 10 000g for 10 min. Wide-bore disposable plastic pipettes were used to aspire the
aqucous phasc, to cnsure minimal shearing. Aflerwards, 1/20 volume of 3 M sodium
acetate was added, and the DNA was then ethanol precipitated by layering 2 volumes
of 99% ethanol onto the solution and swirling the tube gently; the DNA eventually
contracted into a tight pellet. The pellet was then spooled using a scaled Pasteur
pipette hook and placed in 70% ethanol (o remove salts. Afler repeated ethanof
washes, the pellet was drained and air-dried, after which it was dissolved in TE to a

final concentration of 1 ug.ul™.
2.7 Gel electrophoresis and Southern blotting
2.7.1 General gel electrophoresis

Standard DNA separations were performed on 0.7% agarose gels (GibcoBRL, Life
Technologies) run at 100 V in 1 x TAE buffer, using a commercial 1 kb ladder as a
size marker (GibcoBRL, Life Technologies).
2.7.2 Genomic digestions

Genomic DNA (usually 1 pg) was digested overnight with the appropriate

restriction enzymes, following the manufacturer’s protocol (New Fngland Biolabs).

The products were then fractionated on a 0.7 % agarose gel ran at 30 V (overnight in
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1 x TAE butfer) to ensure a high resolution of the bands, after which the DNA was

transferred to a nylon membrane by Southern blotling (see below).

2.7.3 Pulsed field gel electrophoresis (PFGE)

Chromosome sized DNA was resolved by PFGE using the CHEF-DR Il system
(BIO-RAD). This method of electrophoresis is highly sensitive to changes in buffer
composition and it is therefore important to ensure that the gel is made from (and the
genomic plugs dialysed in) the buffer that is circulating in the tank (and not from a
fresh buffer stock). At least 2 litres of the appropriate huffer were circulated in the
electrophoresis tank for 10 min, after which a small sample was taken for dialysing
the genomic plugs. The plugs were dialysed, at room temperature, in 1 ml of buffer,
which was changed every hour for four hours. After the final change of buffer, the
plugs were placed at 4°C and left overnight. The following day, 105 ml of buffer
were taken from the tank and the agarose gel was prepared at the appropriate
concentration. Following dialysis, the genomic plugs were placed on the comb of
the gel former (ene-half a genomic plug per lane) and 100 ml of the molten agarose
was then poured, and allowed to set. After 30 min, the comb was removed (leaving
the plugs embedded in the gel) and the wells were filled with the remaining liquid
agarose. The three PFGE conditions utilised in this thesis were as follows: (1) 6 —day
general separation, 1.2% agarose gel at 15°C in 0.089 M Tris-borate, 0.1 mM EDTA
(1 x TB(0.1)E) (85 V, 1400-700 s pulse time, 144 h); (ii) 1.8 Mb resolving run,
identical to the general run except the pulse time was fixed at 600 s; (iii)
minichromosomal separation, 1.0 % agarose gel at 14°C in 0.045 M Tris-borate, 0.5
mM EDTA. (0.5 x TBE) (200 V, 20 s pulse time, 16 h). The DNA was then

transferred to a nylon membrane by Southemn blotling.
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2.7.4 Southern blotting

Prior to blotting, the agarose gcls were stained with ethidium bromide and viewed
and photographed on a UV transilluminator. The gel was then placed in 200 ml 0.25
M HC1 for 15 min (to nick the DNA), rinsed with distilled water, and immersed in
200 ml denaturation solution (0.5 M NaOH, 1.5 M NaCl). After 30 min of
denaturing, the gel was rinsed briefly with distilled water and then placed in 200 ml
neutralizing selution (1 M Tris-HCI pH 8.0, 1.5 M NaCl) for 30 min. The DNA was
then transferred to a nylon membrane (Micron Separations, Inc. or Hybond-N) by
wet blotting using 20 x SSC as the transfer buffer (Sambrook ef al. 1989); standard
blots were left for 24 h, while PFGE blots were left for 48 h. After transfer, the

DNA was crosslinked to the membrane using a UV spectrolinker.

2.8 Probhe manufacture and DINA hybridization
2.8.1 Radiolabelling

The majorily of the probes used in this study were manufactured from the full-
length VSG specific cDNAs, which were excised from their plasmids by restriction
digestion and gel purified using the QIAGEN gel extraction kit (following the
maufacturet’s protocol); radiolabelling was performed using the Prime-It 11 kit
(Stratagene). Initially, 50 ng of purified template DNA were mixed with 10 pl of
random aligonucleotides and sterile, distilled water, in a total reaction volume of 37
ul. This mixture was then heated to 95-100°C for 5 min, cooled, and centrifuged
bricfly. Afterwards, 10 pl 5 x primer buffer, 2 pl a-"°P labelled dCTP and 1 ul
Klenow (5 U.u1'1) were added in order, mixed carefully, and incubated at 37°C for §
min. The resultant probes were then purified from the unincorperated nucleotides by
passing them through NucTrap columns (following the manufacturer’s protocol,

Stratagene), Once purified, the probes were denatured at 95°C for § min before use.
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Three probes corresponding to the amino-terminus of the IL.Tat 1.2, 1.21 and 1.25
V8Gs were also produced. Template DNA was generated by PCR amplification
from the plasmids using the tbsl (spliced leader 17mer) primer (Cruachem) and a
reverse and complementary ¥SG specific internal primer (Genosys Biotechnologies
Lid.). The three internal 20mer primers were:

NILT1.2, ACATCTGACGCCACCGCT (1 kb into the ILTat 1.2 coding scquencce);
ASALIL TITTGGTGTATTAGCGCCGC (1 kb into the 1.25 coding sequence);
EAGEL CGTCCCTTGGTGTCGCCGCC (0.4 kb into the 1.21 coding sequence).
PCR amplification was performed as in section 2.3.3, but the annealing temperature
was performed at 50°C and the clongation phase of the cycle was shortened to 1 min.
The PCR products were then gel purified using the QIAGEN gel exiraction kit

{following the manufacturer’s protocol) and subsequently radiolabelled.

2.8.2 Hybridization

The nylon filters were wetted with distilled water, placed between two sheets of
hybridization mesh (Amersham, Life Technologies) and transferred to a glass
hybridization tube. Approximately 20 ml of Church-Gilbert solution (0.342 M
Na;HPOy4, 0.158 M NaH,P(04.2H,(, 0.257 M SDS and 1 mM EDTA per litre) was
added and the filters were prehybridized for a minimum of 1 h at 65°C in a rotating
hybridization oven, The purified, denatured probe was then added, and the
hybridization was left avernight at 65°C. After this hybridization step, thc filters
werce washed at 65°C in the rotating oven with the following series of solutions: § x
SSC, 0.1% SDS (twice); 2 x SSC, 0.1% SDS; 1 x SSC, 0.1% SDS; 0.1 x SSC, 0.1%
SDS (50 ml solution used per 15 min wash). The filters werc then rinscd at room
temperature in 0.1 x SSC (without SDS), heat-scaled in plastic, and placed next to
medical photographic film (Konica Medical Corporation) in an autoradiography

cassette at -80°C for 4-168 h, depending on the expected strength of the signal.
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2.8.3 Stripping of nylon filters

The nylon filters were stripped with boiling 0.1% SDS. The solution was poured
onto the filters in a heat resistant container and allowed to cool to room temperature.
The procedure was then repeated again, after which the filter was rinsed in 2 x SSC
and was ready for reuse. The PFGE filters required a stronger stripping solution fo
remove the probe (0.4 M NaOH and 0.1% SDS). Following stripping the filters
were placed next fo medical photographic film in an autoradiography casscttc at

-80°C for 24 1, to ensure that the procedure had been successful.

2.9  Manunfacture and screening of the minichromosomal libraries
2.9.1 Tsolation of minichromosomal DNA

Minichromosomal DNA was separated on a 1.2% low-melting point (LMP} agarose
gel (NuSieve GTG agarose, Flowgen) by PFGE. This gel was run at 15°C in
TB(0.1)E (0.089 M Tris-borate, 0.1 mM EDTA) (85 V, 1400-600 s pulse time, 120
h) using all fourteen of the gel wells (one-half of a genomic plug per lane). The
minichromosomes were then excised from the gol and dialysed overnight in 10 ml of
TE at 4°C and then for 3 h al room temperature in 10 ml of TE at pH 6.5. The
agarose (2.2g isolated in this experiment) was then washed twice for 30 min on ice
with 5 ml of P-agarase I buffer (New England Biolabs), after which the buffer was
removed. The gel slices were then melted by incubation at 65° C, cooled to 40°C,
and incubated with 2ul of p-agarase I (10 U.pl™”; New England Biolabs) at 40°C for
[ h. Afler the agarase digestion, the DNA was cleaned by phenol/chloroform and
chloroform extractions, and then it was ethanol precipitated and resuspended in 50 pi
TE. "The amount of DNA produced from this preparation was 0.9 pg, determined by
UV spectrophotometry.
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2.9.2 Manufacture of the minichromosamal libraries

The DNA was divided into two aliquots and then digested overnight at 37°C with
gither Sall/Nsil or Sall/Bgill (New England Biolabs) using 1.5 ul of each enzyme
(Bglll and Nasil at 10 U.pl™; Sall at 20 U.al™) in Nsil or Sall unique bulfers (New
England Biolabs}) respectively, in a total reaction volume of 30 ul. After digestion,
the DNA was phenol/chloroform extracted and then chloroform extracted. The DNA
was then ethanel precipitated, and dissolved in 15 pl sterile, distilled water. The
Sail/ Nsil minichromosomal library was then prepared by ligating 30, 60 or 120 ng
of the Sall/ Nsil-digested minichromosomes into 50 ng of pBluescript K/S (+/-)
(Stratagene), which had previously been digested with Sall/ Psi (Pstl produces the
same 4 hasc restriction overhang as NsiT); 1 ul T4 DNA ligase (Promega, 3U. pl™)
was used per ligation, in a total reaction volume of 10 pl (incubated overnight at
16°C). A negative conirol ligation was also prepared (with no insert) to ensure that
the plasmid did not self-ligate. Next, 3 wl of cach ligation was used to transform
62.5 pl XL1-BLUE MREF’ E. coli supercompetent cells (Stratagene) by heat
shocking (see section 2.4.2, page 40) and subsequently spread on AIX plates and
incubated overnight at 37°C. The colonies were then washed from the 3 plates by
adding 8 mi! L-broth (supplemented with ampicillin to a final concentration of 10
ug.ml™") per plate. A 1 m! sample of this liquid library was then taken as a working
stock and stored at 4°C, Glycerol was added 1o the remaining stock (15% final
concentration), which was then divided into 2 ml samples and stored at -80°C. The
Sall/ Bglll library was prepared in a similar manner but ligated into pBluescript that
had previously been digested with Sall/ BamI1T (BamlTl produces the same 4 base
resiriction overhang as Bgfll). The cloning efficiency of this library was lower than
that of the Sall/ Nsi library, and consequently two transformations were prepared

from each ligation to increase the number of colonies.
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2.9.3 PCR screening of the minichromosomal libraries

This method is described in section 5.4 (page 114). The sequences of the primers
used in this screening method were as follows:

T7, GTAATACGACTCACTATAGGGC; T3, AATTAACCCTCACTAAAGGG;
B200, CAGCTCCCTGTCTTCACTCC; E890, TAACGCAGTTGCAAGCATTG;
Al180, AATACAGGTTGTTGTTGCGA; AS50, GTCTCTGCAAGAAATGCTAA,;
C190, TGCGCTAGAGTGTTTGTAGC; C390, CTGTCGCGATGCCATACAAA;
D210, GTTAGCTTGTTGGITGCGTA; D370, TGCCAGGTTGTGATACTTCT.
The primers were manufactured by Genosys Biotechnologies Ltd., and were diluted
to 5 pM. The PCR reactions were set up as described in section 2.3.3 (page 39), and
the amplification was performed with a hot start for 5 min at 96°C, 30 cycles of 1
min at 96°C, 1 min at 55°C and 3 min at 70°C, and a final extension at 70°C for 10
min; identical conditions were used when the ILTat 1.21 product was generated
using Long-7ug DNA polymerase (Stratagene). However, the following conditions
were used when the ILTat 1.25 product was generated with Pfiz polymerase: 37 pl
distilled water, 5 pl 10 x Pfi buffer (Stratagene), 2 pl 25 mM MgCly, 1 ul 10 mM
dNTPs (Pharmacia Biotech), 2 ul § pM T7 primer, 5 pM E200 primer, 1 pl Pfu
polymerase (2.5 U.ul™). The amplitication was performed as above, except that an
clongation time of 4 min was adopted. The PCR products were fractionated on a
0.7% agarose gel, purified using the QIAGEN gel extraction kit (following the
manufacturer’s protocol) and cloned into the PCRSecript vector (Stratagenc)

(following the manufacturer’s protocol).

2.10 Phenol/ chloroform extraction

The volume of the sample was adjusted minimally to 200 ui by the addition of TE
buffer. An equal volume of phenol/ chloroform (1:1 mixture} was then added and
nmixed thoroughly by inversion, The two phases were separated by cenfrifugation in
a microcentrifuge at maximum speed for 10 min, atier which the aqueous layer was

eluted and transferred to a new eppendorf tube. An equal volume of chloreform was
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then added and the tube contents were mixed by inversion. After centrifugation at
maximum speed for 5§ min., the aqueous layer was eluted and added to 1/10 the
original volume of 3 M sodium acetate and 2 ul of glycogen (Boehringer Manheim);
2 volumes of 99% ethanol were then added and mixed thoroughly. The tube was
then transferred to -20°C for at least 20 min, after which the DNA was pelleted by
centrifugation at maximum speed for 15 min. The pellet was then washed in | ml
70% ethanol, air-dried, and resuspended in an appropriate volume of buffer (usually
TE).

211 Sequencing

An appropriate amount of plasmid (500 ng for sequencing from plasmids; 200 ng if
purified PCR product was scquenced direetly) was mixed in a thin-walled
microcppendorf tube with 5 pmoles of primer and 8 pl ABI PRISM dye terminator
“ready reaction” solution (Perkin-Elmer corporation) in a final volume of 20 pl. The
thermal cycling was then performed with a hot start at 96°C for 4 min, 25 cycles at
96°C for 10 5, 50°C for 5 s and 60°C for 4 min on a GeneAmp PCR system 2400
(Perkin-Elmer corporation). The solution was then transferred to a 0.5 ml eppendorf
tube, after which 2 ul of 3 M sodium acetate and 50 pl of 95% ethanaol were added
and mixed, The tube was then placed on ice for 10 min, after which the DNA was
pelleted by centrifugation for 20 min. The supernatant fluid was then removed and
the pellet was washed with 250 pl 70% cthanol and air-dricd. Automated
sequencing was then performed by the Molecular Biology Support Unit (MBSU) of

the University of Glasgow.
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CHAPTER 3

THE ORDER OF VSG EXPRESSION IN A CHRONIC,

PLEOMORPHIC, 7. brucei INFECTION
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3.1 Introduction

Extensive investigations into antigenic variation using monomorphic trypanosomes
have enabled us to observe, and interpret, the various VSG switching mechanisms
these organisms have adopted to evade the immune response of their hosts. The
reduced switch rate scon in these laboratory adapied lines has fucilitated such
studies, allowing cloned populations to remain predominantly of one VAT during
expansion. However, it is clear that these parasites differ significantly from non-
passaged field isolates, and it is therefore important to consider the possibility that
the selection to monomorphism is associated with alterations in the cell’s
recombinational or transcriptional machinery. In addition, a switching rate of 1 x
10° - 1 x 107 switches/cell/generation (Lamont et al. 1986) is low enough to be
explained by background mutation and hamologous recombination, which therefore
raises questions about the significance of VSG gene activation events observed in
monomorphic parasites.

It has been proposed (Barry, 1997a) that the marked change in switch rates belween
monomorphic and pleomorphic trypanosomes is indicative of a specific gene
switching mechanism that might inclhude a dedicated enzyme activity catalysing site-
specific recombination, which is reduced in, or even absent from, monomorphic
fines. This mechanism is likely to involve a DNA repair pathway, and has been
shown to be delimited upstream by the 70 bp repeat region in both monomorphic
lines (Michels et a/. 1983) and normal, fly-transmitted lines (Delauw et al. 1987;
Maltthews et af. 1990). However, in monomorphic lines this repeat region is not
always used, perhaps duc to the absence of the specific mechanism. Indeed, the
deletion or inversion of the 70 bp repeat region of the active BES in monomorphic
trypanosomes had no effect on the incidence of VSG duplications into that BES
{(McCulloch et al. 1997).

The aim of this investigation is 1o examine the order of VSG appearance in a
chronic, pleomorphic infection, and dctermince the activation mechanisms by which
these FSG genes become expressed. A study of this kind would be exiremely
complicated if using the highest switching frypanosome lines, since the populations
grown from a single cell will not be phenotypically pure after the expansion period
required for molccular analysis. Therefore the ILTat 1.2 (LL.R.A.D. — International

Laboratory for Rescarch in Animal Discascs - Trypanozoon antigen type) line, which




switches at the lower end of the natural range of switch rates found in fly-transmitted
pleomorphic {rypanosomes, was utilised in these experiments (derivation and switch
rate given in section 3.2 (Turner, 1997)). A single relapse investigation (section
3.10, page 74} was also undertaken using the I Tat 1.61c¢ pleomorphic line, which is
the most highty switching clone known (at 3 x 1077 switches/cell/generation); a PCR
approach for analysing the rapidly switching products is outlined in section 3.9 (page
70).

3.2 Derivation of the ILTat 1.2 pleomorphic clone

‘the pleomorphic line utilised in this study was derived from the 7. brucei EATRO
795 stack (East African Trypanosomiasis Research Organization), originally a (ield
isolate from bovine blood (Uhembo, Central Nyanza Province, Kenya; 1964). After
an unknown number of syringe passages over a period of several years (Onyango et
al. 1966; Miller and Tummer, 1981), trypanosomes expressing ILTat 1.2 were cloned,
and a stabilate SUSB 48 (State University of New York, Stony Brook) was
produced. The ILTat 1.2 expressor clone displays a VSG switching rate of about 1 x
107 switches/trypanosome/generation, and upon fly transmission, emerges from the
insect with an overall rate of around 1 x 102 switches/cell/generation; individual
clones within this population display a range of rates between 1 x 10 and 1 x 107
switches/ cell/generation (Turner and Barry, 1989, Turner, 1997). It is therefore
cvident that this ILTat 1.2 clone retains pleomorphism, despite displaying switching
at a rate of only one to two orders of magnitude above that of monomeorphic cell
lines. In addition, this line will not proliferate in liquid culture (whereas
monemorphic lines do), but does grow on a semi-solid agarosc plate culture

{Vassella and Boshart, 1996), clearly differentiating to stumpy form cells.
3.3 Initiation and progression of the chronic ILTat 1.2 infections

Trypanosomes were grown from the GUG (Glasgow University Genetics) 348
[LTal 1.2 slabilate in a CFLP mouse that had been immunosuppressed by
cyclophosphamide treatment (Sigma Ltd, 25 mg.ke” body weight) 24 h previously.

Exsanguination was performed at the initial parasitaesmic peak by cardiac puncture
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into sodium citrate anticoagulant in Carter’s Balanced Salt Solution (CBSS), after
which the trypanosomes were cloned into three immunosuppressed ICR mice to
cnsure the homogeneity of the ILTat 1.2 population. These mice were bled, and
stabilates (WUMP 676-678) prepared when the parasitaemia achieved 107°
trypanosomes.mi”; a new ILTat 1.2 population was then grown from the WUMP
677 stabilate in a new immunosuppressed ICR mouse. After harvesting at the initial
peak, approximately 1 x 108 {rypanosomes were injected intravenously inte a lop-
eared rabbit (Bantin & Kingman, Hull, UK) from which pre-infection plasma had
been collected as a control for antibodies.

On each day of infection (from days 6-30 post infection), ! ml of blood was taken
from the rabbit and 0.4 m] used for the preparation of serum; the remaining 0.6 m}
was injected immediately, intraperitoneally, into an immunosuppressed ICR mouse.
This step enabled the irypanosome titre to be elevated from the characteristically low
level seen in rabbits prior to cloning, These “amplifict” mice were bled when the
parasitaemia reached above 10”® trypanosomes.ml” (Herbert and Lumsden, 1976)
and trypanosome clones were isolated immediately by micromanipulation. The
isolation of 10 clones was attempted from each “amplifier” population, although the
number of clones that arose was variable, and thus 77 clones were isolated (Figure
7); no cloning was attempted from the day 29 and 30 “amplifier” mice. All clones
were stabilated in liguid nitrogen afler the parasitaemia reached patency
(approximately 10”¥ trypanosomes.ml™, achieved typically 3-6 days post infection).
This approach to cloning trypanosomes and preparing specific antisera was based on
methods developed for rapidly switching 7. vivax that minimize growth period, and
therefore the extent of antigenic variation. This also permits rapid raising of specific
antisera by cymelarsan (5 mgkg’ body weight) curing of the mice in which the
clones had been derived (Barry, 1986).

The rabbit parasitacmia was also measured daily, and over the 30 days of infection
was typically low (Figure &), but nevertheless yielded two visible relapse peaks, on
days 7-9 and 11, and days 18-22. The parasitc growth within the “amplifict” micc
revealed that the rabbit was infective on days 6-11, 16-22, and 28-30, corresponding
to three relapse peaks. Of the 77 clones isolated from the “amplifier” mice, 36 were
isolated from the first relapse peak, 36 from the second, and 5 from the third.

Subsequent immune lysis investigation of the second relapse peak revealed that only
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Figure 7. Derivation of the 77 switched clonal stabilates isolated from the ILTat 1.2 chronic rabbit infection. Stabilates are enclosed in rectangles,
while circles denote mouse hosts; the trypanosome symbol represents a cloning step. The GUG (Glasgow University Genetics) 348 stabilatc was
injected into an immunosuppressed CFLP mouse, and trypanosomes were cloned into ICR mice to produce the stabilates WUMP 676-673. The
WUMP 677 stabilate was then expanded in an immunosuppressed ICR mouse before injection into the rabbit. The stabilates enclosed in black
rectangles are generated from mixed population “amplifier” mice (represented by the blue circles), which were injected directly, intraperitoneally, with
0.6 ml of rabbit blood. The stabilates encloscd in red rectangles (WUMP numbers) on the lower row of the table are the switched clonal stabilates,
isolated directly from the “amplifier” mouse blood; cloning mice are not indicated in this lineage. Although 10 clones were taken from each
“amplifier” population, the nmumber that survived the cloning procedure was variable, and thus 77 clones were isolated. No “amplifier” populations
grew from the day 11-16 and 22-28 samples, when no trypanosomes werc detectable in the rabbit blood by microscopy (see Fig. 8). Cloning was not
attemnpted from day 29 and 30 “amplifier” blood.
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2 VATs were represented by the 36 clones, and consequently trypanosomes growi in
mice from the stabilates of the day 17 and day 21 amplifier mice were treated with
antiserum against those 2 VATs and cloned. This led to the isolation of another 6
trypanosome clones from the day 17 sample and 8 clones from the day 21 sample, all
of which represented 2 new VATs. The day 19 “amplifier” mouse trypanosomes
were then treated in the same way with antibodies against the 4 VATs from the
second peak, yiclding 5 morc clones, all of the same VAT. In total, 96 trypanosome

clones were derived form the three peaks.
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Figure 8. Parasitaemia of the ILTat 1.2 chronic rabbit infection over the 30 days of infection
determined by microscopy (Herbert and Lumsden, 1976). Trypanosomes were deteciable on days 7.
8, 9, 11, and days 18, 19, 20, 21, and 22. The rabbit was infective between days 6-11 (the 1% relapse
peak) and days 18-22 (the 2™ relapse peak). The graph ulso demonsirates the days on which each of
the 11 distinct VATs were present in the host blood. The individual VATS were determined by
immune lysis typing of the 96 individual clones (see 3.4), and were given the temporary codes A-K.
These VATs were subsequently allocated ILTat numbers: ILTat 1.25 (VAT A), [I.Tat 1.67 (VAT B),
ILTat 1.68 (VAT C), ILTat {.69 (VAT D), ILTat 1.21 (VAT E), ILTat 1.64 (VAT I), IL'Tat 1.23
(VAT G), ILTat 1.70 (VAT H), ILTat 1.71 (VAT I), [LTat 1.22 (VAT J) and ILTat 1.72 (VAT K).
*[ denotes Lrypanosomnes visible in the rabbit blood at a low unquantifiabie level (arbitravy values

assigned). *2 indicates the days on which trypanosomes were undetectable by microscopy.
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3.4  Immune lysis dissection of the first relapse peak

The number of distinct VATs represented by the 36 trypanosome clones from the
first relapse peak was determined by immune lysis typing. Plasma, containing
specific antibodies, was produced from each clone mouse following the elimination
of infection by cymelarsan treatment. Each trypanosome clone was then grown from
stabilate unti! the parasitaemia reached approximately 10°% cellsml”, and cross-
tested against all 36 antiscra. The assay was performed with trypanosomes
suspended in guinea-pig complement to 5 x 10° cellsanl”, and incubated in 1:20
diluted antiserum for 1 h at room temperature. Percentage lysis was then quantified
by light microscopy, counting at least 100 parasites; every positive displayed >>99%
lysis. Each trypanosome clone was also incubatcd for an hour in the prescence of
guinea-pig complement alone, as a negative control, to ensure that all the lysis was
due to the action of the antiserum.

The 1296 individual immune lysis results (summarised in Figure 9) revealed that 6
VATs (allocated the temporary working codes A-F) were represented in the first
relapse peak. Each antiserum displayed a distinct lysis pattern, reacting exclusively
with trypanosome clones expressing the same antigen ccat (with the exception of
antiserum S702, which cross-reacted with a second VAT), Tigure 9 also illustrates
the change in VAT composition over the § days of the first relapse peak, progressing
from the top left to the bottom right of the chart.

Identical immune lysis typing was undertaken for the second relapse peak and
revealed a further 5 unique VATs, Figure 8 demonstrates the days on which each

VAT was present in the rabbit infection.
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Figure 9. Immune lysis typing of the 36 trypanosome clones isolated from the first relapse peak of the ILTat 1.2 chronic rabbit infection. Immune lysis cross-
reaction was performed between cach of the 36 clones (WUMP stabilate numbers indicated) against each of their 36 corresponding antisera. Trypanosomes were
incubated with the relevant antibodies in the presence of guinea-pig complement at room temperature for 1 hr in the bottom of a 96 well V-bottomed microtitre
plate. A minus sign indicafes no trypanosome lysis, whilst a plus sign denotes complete lysis (>99%). Clones of the same VAT (e.g. 690 and 691) display an
identical cross-reactive pattern and have been allocated a unigue colour and a temporary working code (e.g. B). The VATs were subsequently allocated ILTat
numbers ;: ILTat 1.25 (VAT A), ILTat 1.67 (VAT B), ILTat 1.68 (VAT C), ILTat 1.69 (VAT D), ILTat 1.21 (VAT E), and ILTat 1.64 (VAT F).
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3.5 TFurther ILTat 1.2 infections, and additional immune lysis investigations

To eliminate the possibility of the isolated VATSs having become activated in the
“amplifier” mouse, rather than in the rabbit, six trypanosome clones representing
cach VAT (see Figure 10 for details) were grown from stabilate and tested in
immune lysis against the daily plasma samples from rabbit A. Specific antibodies
arose only after the corresponding VAT was deteclable in the rabbit, typically 3-6
days later (Figure 10, Table 2). Identical analysis of the VATs from the second
relapse peak revealed a similar frend, confirming that all 11 VATs were generated
during the original infection, rather than during expansion in the “amplifier” mice.

In order to analyse the reprodueibility of appearance of the VATs in different
infections, the same ILTat 1.2 infecting population was grown from stabilate
(WUMP 677) in an ICR mouse and then treated with antisera against all 11 VATs
isolated from rabbit A, to remove existing switch products. After washing, the
surviving trypanosomes were injected into another two lop-carcd rabbits (B and C),
and also into a New Zealand White rabbit (D) (Bantin & Kingman, Hull, UK).
Plasma samples were harvested daily (or on alternate days for rabbit D), and tested
in imnmne lysis against each of the VATSs present in the initial infection (results for

the firsl relapse peak are summarised in Figure 10).
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Figure 10. Summary of the onset of lytic activity in four separate rabbits against the six VATs that
were isolated from the first relapse peak in rabbit A. Daily plasma samples were prepared from each
of the lop-eared rabbits (A-C) over the 30 days of infection. Plasma was sampled on alternate days
from the New Zealand White rabbit (D) until day 21 when the infection was terminated. One clone
was grown from stabilate for each of the VATs : clone 601 (VAT A, WUMP 686), clone 605 (VAT
B, WUMP 690), clone 803 (VAT C, WUMP 706), clone 804 (VAT D, WUMP 707), clone 1001
(VAT E, WUMP 714), and clone 1101 (VAT F, WUMP 721). Trypanosomes were incubated with
the relevant plasma in the presence of guinea-pig complement at room temperature for 1 h in the
bottom of a 96 well V-bottomed microtitre plate. A plus sign indicates complete lysis (>99%), while a
minus sign denotes no lysis; partial lysis (= 10-60%) is represented by the letter p. The VATs were
subsequently allocated ILTat numbers: [LTat 1.25 (VAT A), ILTat 1.67 (VAT B), ILTat 1.68 (VAT
C), ILTat 1.69 (VAT D), ILTat 1.21 (VAT E), and ILTat 1.64 (VAT F).




The immune lysis investigation revealed that VATs A, B, C, and D (later allocated
the ILTat numbers 1.25, 1.67, 1.68, and 1.69 respectively) appearcd carly in
infection, with consistent timing, in all four hosts (antibodies detected between days
9 and 12). VAT E (ILTat 1.21) was also present in all four infections, but dispiayed a
greater spread in its time of emergence (activity detected between days 13 and 26).
VAT F (ILTat 1.64), however, elicited antibodies in rabbits A (day 13) and B (day
22), but did not appear in rabbits C and D. There was more variation in the timing of
antibody onset for the second relapse peak (dala not shown), with only VAT H
(ILTat 1.70) appearing in cvery host.

It is clear from these studies that the VATs emerging early in infection have a
higher probability of expression, and are consequently represented more frequently,
than those appearing at a later time. As a result of this, the order of VAT expression
in the second relapse peak s less predictable than in the first relapse peak. Tndced,
this variation can be seen even within the first relapse peak, where the VATs
activated towards the end of the peak (E and F) display a more irregular cxpression
pattern than the VATs presented at the very start of the infection (A to D). This
phenomenon, in which VATs are expressed in a “semi-predictable” order of antigen
type appearance, has been observed experimentally elsewhere (Miller and Turner,
1981), and was originally demonstrated by Gray (1965), van Meirvenne er al.
(1975), and Capbern et of. (1977).

3.6  Ymmunoflnorescence typing of the VATs

Indirect immunofluorescence was performcd as previously described (Van
Meirvenne e al. 1975), on acetone-fixed thin blood smears using 37 existing
reference antisera as the primary antibody. The antisera, which were originally
derived from either mouse or rabbit hosts, were diluted in 1 x PBS prior to use (see
Table 1). Anti-rabbit (or anti-mouse) Ig fluorescein isothiocyanate (FITC) labetled

conjugates, were used as the secondary antibody.,
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The immunofluorescence study yielded 3 clear serotypes from the first relapse peak
(Figurc 11): ETat 1.7 (VAT D), ETat 1.9 (VAT E), and GUTat 7.13 (VAT F); in the
second relapse peak VAT J was determined as GUTat 7.1. The equivalent ILTat
numbers are given in Table 2 (section 3.8, page 69) and the significance of these

findings is discussed in the final chapter of this thesis.

Antiserum Dilution * Host Antiserum |} Difution * Most

WIWIZ]'athEHNW 200___'_mw rabblt ETai . 1 ) 300 rabbit
ILTat 1.4 [ 100 | rabbit | ETat 1.3 | 100 ""'rabblt" |
imiar | s [ | Erat | s | et
wTat162 | 100 | rabbit | ETat 1.5 | 100 ] rabbit

o |ETat 16| 100 rabbit

GUTat 7.1 500 | mouse | ETat 1.7 | 200 rabbit
GuUTat 7.2| 500 | mouse | ETat 1.9 | 100 | rabbit
Surat va|” es | ees T ETattas | o0 | e
GUTat 7.4| 200 | rabbit | ETat1.41 | 100 | rabbit
GUTat 7.5] 300 | rabbit | ETatt.12 [ 100 | rabbit
GUTat 7.6} 400 | rabbit | ETat1.13 | 300 rabbit
GUTat 7.8} 100 | rabbit | ETat1.14 | 100 | rabbit |
GUTat 7.9F 200 | rabbit | ETat1.45 | 100 [ rabbit
GUTat7.10| 100 | rabbit | ETatdi.16 1 75 | rabbit
GUTat7.11| 100 rabbit | ETat1.17 | 100 [ rabbit
cimr el e | arer [Ercite ] e | e
curatr | 00 | mawes [Eraiis T 0 Eo
GuUTat10.1] 200 | mouse | ETat1.20 [ 75 | rabbit

cuUTat11.7|] 200 | mouse | ETat1.21 | 100 rabbit

Table 1. Working dilutions and derivations of the 37 reference antisera.
ILTat — ILRAD Trypanozoon antigen type
GUTat — Glasgow University Trypanozoon antigen type
ETat — Edinburgh Trypanozoon antigen {ype

* reciprocal (1 in X dilution)
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Figure 11. Summary of the immunofluorescence results for the six VATs isolated from the first
relapse peak. Indirect immunofluorescence was performed on acetone-fixed thin blood smears using
37 existing reference antibodies (either rabbit or mouse) as the primary antibody. Trypanosomes

were visualized with fluorescein isothiocyanate (FITC) labelled conjugates. Each reaction was given

an arbitrary score according to the extent of the fluorescence:

fluorescence, + slight fluorescence, ++ clear fluorescence, +++ strong fluorescence. * Positive

controls were performed on each slide using mouse antisera specific to the individual VATs as the

primary antibody; (n) indicates no positive control.
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3.7  Reverse Transcription PCR (RT-PCR) amplification of the VSG genes

Clones representing each VAT were grown from stabilate in immunosuppressed
ICR mice until the parasitaemia approached 10" trypanosomes.mi™. The stabilates
used were: WUMP 686 (VAT A), WUMYP 690 (VAT B), WUMP 706 (VAT (),
WUMP 707 (VAT D), WUMP 704 (VAT E), and WUMP 720 (VAT F).
Approximately 1-5 pg mRNA was isolated directly from 100 pl blood, using 1 ml
TRIzol (Gibco-BR1L), and reverse transcribed to single strand cDNA using oligo
[dT] primer (Gibco-BRL). The expressed VSG genes were then amplified by PCR
using two short specific oligonucleotides as described by Carrington ef al. (1991).
The first primer (thsl: GTTTCTGTACTATATTG) was a 17mer specific to the
mRINA spliced leader, while the second primer (th3ut: GTGTTAAAATATATCA)
was a 16mer specilic to a region in the downstream UTR, highly conserved in all
¥SG genes. Amplification was performed for 30 cycles of 1 min at 96° C, 1 min at
42° C and 2 min at 70° C, in a final reaction volume of 50 ul (1 pl of the 20 Wl
reverse transcribed product was used as template).

Figure 12A demonstrates the major PCR products generated from the poly[A]"
RNAs of the six VATSs isolated from the first relapse peak, which varied in size from
approximately 1.5 to 1.8 kb. In the L. Tat 1.2 and VAT B PCR rcactions a second
minor PCR product of around 0.8 kb was also seen (Figure 12B), although this band
was much fainter and appeared only occasionally in the VAT A, C, D, E and F
reactions.

Following fractionation on a 0.7% agarose gel, the products were cloned using the
“T-casy’ vector, or PCRScript Amp SK (+). Three clones were produced from ILTat
1.2, and VAT A-E DNA; only 1 clone was gencrated for VAT I, As trypanosomces
are variable i expression of VSGs, this approach can yield cDNA clones from
minor VATs in the trypanosome clones. Partial sequence (400 bases from the
amino- and carboxy- termini) was therefore obtained from each of the clones, and
also dircctly from the purified PCR products. The majority of the cloned producis
proved to derive from the predominant PCR product, although there were some
discrepancies. All three VAT B clones failed to match the VAT B PCR product, and

were found to have identity with the ILTat 1.2 clones. Consequently, three new
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clones were produced following RT-PCR of new mRNA isolated from trypanosomes
grown from a different stabilate (WUMP 691); these clones matched the VAT B
PCR sequence. The third VAT A clone also seemed to have derived from a different
expressor, since its amino-terminus sequence did not match that of other two clones
or of the PCR product. Interestingly, this clone did display complete homology with
the other two clones at its carboxy-terminus, and it therefore seems possible that this
minor expressor was activated by a recombinational event, in which part of the

previous VSG gene remained in the expression site.

kb kb
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Figure 12. RT-PCR of the VSG transcripts of the six VATs isolated from the first relapse peak. Panel
A. EtBr stained 0.7% agarose gel of the VSG gene cDNA products generated by RT-PCR of mRNA
from the six VATs identified in the first relapse peak. PCR products originating from VAT A to F
(WUMP 686, 690, 706, 707, 704, and 720 respectively) poly[A]" RNA were loaded in lanes 1-6
respectively (10 pl of the 50 pl reaction loaded per lane); a negative (no template) control was also
loaded in lane 7. Panel B displays the PCR product generated from VAT B (WUMP 691),
demonstrating the second minor PCR product, at 0.8 kb, that was often seen. Molecular markers are

indicated to the left of each gel.
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BLAST searching against the NCBI database revealed a typical VSG sequence
pattern: general conservation at the dowmnsiream end of the sequence, reflecting
peptide sequence conservation, and considerable variation at the amino-terminal
coding end, which contains variable epitopes of the VSG. VAT A was identified
from the datubase as ILTat 1.25, and VAT E as ILTat 1.21 (consistent with the ETat
1.9 immunofluorescence result; J.D. Barry, pers. comm.), with both clones perfecily
matching the existing sequence. The ILTat 1.2 clones displayed exact homology
with the database sequence at the carboxy-terminus; the amino-terminus
(approximately 500 bp) was missing from the database. Two clones derived {rom
the second relapse peak were also identified from the database: VAT G (IL.Tat 1.23)

Full length ¢DNA sequence was also determined from the first clone of each of the
VATs A-F, and also from ILTat [.2, allowing internal rcstriction sitcs to be
determined (Figure 13),

[LTat1.2 | [ | |

ILTat [.25 ! | [ |
(VAT A)

ILTat 1.67 I | i l
(VAT B)

ILTat 1.68 | | 1 |
(VAT C)

ILTat 1.69 11
(VAT D)

He Ps He He Py
ILTat 1.2] { | ! |1
(VATE)

ps He
I*s Hd Pv Ps K Pv Py
TLTat 1.64 L 11 i i ‘(lr !
(VATFE)

T T T T T T T T T I 1 t I T T T T 1

0 100 200 300 400 500 &0 700 800 9S00 1000 1100 1200 1300 1400 1500 1600 1700 bp

Figure 13. Physical maps of the 11'1'at 1.2 and VAT A-F VSG genes (starting with the last sevenieen
nucleotides of the spliced leader). Restriction sites were determined from the full length ¢cDNA
sequence of each VAT, Abbreviations: E, £coRY; He, Hincll; Hd, HindIll; K, Kpnl; N, Nofd; Ds, Pst
I; Pv, Pvadl. * This EcoRI site was not seen in the other two VAT C clones, and probably represents

a PCR or cloning artefact.
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3.8  Allecation of ILTat numbers to previously unidentified VATs

Immunofluorescence and DNA sequencing had identified six of the eleven VATs
isolated from the rabbit A infection. Five of these VATSs corresponded to previously
allocated ILTat numbers: ILTat 1.25 (VAT A), ILTat 1.21 (VAT E), ILTuat 1.64
(VAT F), ILTat 1.23 (VAT G), and ILTat 1.22 (VAT J). The remaining six VATs
were allocated the mew ILTat numbers 1.67-1.72 according to their order of
emergence from the rabbit infection. The ILTat numbers are summarised in Table 2,
which also demonstrates the equivalent ETal and GUTat numbers; the Table also
indicates the days on which cach of the VATs was present in the rabbit A infection,
and the timing of antibody onset in rabbits A-D. These VATs will now be referred

to in the text by their LL1'at codes, rather than their working letters.

VAT Time isolaled | Numbecr of clones | Day of antibody onset
from rabbit A isolated in rabbits

CODE  ILTat ETat GUTat days 1A B C D
A 1.25% 6,7 [ 1t 12 1112
B 1.67 6 2 g t1 12 12
C 1.68 7-10 7 12 12 12 12
D 1.69 1.71 7,8 4 11 [1 9 12
E 1.21* 1.9 7,10 2 13 26 15 18
F 1.04 7.131 811 11 13 22 - -
G 1.23%* 16-22 35 26 - - -
H 1.70 17 1 22 12 22 14
\ 1.71 17 3 23 23 27 -
J 1.22% 1.2 7.1i 17,21 8 23 - - 18
K 172 1% 5 ‘. 23 - 14 16

Table 2. Summary of the 11 VATS isolated from the rabbit A infection. * indicates VAT idenlificd

by DNA sequencing; i denotes immunofluorescence result.
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3.9 A PCR approach for analysing rapid switch products

Although the ILTat 1.2 linc retains pleomorphism, its switch rate is a few orders of
magnitude lower than the overall rates seen in lines that have not undergone such
extensive passaging. However, as discussed earlier, it would be impossible to
analyse the myriad of switch products that could be generated in a chronic infection,
if initiated with one of these high switching lines. Single relapse investigations, such
as those performed by Miller and Turner (1981), would reduce the complexity of the
study, but the antigenic variation rate of the most rapidly switching trypanosomes
(approximately 3 x 107 switches/cell/generation) could complicate genomic
Southern analysis. In order to circumvent this problem, an experimental procedure
was designed in which high switching products from a single relapse study could be
scrutinized by PCR analysis (summarised in Figure 14).

This method deterinines whether a switch event has occurred by a duplicative or
non-duplicative mechanism by analysing thc rcgion upstrcam of the FSG genes
before and after the gene activation. Ixpression site sequence should be quite
distinct from the BC sequence(s) displaying a longer run of the 70 bp repeats (as
discussed in section 1.4, page 9), allowing the ¥SG gene copy number, and therefore
the switch mechanism, to be resolved. In the casc of a duplicative event both ELC
and BC sequence should be detectable, but during a transcriptional activation only
the BC(s) should be apparent. It is necessary to cxamine at Icast 2.5 kb upstream of
the FSG sequence to ensure that the area upstream of the cotransposed region and 7{
bp repeats is examined, since this is where the differences between BC and ELC will
be observed (beyond the duplication boundary). If the BC(s) coniuin a long array of
70 bp repeats (e.g. ILTat 1.21; see seclion 5.6, page 128) then the analysis must be
continued further upstream., This method requires the upstream fragments,
containing the 70 bp repeats, to be cloned and therefore a recombination deficient £.
coli strain should be utilised. The methodology for this approach is described below.

A clonally-initiated infection with a trypanosome from a high switching linc (e.g.
TLTat 1,61c) would be allowed to progress to the first relapse peak, when the mixed
population of parasites would be re-cloned into new mice. These subclones would
then be harvested once the parasilacmia achieved patency, and genomic DNA and
mRNA would be isolated. Subsequent cloning of the cDNA (produced by RT-PCR

as in section 3.7) would allow specific amino-terminus VSG gene primers to be
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manufactured for each of the switched products. This primer could then be used to
amplify single strand product, upstream of the VSG gene, from both the expressor
and initiator genomic DNA., After tailing this product with a homopolymer tail,
double stranded DNA could then be generated by amplifying with the VSG gene
specific primer and an oligonucleotide complementary to the tail. It should then be
possible to determine whether the VSG has switched via a duplicative or
transeriptional mechanism by the cloning and sequencing of these PCR products. In
the case of a duplicative activation, two (or more) products should be observed from
the expressor DNA (representing the BC(s) and FI.C), while only the BC(s) should
be detectable from the initiator DNA, During a transcriptional activation, however,

only the BC(s) will be seen from either DNA source since no ELC will be formed.
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Figure 14. Schematic representation of the PCR method for analysing high switching VSG gene products. Panel A depicts the generation of the cDNA by R1-
PCR (using spliced leader and 3" UTR primers as in section 3.7) from the clones isolated from the first relapse peak. Following the cloning of the PCR
product, an internal amino-terminus VSG gene specific primer could be used to generale single strand genomic DNA upstream of the VSG gene. Panel B
shows this product being tailed, and then amplified to double strand DNA using the internal VSG primer and an oligonucleotide complementary to the
homopolymer tail. Pancl C indicates the sequence differences, upstream of the VSG gene, between genes in an expression site and those in intemal arrays. In
the case of a duplicative activation, both the ELC and BC sequence(s) should be produced from the expressor genomic DNA, whilst only the BC sequence(s)
should be detected from the initiator genomic DNA. * approximately 2.5 kb upstream of the VSG gene should be sequenced to cosurce that the boundary of
duplication (probably within the 70 bp repeats) is passed.
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3.10 Single relapse study of the high switching pleomorphic line ILTat 1.61¢

A single relupse study was undertaken using the high switching line 1L Tat 1.61c.
This line was also derived from the SUSB 48 stabilate, but initiated from a single
metacyclic trypanosome produced by a tsetse {ly. The cloned trypanosome was
allowed to expand in a mouse for five days before a stabilate, GUP 2812 (Glasgow
University Protozoology), was produced. This population was previously shown to
be 98% homologous to ILTat 1.61 by immunofluorescence (J.D. Bartry, pers.
comm.). The switching rate of this line had also been determined (Twmer, 1997),
which, at about 3 x 107 switches/cell/generation, is thc highest rate observed in
trypanosomes.

The GUP 2812 stabilate was injected into an immunosuppressed ICR mouse, and
the parasites were grown until the parasitaemia achieved 10’* trypanosomes.ml™
blood. Ten single trypanosomes were then isolated immmediately by
micromanipulation, and injected intraperitoneally into new, immunosuppressed, [CR
mice. The 7 resulting cloncs were grown for 5-7 days, when 250 pl of bleod was
isolated from each mouse by tail-bleeding into heparinised capiliary tubes. Genomic
DNA was then isolated from 200 pl whole blood, and stabilates were prepared friom
the remaining 50 pl, This genomic DNA was prepared as a control to ensure that the
V8@ switch occurred at the relapse, rather than during the growth phase at the initial
peak. The infection was then meant to progress to the first relapse peak, but the ICR
mice appearcd to be very sensitive to the infection, resulting in only one of the clone
mice surviving beyond the initial peak. On the 10" day of infection the remaining
clone mouse achieved a parasitacmia of 10”® trypanosomes.ml’ blood, Parasites
were harvested by tail-bleeding, and 10 trypanosome clones were isolated, and
injected intraperitoncally into ncw, immunosuppressed, mice, The parasitaemia had
risen to 10*7 trypanosomes.ml” blood by day 11, and a further 10 clones were
injected into new mice; stabilates were made from both days 10 and 11. These
clones were then expanded until the parasitaemia reached approximately 107°
trypanosomes.mli” blood, when the mice were exsanguinated; stabilates were
prepared, and genomic DNA was isolated, following the separation of the
trypanosomes from the blood by a Percoll gradient. mRNA was also prepared from
100 d blood, using 1 m] TRIzol.
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Figure 15. Derivation of the 11 switched clones generated from (he [LTat 1.61¢ single rclapse
investigation. The trypanosome population was established in an JCR mouse from the GUP 2812
stabilate. 10 clones were then isolated and injected into new mice. Stabilates were prepared from 50
pl blood at the initial peak, and infections were continued wntil the first relapse peak; only clone
mouse 5 survived the infection. 10 ¢lones were sampled from mouse 5 on day 10, and a further 10
clones were isolated on day (1. The trypanosomes were then harvested when the parasitaemia
achieved approximately 10™* cells.ml”, when stabilates were prepared. Stabilates are enclosed in
rectangles, while clone mice are represented as circled numbers; the working clone numbers are
indicated under the stabilate munbers {(¢1d7—clone 1, isolated day 7; sc2d16-switched clone 2, isolated

day 16). Three of the inilial cloning attempts, and nine of the 1” relapse cloning attempts, were

unsuccessful. The cloning sleps are indicated by the trypanosome symbol.




In total, 11 switched clones were isolated from the first relapse peak (Figure 15).
Full length cDNAs were then generated from the mRNA by RT-PCR (as described
in section 3.7, page 66). These PCR products were fractionated on a 0.7% agarose
gel (see Figure 16) and gel purified. A single PCR product of approximately 1.7 kb
was generated from 9 of the 11 switched clones. Two distinct products were
amplified from the sc6d16 template (switched clone 6, isolated day 16; Figure 16,
lane 3), suggesting that either a switch had occurred during the expansion of the
clone, or that more than one trypanosome had been injected into the mouse at the

cloning step. No product was generated for sc5d16 (Figure 16, lane 2).

3.0kb —

20kb —
1.6kb ™

1.0kb=—

Figure 16. VSG gene cDNA generated by RT-PCR for the 11 switched clones isolated from the
ILTat 1.61c single relapse investigation. The PCR products were run on a 0.7% agarose gel and
stained with EtBr. Lanes 1-11: sc2d16 (switched clone 2, isolated day 16), sc5d16, sc6d16, sc9d16,
sc10d16, sc12d17, sc13d17, sc14d17, sc17d17, sc11d18, and sc16d18 (10 ul of the 50 ul reaction was
loaded per lane). All the products are approximately 1.7 kb, with the exception of sc6d16 (lane 3), in

which two products are visible; the PCR failed to amplify the sc5d16 template (lane 2).

The 9 clones, from which the single PCR product had been generated, were grown
from stabilate in immunosuppressed ICR mice, and immune lysis was performed (as

described in section 3.4) using antisera specific to the six VATSs isolated from the
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first relapse peak of the rabbit A infection. All the clones displayed >99% lysis with
ILTat 1.25 (VAT A) antiserum, and did not cross react with the other five antisera.
This homogeneity was unexpected, since the first rclapse populations of these high
switching trypanosomes should consist of multiple VATs. However, although the
overall switching rate of an ILTat 1.6lc population is about 3 x 107
switches/cell/gencration, individual clones within these populations demonstrate a
variety of rates down to 1 x 10 switches/cell/generation (Turner, 1997). It therefore
seems probable that the clone (¢5d7) from which the switched clones were derived
was one of the variants at the lower end of this switching scale, or that it gave rise to
more stable variants. This is consistent with the percentage homotype (>99% ILTat
1.25) determined by immune lysis; if the trypanosomes had been switching at the
high end of the scale the homotype percentage would have fallen substantially during
the growth of the clone population, and subsequent expansion from the stabilate.

The purified PCR product from the first switched clone, sc2d16, was then cloned
into the “T-easy’ vector. 400 bp sequence was obtained from either terminus of the
c¢DNA, and this, in conjunction with fimcll, and Pwull restriction mapping,
confirmed that product was identical fo ILTat 1.25 ¢cDNA. One by-product of the
more stable switch products of ILTat 1.61c was that the activation mechanism could
be studied by Southern analysis (section 4.7, page 94), rather than by the PCR
method outlined in section 3.9 (page 70).
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3.11  Summary

The chronic ILTat 1.2 infection produced a typically low level infection in the
rabbil host, yielding three relapse populations over the 30 day period. Subsequent
immune lysis investigation revealed that eleven distinct VATs were represented by
the 88 clones (analysed by immune lysis) from the first and second relapse peaks.
The number of clones isolated per VAT in the first relapse peak was varied, with no
single antigen type predominating. However, in the second relapse peak ILTat 1.23
was by far the major VAT, present on every day of the relapse.

Three further ILTat 1.2 infections initiated from the same stabilate, and pre-treated
with anlisera against the eleven VATSs, allowed the reproducibility of the initial
infection ta be cxamined. Four of the VATs (JLTats 1.25, 1.67, 1.68, 1.69) [rom the
first relapse peak elicited antibodies at a similar time in all four hosts, while onc
VAT (ILTat 1.21) showed more variation in the timing of its onset, and the final
VAT (IL.Tat 1.64) only appeared in two of the four rabbits. The sccond relapse peak
demonstrated much greater variation with only one of the five VATs appearing in all
of the infections (ILTat 1.70). This pattern is consistent with the semi-predictable
hierarchy of infection described by Miller & Turner (1981) and was originally
demonstrated by Gray (1965), van Meirvenne er af. (1975), and Capbern et al,
(1977).

Due to the sensitivity of the ICR mice to the parasites, only 11 switched clones were
isolated from the first relapse peak of the ILTat 1.61¢ infection. Although this line
displays an overall switching rate of about 3 x 107 switches/cell/generation,
individual trypanosomes demonstratc a variety of rates down to 1 x 10™ switches/
cell/generation (Turner, 1997), It seems probable that switched clones were
generated from a cell at the lower end of this range, since at least 9 of the 11

expanded populations were determined to be >99% ILTat 1.25 by immunolysis.
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CHAPTER 4

GENETIC ANALYSIS OF THE VSG SWITCHING
MECHANISMS UTILIZED BY PLEOMORPHIC

TRYPANOSOMES
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4.1 Introduction

Following the identification and characterization of the six VS genes isolated {rom
the first relapse peak of the chronic 1LTat 1.2 infection, the next phase in the
investigation was to examine the mode of activation utilised in each of the switch
events. The aim of this study was to test whether pleomorphic trypanosomes have a
preference for duplicative transposition, as opposed to the predominance of “in situ”
switching events scen in monomorphic lines (Liu ez af. 1985).

By probing a blot of digested genomic DNA with radiolabelled ¥SG gene specific
c¢DNA it was possible to determine the number of BCs of each gene, and establish
whether the switch had occurred by a duplicative or non-duplicative event. In the
case of a duplicative transposition an additional band, representing the ELC, was
detected in the expressor genomic DNA, but was absenl from non-cxpressor DNA.

Pulsed-field gel electrophoresis (PFGE) was also employed to determine the
chromosomal localization of the VSG genes, using separation conditions kindly
provided by S.E. Melville (Department of Pathology, Cambridge University).
Previously EATRO 795 DNA had been resolved under the same conditions at
Cambridge and the individual chromosomes distingnished by hybridization with
chromosome specific probes (Figurc 17). Since the DNA in this investigation was
also derived from EATRO 795, it was possible to infer the chromosomal location of

the VS genes by comparison with this standard.
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Figure 17. PFGE separation of chromosome-size DNA from 3 trypanosome stocks performed by S.E.
Melville, Department of Pathology, Cambridge University. DNA from EATRO 795, EATRO 2340
and TREU 927 (Trypanosomiasis Research Edinburgh University) was separated on a 1.2% agarose
gel at 85V, with a ramped pulse frequency of 1400-700s for 144h, and transferred to a nylon
membrane by Southern blotting. The individual chromosomes were identified by hybridization with
specific probes. Chromosomes I to VIII were resolved under these conditions, and their localisation
is indicated by the colour coded boxes (representing the gel bands) to the right of the EtBr stained gel.
The uncoloured boxes represent intermediate and minichromosomes (M + I). Approximate

chromosomal size is indicated to the left of the gel picture.

4.2  Genomic analysis of the VSG genes activated during the first relapse

peak

Clones representing each switched VAT, and ILTat 1.2, were grown from stabilate
in immunosuppressed ICR mice, until the parasitaemia achieved approximately 107

trypansosomes.ml”', when the parasites were collected and injected into two rats.
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The stabilates used were: WUMP 677 (ILTat 1.2), WUMP 686 (IL'Tat 1.25), WUMP
690 (ILTat 1.67), WUMP 706 (ILTat 1.68), WUMP 707 (ILTat 1.69), WUMP 714
(ILTat 1.21), and WUMP 721 (ILTat 1.64) (see Figure 9). The trypanoscmes were
harvested when the rat parasitaemias achieved approximately 10%! cells.ml”, and
were separated from blood components on a Percoll gradient, prior to the preparation
of genomic DNA (see Materials and Methods, sections 2.5 and 2.6.2, pages 41 and
43).

1 ng of the genomic DNA was digested with EcoRI, HindIIl, or Ps/, fractionated
on a 0.7% agarose gel, Southern blotted onto nylon membrane and bound by UV
radiation. These blots were then probed with VSG-specific cDNA, which had been
excised from the plasmid, gel purified (QIAGEN gel extraction kit), and «*’P
radiolabelled using the ‘Prime-It II” kit (Stratagene), and washed to a final stringency
of 0.1 x SSC, 0.1% SDS at 65°C. Full length radiolabelled cDNAs (approximately
1.6 kb) were used as probes in cvery case. However, probing with [LTat 1,67 cDNA
produced a strong cross hybridization with other VSG gene sequences, and therefore
a 400 base amino-terminus fragment was PCR amplified from the plasmid. This

fragment was radiolabelled, and used as a more specific probe.

4.3 ILTat 1.2 FSG gene copies in expressor and non-expressor clones

The ¢cDNA for the infecting VSG, ILTat 1.2, hybridized to four fragments in the
HindIII digest of the 1.2 DNA (Figure 18, lane 1, and see also Figure 19, lane 1).
This represents two genes, since there is an internal HindIIl site within the coding
sequence (physical maps of FSG genes in section 3.7) and is consistent with the
ILTat 1.2 hybridization pattern previously reported (Williams et al. 1980). Two
fragments comigrated at 1,1 kb, while two larger bands were observed close together
at 6.2-6.5 kb, A similar pattern was seen in the 1.67 genomic DNA (lane 3), which
also displayed four hybridizing fragmonts, although there was variation in the sizes
of the larger fragments, allowing these two bands to be resolved. Only two
fragments were detected in the 1.25 and 1.68 lanes, indicating that one of the 1.2

copies had been lost in these clones; the larger fragments also demonstrated size
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differences. This alteration in fragment length between trypanosome clones
indicates that the 1.2 genes are telomeric, the changes probably occurring in the
telomere tract lying immediately downstream of the VSG gene.

To ensure that none of the bands was a product of partial digestion, the filter was
reprobed with a PCR product encompassing the coding sequence of the trypanosome
RADS1 single copy gene (McCulloch and Barry, 1999) (Figure 26, page 93), which
displayed a single band per track, indicating complete digestion. This control
hybridization also demonstrated that the intense bands in the ILTat 1.2 track at 1.1
kb and 6.2-6.5 kb were doublets, rather than differences in DNA loading (although

more DNA was present in the 1.2 and 1.67 lanes).

EcoRl HindIll Pstl
123412341234

Figure 18. ILTat 1.2 VSG gene copies in
ILTats 1.2, 1.25, 1.67 and 1.68. Genomic
{ DNA from ILTat 1.2 (lane 1), ILTat 1.25
| (lane 2), ILTat 1.67 (lane 3) and ILTat
| 1.68 (lane 4) was digested with EcoRI,
HindIIl or Psitl, separated on a 0.7%
| agarose gel and Southern blotted. The
filter is probed with ILTat 1.2 VSG
cDNA, and washed to 0.1 x SSC, at 65°C.
| Molecular markers (kb) are indicated to
Bl (he 1cft of the panel.

L e

The Pstl digests were less informative than the HindIIl digests as there are three
internal sites within the coding sequence, therefore producing fragments of equal

sizes from both telomeric copies. However, three clear hybridization products were

83




detectable at 0.9 kb (from the first internal site to another upstream of the V'SG gene),
0.5 kb and 0.4 kb (two internal products). Again, the hybridization was more intense
in the 1.2 and 1.67 lanes, confirming the double copy of the 1.2 gene in these clones.
Very faint hybridization was also seen between 5 kb and 6 kb in all four lanes.
These bands represent the probe binding to the last 300 bp of the VSG gene before
the telomere, and the hybridization pattern is identical (but 1 kb smaller), to that

observed for the telomeric fragments of the HindIII digests.

Digestion with EcoRI produced large fragments beyond the scale of the size
markers (>12 kb), indicating that a considerable stretch upstream of the VSG gene is
devoid of EcoRI restriction sites. High intensity hybridization in the ILTat 1.2 and

1.68 lanes again confirmed that two gene copies were present in these clones.

Figure 19. ILTat 1.2 VSG gene copies in ILTats
1.2, 1.68, 1.21 and 1.64. Genomic DNA from
ILTat 1.2 (lane 1), ILTat 1.68 (lane 2), ILTat 1.21
(lane 3) and ILTat 1.64 (lane 4) was digested with
EcoRI1 or HindlIll, separated on a 0.7% agarose gel
and Southern blotted. The filter was probed with
ILTat 1.2 VSG cDNA, and washed to 0.1 x SSC, at
65°C. The Pstl tracks were too faint for graphical
reproduction. The minor band at about 4.2 kb in
lane 1 of the HindIIl digest was observed in the
other three lanes, but this region was also too faint
to be represented graphically, Molecular markers

(kb) are indicated to the left of the panel.




One of the two 1L Tat 1.2 ¥SG gene copies was also lost during each of the TL.Tat
1.69, 1.21 and 1.64 switches (Figure 19, lanes 2-4), and produced the same
hybridization pallern that was observed with the 1.25 and 1.68 genomic DNA.
Again, the two single bands were detectable at 1.1 kb and approximately 7 kb in the
[TindIIT digests, with the larger fragment varying in size between clones probably
due to changes in telomere length. The PsiT (data not shown), and EcoRI digests
also yielded the same sized fragments as seen in the 1.235 and 1.68 hybridizations.

It was therefore apparent that five of the six VSG switches from the first relapse
peak involved the loss of one of the [LTat 1.2 ¥SG gene copies, while both copics

remained unaltered in (he remaining activation (1.67).

4.4  Activation of the IL.'T'at 1.25, 1.67 and 1.68 VSG genes

Probing with ILTat 1.25 VSG ¢DNA produced the most complicated hybridization
pattern of all the six switched clones (Figure 20). Due to the presence of a large
number of bands, the ZcoRI and Psil digests were difficult to interpret, but it was
possible to explain the 7indIll lanes. In the non-expressor lanes of this digest (1,3,
and 4) there were two telometric fragments at approximately 5-6 kb and 9 kb; three
weaker bands (and an extremely faint fourth firagment) were also detectable, These
results suggest that this trypanosome genome possesses two telomeric BCs of the
ILTat 1.25 VSG gene, and also contains several highly homologous sequences
(probably from closely related FSGs) which produce the fainter cross-reaclion.
Reprobing of the filter with an amino-terminus cncoding fragment of the 1.25 ¢cDNA
did not change the hybridization pattern, demonstrating that the similarity between
these cross-reacting sequences and the 1.25 VSG was occurring at the lcss conserved
end of the gene (data not shown). This is indicative that the cross-reacting sequences
are members of a ¥SG gene family.

In the trypanosome clone expressing the ILTat 1.25 gene, there was an extra
fragment observed around 9.0 kb (lane 2), which corresponds to a classical ELC of
the gene: the product of duplicative transposition. Again, the single copy RADS5!
(Figurc 26) reprobing of this filter revealed that this additional product was not due




to partial digestion. In conclusion, it seems that there are two silent, telomeric gene
copies of 1.25, one of which was activated by duplication into a BES. It also seems
probable that the duplicated VSG gene was transposed to the BES previously

occupied by the 1.2 gene, since one of 1.2 gene copies were lost during this

activation (section 4.3, page 82).

EcoRl Hindlll Pstl
1 2341234123 %

Figure 20. Activation of the ILTat 1.25
VSG gene. Genomic DNA from ILTat 1.2
(lane 1), 1.25 (lane 2), 1.67 (lane 3) and
1.68 (lane 4) was digested with EcoRlI,
Hindlll or Pstl, separated on a 0.7%
agarose gel and Southern blotted. This is
the same filter as in Fig. 18, here probed
with the 1.25 VSG cDNA, and washed to
0.1 x SSC, at 65°C. Molecular markers
(kb) are indicated to the left of the panel.

The initial hybridization of ILTat 1.67, using the full length cDNA as a probe,
produced an ambiguous result, with multiple bands apparent in every lane.
Therefore, a 400 base amino-terminus fragment was PCR amplified from the
plasmid, radiolabelled, and used to probe the filter; this hybridization proved to be
more specific. Although EcoRI and Pstl sites are present within the coding sequence
of the 1.67 VSG gene, they do not fall within the region encompassed by the 400 bp

probe, and therefore single bands were observed (Figure 21).
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123412341234

—

kb Figure 21. Activation of the [LTat 1.67

VSG gene. Genomic DNA from ILTat 1.2

12.0L (lane 1), 1.25 (lane 2), 1.67 (lane 3) and

9'0L 1.68 (lane 4) was digested with EcoRI,

8.0 — HindIll or Pstl, separated on a 0.7%

gg : agarose gel and Southern blotted. This is

50 — the same filter as in Figs. 18 and 20, here

= probed with the first 400 bases of the 1.67

40 VSG c¢DNA (starting from the spliced

30 — leader), and washed to 0.1 x SSC, at 65°C.

Molecular markers (kb) are indicated to

0 the left of the panel.
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This activation seems to have occurred by an in situ switch involving a single copy
gene, since no additional band was generated in the expressor lane 3. This is
consistent with the observation (in section 4.3) that the second ILTat 1.2 gene copy
was retained after this event. The BESs are located on telomeres, and the occupancy
of a BES by the 1.67 gene explains the variation in fragment sizes seen in the HindIII
digests. This telomeric variation is not seen in the EcoRI or Pstl digests due to the
internal restriction sites contained within the ¥SG coding sequence, resulting in the
telomere being cleaved from the amino-terminus encoding VSG fragment. The
ILTat 1.67 probe was specific to the first 400 bp of the VSG coding sequence and
therefore only hybridized with the non-variable fragments produced by EcoRI or

Pstl digestion.




Initially, the probing with ILTat 1.68 c¢cDNA appeared to produce a pattern
consistent with an in situ switch (Figure 22). Two gene copies were apparent in
every lane; the more intense band was large and telomeric (>12 kb). The other was
smaller (at about 5.9 kb in the HindIIl digest) and possibly internal since the
fragments were equal in size across all four clones (although this could also be
explained by internal restriction sites downstream of a telomeric ¥SG gene). No
additional ELC band was detected in the expressor lane (3). However, this

activation is more complicated than it appears.

EcoRl Hindlll Pstl
1234 1234 1234

kb
Figure 22. Activation of the ILTat 1.68
VSG gene. Genomic DNA from ILTat 1.2
12'0; (lane 1), 1.25 (lane 2), 1.67 (lane 3) and
9.0\ _ 1.68 (lane 4) was digested with EcoRl,
'8/8 o HindIll or Pstl, separated on a 0.7%
6 = agarose gel and Southern blotted. This is
2= the same filter as in Figs. 18, 20 and 21
4.0 — here probed with the 1.68 V'SG cDNA, and
washed to 0.1 x SSC, at 65°C. Molecular
I markers (kb) are indicated to the left of the
panel.
20 =
15 e
1.0 =

Close examination of the hybridization of the larger, telomeric fragments revealed
that, although the size variation was reproducible between the EcoRI and Pstl

digests, the HindIIl generated fragments displayed a more variable pattern. For
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example, in the FcoRI and Psil digests, the ILTat 1,68 telomeric fragment was larger
those of the 1.2, 1.25 or 1.67 clones, but in the HindIIl digest it appeared smallcr
than its counterparts. This variation, which was not reproducible between the
digests, could not be explained by changes in telomere length alone and suggested
that recombination was occurring during the activation of the 1.68 gene. Further
evidence for a recombinational event was seen in section 4.3 (page 82), when the
second 1.2 genc copy was lost in the 1.68 clone. Later chromosomal analysis
demonstrated that an JII.C is produced during this activation, and is accompanied by
an undetermined, additional rearrangement event (results shown in section 4.10,
page 96).

There was a single Ps restriction site 1n the ILTat 1.68 coding sequence, but this
did not result in any additional bands since it occurred at the start of the amino-
terminus encoding region. An EcoRI site was also present at the very end of the
coding sequence of the cDNA clone used to generate the probe, although this was
probably a PCR or cloning artefact since it was not detected in the other two clones.
Telomeric variation would not have been observed if this site was present in the

genomic DNA.

4.5 Activation of the [LL'Tat 1.69, 1.21 and 1.64 VS genes

The clearest hybridization patterns were produced when probing with ILTat 1.69,
1.21 and 1.64 V'SG gene specific cDNAs, with all three activations occurring by ELC
formation (Figures 23-25).

FlindIIT digestion revealed that two telomeric basic copies of the [LTat 1.69 VSG
gene were present in this trypanosome line, represented by the fragments at 4.4-5.1
kb and 6.2-7.0 kb (Figure 23). A third band at about 3.4 kb was apparent in the
expressor lane 2, indicating that this activation had occurred by ELC formation. The
other two digests produced large fragments (>12 kb), although in both exampies the
smaller ELC could be detected in the 1,69 lane,

Following restriction digestion, it is more common to find that the fragment derived
from the ELC is larger than the BC band. This is often due to the long 70 bp “barren
region’ upstream of the VSG gene; the stretch of sequence between the VSG gene in

thc BES and the tclomerc can also result in a larger fragment being liberated.




However, in the case of 1.69 it is possible that the telomeric fragment of the BC is
actually longer than that of the BES, since the smallest band in the expressor lane is

more intense than the other bands in all digests, suggesting that this represents the
ELC.

EcoR1 Hindlll Pstl
123412341234

o Figure 23. Activation of the ILTat 1.69
12.0 i: VSG gene. Genomic DNA from ILTat 1.2
90 — | (lane 1), 1.69 (lane 2), 1.21 (lane 3) and
8.0 & 1.64 (lane 4) was digested with EcoRI,
=S Hindlll or Psfl, separated on a 0.7%
60 — agarose gel and Southern blotted. This is
= the same filter as in Fig. 19, here probed
et | with the 1.69 VSG cDNA, and washed to
30 — i 0.1 x SSC, at 65°C. Molecular markers
| (kb) are indicated to the left of the panel.
ol T
1.6 — |8
1.0 —

A single telomeric fragment, probably representing a single copy gene, was observed
between 5.5 and 6.3 kb in the HindIII digests of the ILTat 1.21 VSG cDNA probing
(Figure 24). The larger band at about 8.5 kb in the expressor lane indicated that this
VSG had also become activated by ELC formation. The EcoRI digests produced
large fragments (>12 kb) that could not be resolved, although the hybridization in the
1.21 lane was strong enough to indicate a doublet (compare with the RADS5/ probing;
section 4.6, Fig. 26, page 93). A PstI restriction site in the coding sequence of 1.21
explained the hybridization pattern seen in the tracks digested with this enzyme. The
band at 0.7 kb was the internal fragment spanning to a site upstream of the VSG
gene, while the larger band (varying from 3.3 to 4.0 kb between clones) was the

telomeric fragment running downstream from the internal site.
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EcoRl Hindlll Pstl
1.2354 1 2.%4 1234

kb :
#| Figure 24. Activation of the ILTat 1.21
12.0 | VSG gene. Genomic DNA from ILTat 1.2
9.0 N— il (lane 1), 1.69 (lane 2), 1.21 (lane 3) and
8.0 \: 1.64 (lane 4) was digested with EcoRI,
7 (e HindIIl, or Pstl, separated on a 0.7%
6.0 — | agarose gel and Southern blotted. This is
) = the same filter as in Figs. 19 and 23, here
a0 = probed with the 1.21 VSG cDNA, and
Qi e washed to 0.1 x SSC, at 65°C. Molecular
markers (kb) are indicated to the left of the
panel.
20 — |}
1.6 — |

1.0 — [

An additional band between approximately 4.0 and 4.7 kb was also seen in the Pstl
digests of the four clones. This fragment was most likely a partial product generated
by base J modification (see Introduction, section 1.9, page 25) of the Psi site
internal to the coding sequence, which renders the site indigestible in some DNA
molecules. The band was 0.7 kb (the size of the internal fragment) larger than the
major telomeric product, confirming that base J modification was a plausible
explanation. When the filter was subsequently reprobed with a 400 base amino-
terminus coding 1.21 fragment, both the downstream telomeric and ELC bands
(which were previously a product of the full length cDNA probe hybridizing to the
telomeric fragments downstream of the internal PstI site) were no longer detectable
(data not shown). However, the faint telomeric product was still present (along with
the expected 0.7 kb internal fragment), indicative of a partial restriction fragment,
stretching from the telomere to the Ps¢I site upstream of the V'SG gene. The fact that
no partial product was generated from the largest (6.7 kb) Pstl band demonstrates
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that this represents the ELC fragment, since base J modification does not occur at the

active telomere.

EcoRl HindIll Psil
123412341234

kb Figure 25. Activation of the ILTat 1.64
12.0 VSG gene. Genomic DNA from ILTat 1.2
N (lane 1), 1.69 (lane 2), 1.21 (lane 3) and
gg — 1.64 (lane 4) was digested with EcoRI,
7.0 HindIll or Pstl, separated on a 0.7%
6.0 agarose gel and Southern blotted. This is
5.0 the same filter as in Figs. 19, 23 and 24
4.0 here probed with the 1.64 VSG ¢cDNA, and
washed to 0.1 x SSC, at 65°C. Molecular
3.0 markers (kb) are indicated to the left of the
panel.
2.0
1.6
1.0

The ILTat 1.64 VSG activation also occurred by duplicative transposition (Figure
25). In the EcoRI digests a long, single telomeric fragment was present, with an
additional, larger ELC band in the expressor track. The single telomeric fragment
was also seen in the HindIII digests between approximately 6.5 and 10.5 kb; the
duplicated copy appeared to be the same size as the BC, producing strong
hybridization in the 1.64 track. A faint band at 1.6 kb was also detected,
corresponding to an upstream fragment stretching from the internal site at 333 bp
from the start of the VSG gene coding sequence. The PstI hybridizations were very
faint, although the telomeric variation could just be made out at around 6-10 kb.
Another two (or three if there was a Pstl site upstream of the VSG gene) bands
should have been observed in these tracks, although the exposure time was probably

too short for these to be seen by autoradiography.
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4.6 RADS51 control hybridizations

By probing the filters with a known single copy gene it was possible to determine
whether the enzyme digestions had been complete. A PCR product encompassing
the coding sequence of the trypanosome RADS5] gene (a homologue of the bacterial
RecA gene) was generated, radiolabelled, and used to reprobe the filters used for the
study of the VSG activations. Single products were observed in all cases at
approximately 9.0 kb in the EcoRI and HindIII digests, and 2.4 kb in the Ps/I lanes,
demonstrating that digestion was complete. The signal intensity of this control
hybridization also revealed the relative amounts of genomic DNA that had been
loaded in each lane. This enabled an accurate interpretation of the various
hybridization effects observed during the VSG probings, such as the doublets
observed in the ILTat 1.2 hybridizations (Figures 18 & 19).

A EcoRl Hindlll  Psil B EcoRl Hindlll  Pstl
12354123419 34 123412341234
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1.6 — 1.6 —
1.0 — 110

Figure 26. RADS5] single copy gene control probing. Genomic DNA was digested with EcoRI,
Hindlll, or Pstl, separated on a 0.7% agarose gel and Southern blotted, and probed with a PCR

product encompassing the coding sequence of the trypanosome RADS5/ gene. Panel A: ILTat 1.2
(lane 1), 1.25 (lane 2), 1.67 (lane 3) and 1.68 (lane 4). This is the same filter as in Figs. 18 and 20-22.
Panel B: ILTat 1.2 (lane 1), 1.69 (lane 2), 1.21 (lane 3) and 1.64 (lane 4). This is the same filter as in
Figs. 19 and 23-25. The filters were washed to 0.1 x SSC, at 65°C. Molecular markers (kb) are
indicated to the left of each panel.




4.7  Activation of the ILTat 1.25 VSG gene from the 1.61c high switching

single relapse investigation

The activation mechanism of the ILTat 1.25 clone isolated from the ILTat 1.61c
rapidly switching single relapse experiment was also determined by Southern
analysis. Genomic DNA was prepared from trypanosomes (as in section 4.2, page
81) for ILTat 1.61c (GUP 2812) and the ILTat 1.25 expressor c2d16 (WUMP 1060).
Afterwards, 1 pg of this DNA was digested with HindIll, BamHI, or EcoRI, and
fractionated on a 0.7 % agarose gel. Following Southern blotting, the filter was

probed with VSG-specific DNA, excised from the c2d16 plasmid.

Hindlll BamHlI  EcoRI
1 2 ) -, 1 2

kb Figure 27. Activation of the ILTat
1.25 VSG gene from the ILTat
12.05— 1.61c high switching experiment.
D0 Genomic DNA from ILTat 1.61c
%8 — |- - (lane 1) and 125 (lane 2) was
60— i digested with HindIll, BamHI or
5 sl . 'E EcoRl, separated on a 0.7%
: % . . | agarose gel and Southern blotted.
4.0 — » | The filter was probed with the 1.25
* \ VSG cDNA (excised from the
3.0 — | ¢2d16 plasmid) , and washed to 0.1
x SSC, at 65°C. An additional
’ : | cross-reacting band at 2.1 kb was
2. = L ; : too faint for graphical reproduction.
Molecular markers (kb) are

1.6 ==

indicated to the left of the panel.

The hybridization revealed that, in this study, the ILTat 1.25 VSG gene had become
activated by ELC formation, duplicated from a single telomeric donor. In the
HindIIl digests the BC and ELC can be seen between approximately 4.6 and 8.0 kb.
The BamHI and EcoRI digests were less informative, producing large fragments
(>12 kb).




4.8 Pulsed Field Gel electrophoresis (PFGE) analysis of the VSG genes

activated daring the first relapse peak

PFGE was utilised fo determine the chromosomal location of the VSG gene BCs
and BELCs. Trypanosomes were grown from stabilate {(as in sections 4.2 and 4.7,
pages 81 and 94) and separated from blood on a Percoll gradient. Genomic plugs
were then prepared by immobilizing the live cells in 0.7% low melting point agarose
(5 x 107 trypanosomes per 100 pl plug). Gels were run on the CHEF-DR 11T system
using half a genomic plug per lane; 3 PFG conditions were utilised during this
investigation. The 6-day general scparations were run on a 1.2% agarose gel at 15°C
mn (0,089 M Tris-borate, 0.1 mM EDTA (85V, 1400-700s pulse time, 144 h). The 1.8
Mb chromosomal cluster was expanded under the same conditions, except that a
fixed pulse time of 600s was used. The minichromasomal scparations were run on a
1.0% agarose gel at 14°C in 0.045 M Tris-borate, 0.5 mM EDTA {200V, 20s pulse
time, 16h).

The resultant gels were Southern blotted onto nylon membrane and bound hy UV
radiation. 'These blots were then probed with the o~"2P radiolabelled ¥SG-specific
cDNAs (as in section 4.2, page 81) and washed to a {inal stringency of 0.1 x SSC,
0.1% SDS at 65°C.

4.9 Chromosomal location of the ILTat 1.2 F'SG genes

Probing the 6-day general separation with ILTat 1.2 VSG ¢cDNA revealed two elear
bands in the expressor lane (Figure 28). Hybidization also occinrred at the slot due to
a large proportion of these two chromosomes remaining entrapped within the plug
during separation. The first 1.2 copy was detected on the 2.1 Mb cluster
(representing 3 comigrating chromosomes — sce section 4.1, page 80), while the
second occurred on the 1.8 Mb group (consisting of 5 chromosomes). The 1.8 Mb
copy was retained in the 1.67 clone, but lost during the activation of clones 1.25,
1.68, 1.69, 1.21 and 1.64. It can therefore be deduced that the 1.8 Mb copy is
located at the BES, remaining unchanged during the transcriptional switch seen in

1.67, but replaced by the new ELC in the five duplicative events.
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Two ILTat 1.2 gene copies were also detected at identical locations in the 1.61c
clone; both these copies were retained during the 1.25 duplicative activation event
(produced from the single relapse study). This suggests that the 1.61c line is
utilising a BES separate from the one occupied by the 1.2 VSG gene (on the 1.8 Mb

chromosome).

3 78,9 3 7 8.9
- - -

Figure 28. Chromosomal location of the ILTat 1.2 VSG genes. Chromosome-size DNA of ILTat
1.61c (lane 1), 1.25 (from ¢2d16, lane 2), 1.2 (lane 3), 1.25 (lane 4), 1.67 (lane 5), 1.68 (lane 6), 1.69
(lane 7), 1.21 (lane 8) and 1.64 (lane 9) was separated on a 1.2% agarose gel at 85V, with a ramped
pulse frequency of 1400-700s for 144h. The gels (panels A and C) were then Southern blotted, and
the resultant filter was probed with ILTat 1.2 ¥SG cDNA (panels B and D). The filter was washed to
0.1 x SSC, at 65°C. Approximate chromosomal size is indicated (Mb) to the left of panels A and C.

4.10 PFGE analysis of the ILTat 1.25, 1.67 and 1.68 VSG genes

The most ambiguous PFG results were produced when the filter was reprobed with
ILTat 1.25 cDNA, because the cross-reacting bands seen in the previous genomic
blots complicated the pattern. An ELC was observed on the 1.8 Mb cluster in the

two expressor lanes (2 and 4). Unfortunately there was more DNA present in the




genomic plugs of both these clones, but the difference in intensity between the
expressor and non-expressor tracks was more marked here than in any of the other
probings (see Figures 28, 30 and 31); this confirms that these bands were real, rather
than differences in loading intensity. A minichromosomal fragment at 0.1 Mb was

also seen in every lane, and this accounts for one of the telomeric BCs seen in Figure
20.

Figure 29. ILTat 1.25 VSG cDNA probing of PFGE separated chromosome size DNA. DNA from
ILTat 1.61c (lane 1), 1.25 (from c2d16, lane 2), 1.2 (lane 3), 1.25 (lane 4), 1.67 (lane 5) and 1.68 (lane
6) was separated on a 1.2% agarose gel at 85V, with a ramped pulse frequency of 1400-700s for 144h.
The gel (panel A) was then Southern blotted, and the resultant filter was probed with ILTat 1.25 VSG
cDNA (panel B). The filter was washed to 0.1 x SSC, at 65°C. Panel C displays a longer exposure of
the same blot. This is the same filter as in Fig. 28 panel B. Approximate chromosomal size is
indicated (Mb) to the left of panel A.

The previous genomic digests had revealed that the ILTat 1.25 clone activated from
the 1.2 rabbit infection possessed two ILTat 1.25 gene copies, while only 1 copy was
observed in the clone activated from the 1.61c single relapse mouse study. It could
therefore be determined that the three fainter PFGE bands, apparent between the slot

and the minichromosomes, were the cross-reactions seen in Figures 20 and 27. The




second 1.25 VSG gene copy in the ILTat 1.2 derived clones must therefore reside on
a large chromosome that has remained in the slot under these PFGE conditions. The
slot also hybridized in clone 1.61c because much of the cross-reacting DNA
remained in the plug during separation. DNA transfer from the slot is not
quantitative, and it appears that signal strength of hybridization to the chromosomes
that remain within the slot under this separation is weaker than the signal produced
by the partially trapped DNA (see Figure 32, panels C and D). This phenomenon
could explain why the slot hybridization of the ILTat 1.2 derived samples is no
stronger than in the ILTat 1.61 derived clones.

It appeared that the ILTat 1.25 ELC (produced in the rabbit infection) replaced the
1.2 expressed copy that was previously residing in the active BES (Figure 28).
However, in the 1.25 activation derived from the single relapse mouse experiment
(from 1.61c) this 1.2 copy remained unaltered (Figure 28), demonstrating that this
ELC must have been expressed from another BES, also present in the 1.8 Mb cluster.

A B
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Figure 30. ILTat 1.67 VSG cDNA probing of PFGE separated chromosome size DNA. DNA from
ILTat 1.61c (lane 1), 1.25 (from c2d16, lane 2), 1.2 (lane 3), 1.25 (lane 4), 1.67 (lane 5) and 1.68 (lane
6) was separated on a 1.2% agarose gel at 85V, with a ramped pulse frequency of 1400-700s for 144h.
The gel (panel A) was then Southern blotted, and the resultant filter was probed with the 400 base
amino-terminus ILTat 1.67 specific ¥SG cDNA (panel B). The filter was washed to 0.1 x SSC, at
65°C.  This is the same filter as in Figs. 28 (panel B) and 29 (panels B and C). Approximate

chromosomal size is indicated (Mb) to the left of panel A.
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Reprobing the filter with the 400 base amino-terminus probe of ILTat 1.67
produced a single band in every lane (Figure 30), indicating that no genetic
rearrangements had occurred during the activation of this gene. It also appeared that,
like the ILTat 1.2 BES, the 1.67 BES activated in this in situ switch was localised on
the same 1.8 Mb chromosomal cluster.

The unusual hybridization pattern observed from the genomic digest of [LTat 1.68
DNA (Figure 22) was elucidated from the PFGE results (Figure 31). The probing
revealed that one of the 1.68 VSG gene BCs was minichromosomal, while the second
copy probably resided on a larger, slot chromosome. Hybridization was also
observed at 1.8 Mb in the expressor track, but the minichromosomal basic copy was
lost during this activation. It therefore seems plausible that this gene was copied
from the minichromosome and transposed to the BES, replacing the 1.2 copy (as
seen in Figure 18), but the minichromosomal copy was then lost by another
rearrangement event. An alternative explanation is that the activation occurred by
reciprocal telomere recombination between the ILTat 1.68 minichromosome and the
BES occupied by the 1.2 VSG, with the subsequent loss of the 1.2 copy (present on

the minichromosome after the switch).

Figure 31. ILTat 1.68 V'SG cDNA probing
of PFGE separated chromosome size
DNA. DNA from ILTat 1.61c (lane 1),
1.25 (from c2d16, lane 2), 1.2 (lane 3),
1.25 (lane 4), 1.67 (lane 5) and 1.68 (lane
6) was separated on a 1.2% agarose gel at
85V, with a ramped pulse frequency of
1400-700s for 144h. The gel (panel A) was
then Southern blotted and the resultant
filter was probed with ILTat 1.68 VSG
cDNA (panel B). The filter was washed to

0.1 x SSC, at 65°C. This is the same filter
as in Figs. 28 (panel B), 29 (panels B and

C) and 30 (panel B). Approximate

chromosomal size is indicated (Mb) to the

left of panel A.
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4.11 PFGE analysis of ILTat 1.69, 1.21 and 1.64 VSG genes

PFGE analysis confirmed that the ILTat 1.69, 1.21 and 1.64 V'SG genes had become
activated by duplicative transposition (Figure 32). In each case an ELC was seen in
the expressor lane at the 1.8 Mb cluster (Figure 32, panels C, D and E), and this was
accompanied by the loss of the 1.8 Mb copy of the 1.2 gene (Figure 32, panel B).

Panel D displays the filter probed with ILTat 1.21 VSG ¢cDNA, which revealed the
single, minichromosomal BC. There is no slot hybridization in the non-expressor
lanes of this panel because the minichromosomal DNA is small enough to migrate
unhindered from the plug. However, slot hybridization does occur in the expressor

lane due to the partial entrapment of the 1.8 Mb chromosome containing the active
BES.

A D
1 2 34 1.2 .3 4 1°2.3 4 l 23 4
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ILTat1.2 ILTat1.69 ILTat1.21 ILTat 1.64

Figure 32. Transposition of the duplicated ILTat 1.69, 1.21, and 1.64 VSGs. Chromosome-size
DNA from ILTat 1.2 (lane 1), 1.69 (lane 2), 1.21 (lane 3) and 1.64 (lane 4) was separated on a 1.2%
agarose gel at 85V, with a ramped pulse frequency of 1400-700s for 144h. The gel (panel A) was
then Southern blotted, and the resultant filter was initially probed with ILTat 1.2 ¥SG cDNA (panel
B). The remaining three panels display the same filter probed sequentially with ILTat 1.69 (panel C),
1.21 (panel D) and 1.64 (panel E). The filters were washed to 0.1 x SSC, at 65°C. Approximate

chromosomal size is indicated (Mb) to the left of panel A.
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A minichromosomal copy was also detected when probing with ILTat 1.69 VSG
c¢DNA (panel C), but slot hybridization was also observed in the non-expressor
lanes, indicating that a second BC must reside on a large unresolved chromosome;
this is consistent with the two copies seen in section 4.5 (page 89).

The ILTat 1.64 hybridization (panel E) revealed another single copy gene (seen in
section 4.5, page 89) with the BC apparent on the 2.1 Mb chromosomal cluster;

partial entrapment explains the slot hybridization also observed in this probing.

4.12 Resolution of the 1.8 Mb cluster

It was possible to separate the five 1.8 Mb comigrating chromosomes by fixing the

pulse time of the general run at 600s (previously ramped at 1400-700s) (Figure 33).

Figure 33. 600s PFGE resolution of the 1.8 Mb comigrating chromosomes, probed with ILTat 1.2
cDNA. Chromosome-size DNA from ILTat 1.61c (lane 1), 1.25 (from c2d16, lane 2), 1.2 (lane 3),
1.25 (lane 4), 1.67 (lane 5), 1.68 (lane 6), 1.69 (lane 7), 1.21 (lane 8) and 1.64 (lane 9) was separated
on a 1.2% agarose gel at 85V, with a fixed pulse frequency of 600s for 144h. The gels (panels A and
C) were then Southern blotted, and the resultant filters were probed with ILTat 1.2 VSG cDNA
(panels B and D). The filters were washed to 0.1 x SSC, at 65°C. Approximate chromosomal size is

indicated to the left of panels A and D (cz-compression zone).
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The two ILTat 1.2 gene copies were detected when the 600s separated filter was
probed with 1.2 VSG cDNA. The 2.1 Mb chromosome was localised to the smaller
band of the compression zone, while the BES was apparent on the largest of the 1.8

Mb chromosomes.

0.1— [

Figure 34. 600s PFGE resolution of the 1.8 Mb comigrating chromosomes, probed with ILTat 1.2 or
1.69 cDNA. Chromosome-size DNA from ILTat 1.2 (lane 1), 1.69 (lane 2), 1.21 (lane 3) and 1.64
(lane 4) was separated on a 1.2% agarose gel at 85V, with a fixed pulse frequency of 600s for 144h.
The gel (panel A) was then Southern blotted, and the resultant filter was probed sequentially with 1.2
and 1.69 VSG cDNA (panels B and C respectively). Panels A and B are identical to panels C and D,
respectively, in Fig. 33. The filters were washed to 0.1 x SSC, at 65°C. Approximate chromosomal

size is indicated to the left of panel A (cz-compression zone).

Reprobing of the filter produced unconvincing results because the harsh stripping
procedure (required for PFGE blots) removed too much of the non-compression zone
DNA. However, in the 1.69 reprobing the ELC was observed on the largest 1.8 Mb
chromosome (Figure 34). This confirms that this duplicated copy was transposed to
the same BES that was formerly occupied by the 1.2 gene. Hybridization was also
seen on both bands in the compression zone, and this is probably due to the large
chromosome, previously seen in the slot of the general separation. The
minichromosomes migrated to the bottom of the gel in the 600s separation, and were

not transferred to the filter during the Southern blot.
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4.13 Resolution of the minichromosomal BCs

The 16h PFGE separation resolved the intermediate and minichromosomes (Figure

35). Several different size classes of minichromosome were present between

approximately 35 and 100 kb, and hybridization was observed at about 100 kb
(ILTat 1.25), 90 kb (1.68 and 1.69), and 55 kb (1.21); again the 1.68

minichromosomal copy was absent from the expressor track. Probing with the other

VSG cDNAs produced only compression zone hybridization (data not shown). The

apparent signals seen in panel F slots occurred because the wells of these blots were

marked with pencil.
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Figure 35.

PFGE resolution of the
minichromosomes.
Chromosome-size  DNA
from ILTat 1.2 (lane 1),
1.25 (from c2d16, lane 2),
1.25 (lane 3), 1.67 (lane
4), 1.68 (lane 5), 1.69
(lane 6), 1.21 (lane 7) and
1.64 (lane 8) was
separated on a 1.0 %
agarose gel at 200V, with
a pulse frequency of 20s
for 16 hours. The gels
(panels A and D) were
then Southern blotted, and
the resultant filters were
probed with 1.25 (panel
B), 1.68 (panel C), 1.69
(panel E) and 1.21 (panel
F) VSG cDNA. The filters
were washed to 0.1 x SSC,
at 65°C. Molecular
markers (kb) are indicated
to the left of panels A and
D.




4.14  Summary

The genetic analysis of the six VATs seen in the first relapse peak has revealed that
four became activated by duplicative transposition (ILTats 1.25, 1.69, 1.21 and
1.64), with a fifth possibly using this mechanism in conjunction with another cvent
(1.68). ILTat 1.67 was the only VSG gene fo be expressed following an in situ
switch. Similar analysis of the second relapse peak demonsirated that all five VSG
genes were activated by ELC formation (data not shown). Telomeric VSGs were the
predominant source of ELCs, with fifteen of the eighteen silent genes observed in the
first and second relapse peaks localised at the chromosome ends. All the gene study
data are summarized in Tablc 3 (page 105).

Minichromosomal BCs apparently were donors in four of the six first relapse peak
VATs (1.25, 1.68, 1.69, and 1,21), while the BCs of the other two VATs were single
copy and either metacyclic (1.64), or located at a BES (1.67). Two of the VATs
from the second relapse peak also possessed minichromosomal copies (1.23 and
1.72). The 1.21 EL.C was duplicated from its single BC localiscd on a 35 kb
minichromosome. It also seems likely that the 1.25 ELC was copied from its
minichromosomal BC, because the independeni 1.25 aciivation, observed in the
single relapse mouse study (from 1.61¢), uscd the single BC present on a 100 kb
minichromosome. The activation of the 1.68 VSG gene also possibly involved the
minichromosomal copy, since the whole 90 kb chromosome disappeared during the
gvent. It is therefore evident that the minichromosomal ¥SG genes play an important
role in antigenic variation at this early stage ol infection.

In every duplicative activation detected in the first relapse peak, the ELC was
accompanied by the loss of the 1.8 Mb ILTat 1.2 FSG copy, indicating that the same
BES was utilised in cach case. The 600s PFGE separation established that this BES

was present on the largest of the five comigrating 1.8 Mb chromosomes,
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Table 3, VSG loci and activation events.

Relapse | vSG  Activation Silent gene Activated gene
peak mechanism
Number Miniclvomosomal | BES ¢ Fate of
& location® genes S1Z¢ 1.2 ¥SG
First 125¢  duplication} 1 telo i 1.8 Mb retained
1.25  duplication| 2 telo 1 1.8 Mb lost
1.67  “in situ” 1 telo 0] 1.8 Mb retained
1.68 75 I telo, 1 int 1 1.8 Mb lost
1.69  duplication | 2 telo 1 1.8 Mb lost
1.21  duplication| 1telo 1 1.8 Mb lost
1.64  duplication 1 telo 0 1.8 Mb lost
Second | 1.23  duplication| 2 telo 1 ND ND
1.70  duplication | 2 telo 0 ND ND
1.71  duplication 1 int 0 ND ND
1.22  duplication 1 telo 0 ND ND
1.72  duplication | 1 telo, 1 int 1 ND ND

a Switch event derived from the ILTat 1.61c single relapse mouse experiment

b Activation appeared to involve duplication and another event

¢ telo — telomeric; int — apparently chromosome-internal

d Five chromosomes comigrate at 1.8 Mb (Figure 17). It has been inferred trom the pattern ol 1.2

V8G loss that all the duplicative activations in the first relapse peak of the chronic rabbit infection

converted the same BES. The 1.25 switch event produced from the 1.61¢ start clone (single relapse

mouse study) utilised a separate BES on the 1.8 Mb cluster, while the 1.67 VS (activated by an “in

sty switch occupiced a third independent site also detected at 1.8 Mb

ND nof determined
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CHAPTER S

CHARACTERIZATION OF THE UPSTREAM
FLANKING REGION OF THE 1L Tat 1.21

MINICHROMOSOMAL VSG GENE
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5.1 Introduction

The next phase of the investigation was to characterize the upstream flank of the
VSG BCs that were activated by a recombinational event during the first relapse
peak, and subsequently to determine the extent of the duplication involved in the
formation of the ELC. In order fo examine this upstream duplication boundary, it
was necessary to isolate BC genomic clones of the relevant FSG genes. An ILTat
1.2 library (Seu3A partial digests in A-GEM-12) had been manufactured previously
by Nils Burman, and this was screencd with the radiolabelled VSG ¢cDNAs of L. Tats
1.25, 1.68, 1.69, 1.21 and 1.64 (the five VATSs activated in the first relapse peak by
duplicative means). Although clones were isolated from four of these VATSs, no
clones could be derived for ILTat 1.21, which was a single copy minichromosomal
gene. [t therefore seemed possible that minichromosomal sequences were not
represented in this library, in which case the ILTat 1.25, 1.68 and 1.69 clones would
contain the non-minichromosomal BCs. Most telomeric sequences tend to be under-
represented in libraries, while minichromosomal sequence, which consists almost
entirely of either telomere or repeat sequence (Weiden ef al. 1991), appears to be
almost unclonable when manufacturing a standard size selected library (10-20 kb
insert) (e.g. only 4 out of 18000 clones were found to contain minichromosomal
repetitive sequence in the TREU927 BAC library at Cambridge University - S.
Melville, pers. comm. ).

An alternative approach was required for isolaling clones of the minichromosomal
genes, which seemed to be the preferred donors for duplicative transposition during
the first relapse peak. This chapter describes the strategy that was employed for the
isolation and characterization of these minichromosomat genomic clones. By
preparing double restriction digests of genomic DNA, using one enzyme with a site
internal in the VSG gene (e.g. Sall) and a scries of enczymes that possess 6-bp
recognition sequences (and would not digest within the ¥SG coding sequence), it
was possible to identify telomeric fragments using Southern analysis. In most of the
digests, the minichromosomal fragment appeared as a consistently sized band,
occurring above the range of the molecular markers (>12kb), and was
distinguishable from the other large telomeric chromosomes. However, in some of

the digests this minichromosomal f{ragment disappearced, indicating that the second
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enzyme was cufting upstream of the ¥SG gene. Tt was important that the region
upsircam of the VSG gene extended at least 1.5-2.0 kb, to ensure that the fragment
was large enough to encompass both the co-transposed region and the putative 70 bp
repeats. However, it was necessary to limit the fragment size to minimise the
amount of the minichromosomal repetitive sequence contained further upstream, in
order to facililate the subsequent cloning step.

Having identified an appropriate combination of restriction enzymes, it was
possible to produce a minichromosomal library. Minichromosomal DNA was
separated by PFGE, purified and digested with the two enzymes. This digested
DNA was cloned into pBluescript to produce the library, which was then screened
for the relevant VSG gene.

As each VSG requires a separate library based on its unique combination of enzyme
sites, there was time for only two VATs to be studied using this approach. ILTat
1.21 was chosen because it possessed only one BC, which was minichromosomal.
This VAT was only represented by 2 of the 36 trypanosome clones isolated from the
first relapse peak, although it appcars to play an important role in early infection,
becoming activated in all four rabbit infections. ILTat 1.21 was also the predominant
VAT seen in the single relapsc studies of Miller and Turner, with 32 [LTal 1.21
activations occurring in 41 single relapse experiments in rats (Miller and Turner,
1981). ILTat 1.235, which was represented by 10 of the 36 clones from the first
relapse peak of the ILTat 1.2 study, was investigaled because it became activated at
the starl of infection in all four rabbit hosts, and was therefore a dominant early
VAT. ILTat 1.25 also appeared to be a major VAT in the Miller and Turner study,
occurring in 27 of 41 single relapses (Milter and ‘['urner, 1981). Although there were
2 BCs of this VSG gene in the ILTat 1.2 line, it became activated from the single,
minichromosomal, BC in the ILTat 1.61c study, and was thercfore likely to have
been duplicated from the same locus during the activation occurring in the ILTat 1.2

rabbit infection.

5.2  Identification of restriction sites suitable for minichromosomal library

manufacture

It was first necessary to identify a restriction site within the V'SG gene that could be

utilised to liberate the BC upstream fragment. By using an enzyme that cut
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approximately 0.5 to 1.0 kb downstream f[rom the 5° end of the VSG coding
sequence, it was possible to remove the 3’ end and associated (elomere from the BC
fragment, whilst leaving a VSG specific tag attached which could be utilised in the
screening of the subsequent library. Sa/l was found to be a convenient enzyme for
use with both ILTat 1.21 and 1.25 DNA, while Agel also proved useful when
working with the 1.21 DNA. Both these enzymes have a 6-bp recognition sequence
and their restriction sites in ILTat 1.21 and 1.25 ¢DNA arc indicalcd in the physical
maps below (Figure 36).

[LTat 1.21 l -

1L“Tat 1.25 ' '

[ I i I I ! ! 1 ! I ! | I f ; I ! ¥ 1
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Figure 36. Physical maps of the IT,Tat 1.21 and 1.25 V3G full-lcngth ¢cDNAs (starting with the last
seventeen nucleotides of the spliced leader — see Section 3.7, page 68). Rastriction sites were

determined from the full-length cDNA sequence of (he VATs. Abbreviations: A, Agel; S, Sa/l.

ILTat 1.2 genomic DNA was digested with Sa/l (or Agel) and also double digested
with Safl (or Agel) plus a series of other enzymes thal possess a 6-base recognition
sequence (which did not cut within the ¥§G coding scquence). These digests were
size fractionated on a 0.7% agarose gel and transferred to nylon membranes by
Southern blotting. The filters where then probed with either ILTat 1.21 or 1.25 o->2P
radiolabelled specific cDNA. For ILTat 1.21, the probe was made from a 400 bp
product (running downstream from the spliced leader) which had been PCR
amplified from the cDNA clone, and was therefore specific to restriction fragments
upstream of the Agel or Salfl sites. The ILTat 1.25 probe was produced from a 1 kb
DNA region (again amplified from a cDNA clone, and running downstream from the
start of the gene) which encompassed both the Sall sites present in the cDNA. This
probe therefore hybridized to the 0.5 kb internal Se/l fragment as well as the
fragment upstream of the VSG beyond the first Sall restriction site.

109




The ILTat 1.21 hybridizations revealed that very few 6-bp restriction sites are
located upstream of this VSG gene; this result was consistent with a previous
investigation of the ILTat 1.4 minichromosomal upstream domain (Williams et al.
1982). The hybridization typically produced a large, constantly sized, single band
(see Figure 37) indicating that there was no restriction site upstream of the V'SG for a
considerable distance (and possibly no site at all) along the entire chromosome. In
the ILTat 1.21 hybridization presented in section 4.5 (Figure 24) a smaller band was
present in the HindlIII and PstI digests, revealing that sites for these enzymes did lie
upstream of the VSG gene. However, these fragments (which include the full length
of the ¥VSG and its associated telomere) appeared to be too small for the cloning
purposes, and the upstream sites were later shown to lie within the cotransposed

region immediately upstream of the gene.

Figure  37. Autoradiograph

demonstrating  the  sparsity of

Kb restriction sites upstream of the VSG
» - gene in  the ILTat 1.21

‘ 3}, ‘Q o - minichromosomal BC. ILTat 1.2

120 — r genomic DNA was digested with
gg iy e Agel (lane 1) or double digested with
7.0 — Agel/ Kpnl (lane 2), Agel/ Ncol (lane
== Q 3), Agell Spel (lane 4), Agel/ Xhol
B " . (lane 5) and Agel/ Xmal (lane 6) and
= fractionated on a 0.7% agarose gel.
30— | & The DNA was then transferred to a
nylon membrane by Southern

20 — - blotting and probed with a short
. stretch of ILTat 1.21 ¢cDNA running

1.6 — . ” 400 bases downstream from the
1.0 — g & spliced leader. The filter was washed
to 0.1 x SSC, at 65°C. Molecular

markers are indicated to the left of

the panel.

When the ILTat 1.2 genomic DNA was double digested with Sa/l/ Nsil, the ILTat
1.21 amino-terminus probe hybridized to a 2.8 kb fragment, indicating that an Nisil
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sile exists 1.8 kb upstream of this BC (Figure 38, panel A). This was the largest
upstrcam fragment that could be found for the ILTat 1.21 BC, and it seemed
plausible that this would span both the cotransposed and barren regions. Partial
products were also seen at approximately 6 kb and 3.9 kb, due to incomplete
digestion at the internal Sa/l sites; the 6 kb band was also seen when the DNA was
digested with Nsil alone (data not shown), A later investigation demonstrated that
these partial products probably were due to base J modification of the Sail sites
(section 5.5, page 121).

The iL-Tat 1.25 hybridizations produced a more complicated pattern; Figure 38,
panel B (which is a duplicate of panel A) shows a {ilter probed with the 1,25 cDNA.
This hybridization was harder to interpret because there are two 1.25 BCs, as well as
additional cross-reacting bands (seen in section 4.4, page 85), and also partial
products probably due to the base J modification of the Sal/l sites. The 8-bp
recognising Nofl enzyme (lane 3) produced the simplest result, with a large band
visible above the scale of the size markers (probably the minichromosomal copy)
and a second band at about 9-10 kb representing the second BC; other fainter cross-
reacting bands werce apparent between these two bands.,

Nsil restriction sites were observed upsiream of the ¥SG gene in both the ILTat
1.25 BCs, probably producing the small fragments visible at 1.3 kb and 1.8 kb; the
three fainter products possibly represented the cross-reacting bands. However, thesc
fragments only extended 0.8 kb and 1.3 kb upstream of the respective VSG genes,
implying that these restriction sites were located within the cotransposed region, and
were therefore too short to be utilised for the determination of the duplication
boundary.

Digestion with Sa/l/ Bg/Il produced a 4.0 kb ILTat 1.25 fragment (Figure 38, panel
B, lane 4), although it was impossible to determine the BC from which it was
derived. It appeared that partial digestion had occurred in this digest due to the
persistence of the two dominant bands (representing the intact BCs) that had been
observed previously in the Nofl digest (it was not determined if this was due to base
J modification). The 4.0 kb fragment was also observed when ILTat 1.61c genomic
DNA (which possesses a single minichromosomal BC of the ILTat 1.25 V5G) was
digested with the same enzyme combination (data not shown); this suggested that the
band was probably the duplicative donor in the 1.2 DNA. This Sa/l/ BgiI fragment,

which extends 3.5 kb upstream of the VS gene, represents an ideal size, and should
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encompass both the cotransposed and 70 bp repeal regions, while remaining a
suitable length for cloning.

Very faint hybridization can also be seen at about 0.5 kb which is due to the 1 kb
probe binding to the 0.5 kb Sall iniernal fragment (sec Figure 36). This band should
have been of a similar intensity as the other main bands in each lane, and (he

weakness of the signal was probably due to the partial Sa/l digestion.
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Figure 38. Location of the Nsil sites upstream of the VSG genc in the ILTat 1.21 and 1.25 BCs,
ILTat 1.2 genomic DNA was double digested with Sal/ Sacl (lane 1), Sall/ Sael¥ (lane 2), Sall/ Notl
(8 bp recognition sequence, lane 3), Sell/ BglIl (lane 4), Safl/ Nsil (lane 5) and Sa/l/ Kpnl (lane 6),
size fractionated on a 0.7% agarose gel and transferred to a nylon membrane by Southern blotling.
The series of digests was loaded twice on the same gel allowing two identical filters to be produced,
which are shown in panels A and B. Panel A is probed with the 400 base 11.Tat 1.2] c¢DNA fragment,
while panel B is probed with the 1 kb ILTat 1.25 ¢cDNA fragment (both probes start at the spliced
lcader). The filters were washed to 0.1 x SSC, at 65°C. Molecular markers are indicated to the left

of each panel,
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5.3 Construction of the minichromosomal libraries

Following the identification of restriction enzymes suitable for the library
manufacture, it was necessary to prepare purified minichromosomal DNA. PFGE
was used to separate the chromosome sized DNA from ILTat 1.25, 1.67, 1.69 and
1.64 genomic plugs. The separation was performed a 1.2% low-melting point
agarose gel at 15°C in 0.089 M Tris-borate, 0.1 mM EDTA (85 V, 1400-600s pulse
time, 120 h) using all fourteen of the gel wells (one-half of a genomic plug per lane);
the PFGE conditions were modified from the “general” run described in section 4.8
(page 95). The gel was run for 120 h rather than 144 h to ensure that the
minichromosomes, which migrate close to the edge of the gel under the “general”
conditions, remained within the gel when it was composed of low-melting point
agarose. This shorter run time resulted in a more compressed fractionation, but the

minichromosomes were still well separated from the other DNA (Figure 39).
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Figure 39. 120 h PFGE separation of the minichromosomes on a 1.2% LMP agarose gel stained with
EtBr. Chromosome-size DNA from ILTat 1.25 (lanes 1 and 2), 1.69 (lanes 3-6), 1.64 (lanes 7 to 10)
and 1.67 (lanes 11-14) was separated at 85 V, with a ramped pulse frequency of 1400-700 s for 120 h.

Approximate chromosomal size is indicated to the left of the panel.
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The minichromosomes were excised from the gel and dialysed overnight in 1 x T.E.
at 4°C and then for 3 h at room temperaturc in 1 x T.E. at pH 6.5, The agarose was
then removed with the cnzyme agarase following the supplier’s protocol, and the
resultant DNA was cleaned by phenol/ chloroform extraction and ethanol
precipitation.

It has been estimated that a single {rypanosome nucleus contains 0.097 pg of DNA
(Borst et al. 1982), and therefore cach genomic plug, which holds 5 x 107
trypanosomes, should contain 4.85 pg of DNA. Since the minichromosomes
represent about 10 % of the genome (Van der Ploeg er al., 1984b), 0.485 ng of
minichromosomal DNA should be produced per genomic plug, resuliing in a total of
3.395 pg from the fourteen onc-half plugs. However, the experimental yield, at 0.9
ng DNA (determined by UV spectrophotometry), was significantly lower than this
theoretical maximum. This diminished yield meant it was not possible to construct a
partial or size-selected library, and the DNA was therefore divided into two aliquots
and then digested to completion with either Sall/ Nsil or Safl/ Bglll. The DNA was
then ligated directly into pBluescript KS (+/-), which had previously been digested
with Sall/ Pstl or Sall/ BamHI (Pstl and BamHI produce the same 4 base restriction
overhang as NsiI and Bgl/II respectively). The ligated products were then used to
transform supercompetent XL1-BLUE MRF’ E. coli cells. The colonies were
dissolved in L-broth ‘+ ampicillin to produce a liquid library (details in Materials and

Mecthods, section 2.9.2, page 48).

54  Screening the minichromosomal libraries

A PCR approach was adopted for screening the libraries using a method adapted
trom a protocol originally used to amplify unknown regions of DNA upsiream from
a characterized gene (Luo and Cella, 1994). In both libraries the ILTat 1.21 and 1.25
fragments were oricntated with the VG scquence pointing towards the T3 promoter
of the plasmid (inscrted at the Sall restriction site) and the upstream flank facing the

T7 promoter (inserted at the Ps#I or Bglll restriction sites). It was therefore possible
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to screen for the relevant gene fragment using the T7 promoter and an opposing
specific primer internal to the VSG sequence.

Internal ILTat 1.21 VSG specific primers were designed to be used in conjunction
with the T7 primer to amplify the 1.21 upstream fragment from the Sal/l/ Nisil
prepared library. These VSG primers were 20 nucleotides in length, and reverse and
complementary to the ILTat 1.21 cDNA sequence between 180-200 bp (E200), or
870-890 bp (E890) (see Materials and Methods, section 2.9.3, page 49). 1ul of the

liquid library (titred at 4.85 x 10 colony forming units.pl") was used as the template
in the PCR reaction.

Figure 40. PCR detection of the ILTat 1.21 upstream region from the Sa/l/ Nsil minichromosomal
library. The fragments were amplified from the Sa/l/ Nsil liquid library stock using the plasmid T7
promoter primer and an opposing VSG specific primer, either E200 or E890 (reverse and
complementary to the ILTat 1.21 cDNA sequence between 180-200 bp or 870-890 bp respectively).
The amplification was performed with a hot start for 5 min at 96°C, 30 cycles of 1 min at 96°C, 1 min
at 55°C and 3 min at 70°C, and a final extension at 70°C for 10 min. The PCR products were then
run on a 0.7% EtBr-stained agarose gel. The primers used in each reaction were: lane 1, T7+E200;
lane 2, T7+E890; lane 3, E200 only; lane 4, E890 only. Molecular markers are indicated to the left of
the panel.




In section 5.2 (page 108) it was shown that the NsiI sitc existed 1800 bp upstream
of the ILTat 1.21 VSG gene. Therefore, the expected PCR product size using the
F200 and E890 primers was 2080 bp and 2770 bp respectively (80 bp of this product
was plasmid sequence from the T7 promoter to the PsiI restriction site), Products
approximating these sizes were seen when the PCR reaction was ron on a 0.7%
EtBr-stained agarose gel (Figure 40, lane 1 and 2 respectively); two other minor
products were also produced when the E200 primer was used. Additionally, single
primer controls were performed using only F200 or E890 (without the T7 primer)
and these proved negative (Figure 40, lanes 3 and 4); a negative result was also
produced from a T7 single primer control (data not shown).

The 1LTat 1.25 upstream fragment (with an NsiI site 800 bp upstream of the VSG
gene) was also amplified from the Safl/ Nsil library in the same way, using [LTat
1.25 specific primers. When used in conjunction with the T7 primer, the two VSG
specific oligonucleotides, A180 and A550 (reverse and complementary to the ILTat
1.25 cDNA sequence between 160-180 bp and 530-550 bp respectively; see section
2.9.3, page 49), produced PCR fragments of the expected sizes at 1025 bp and 1415
bp (65 bp of this was vector sequence) (Figure 41, lanes 1 and 2). Again, no

products were generated in the single primer conirol reactions.
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Figure 41. PCR detection of the ILTat 1.25 upstream region from the Sa/I/ Nsil minichromosomal
library. The fragments were amplified from the Sa/l/ Nsil liquid library stock using the plasmid T7
promoter primer and an opposing VSG specific primer, either A180 or AS550 (reverse and
complementary to the ILTat 1.25 cDNA sequence between 160-180 bp or 530-550 bp respectively).
The amplification was performed with a hot start for 5 min at 96°C, 30 cycles of 1 min at 96°C, 1 min
at 55°C and 3 min at 70°C, and a final extension at 70°C for 10 min. The PCR products were then
run on a 0.7% EtBr-stained agarose gel. The primers used in each reaction were: lane 1, T7+A180;
lane 2, T7+A550; lane 3, A180 only; lane 4, A550 only. Molecular markers are indicated to the left
of the panel.

Although the products appeared to be the correct size it was still possible that the
bands were PCR artefacts. A half-nested PCR reaction was utilised to examine the
fragments in more detail. The T7+E200 and T7+A180 PCR reactions were repeated
but using the 2770 bp ILTat 1.21 and 1415 bp 1.25 PCR products as the templates
instead of the library cells. This half-nested reaction produced the expected band
sizes at 2080 bp (for 1.21) and 1025 bp (for 1.25) (Figure 42), suggesting that these

fragments represented the correct VSG associated sequence.
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Figure 42. Half-nested PCR reactions of the ILTat 1.25 and 1.21 minichromosomal PCR products.
Panel A. The ILTat 1.25 1415 bp (lane 1) and ILTat 1.21 2770 bp (lane 2) products were amplified
from the liquid library stock using the T7 promoter primer and the VSG primers A550 and E890
respectively. The amplification was performed with a hot start for 5 min at 96°C, 30 cycles of 1 min
at 96°C, 1 min at 55°C and 3 min at 70°C, and a final extension at 70°C for 10 min. The PCR
products were then run on a 0.7% EtBr-stained agarose gel. Panel B. These two products were then
used as the template for the half-nested PCR using the same T7 primer and the nested VSG primer
(A180 for ILTat 1.25 and E200 for ILTat 1.21); the PCR conditions were identical to the first round
of amplification. The products were then run on a 0.7% EtBr-stained agarose gel: lanes 3 and 4,

ILTat 1.25 product; lanes 5 and 6, ILTat 1.21 product. Molecular markers are indicated to the left of

each panel.

The Sall/ Nsil library was also screened for ILTat 1.68 and 1.69 sequences using
the same PCR approach. The Sall/ Nsil fragments of these VSG genes (and their
upstream flanks) had not been examined previously by restriction mapping, and it
was therefore impossible to determine the orientation in which the fragments would
insert into the vector. As a result of this, the PCR was performed using both the T7
and T3 pBluescript promoter primers; again two internal primers (20 nucleotides in
length) were designed for each VSG (C190 and C390 for ILTat 1.68; D210 and D370
for ILTat 1.69; see section 2.9.3, page 49). PCR products were generated when the
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T3 primer was used, suggesting that the Nsil site occurred within (or downstream of)
the VSG gene while the Sall site existed in the upstream sequence. This result was
consistent with the ILTat 1.69 full-length ¢cDNA sequence (sequenced after this
experiment), which possessed a single Nsil restriction site (and no Sa/l site) within
the coding sequence; the 1.68 cDNA did not contain either of these two restriction
sites. The T3+D210 (ILTat 1.69) reaction produced a band at approximately 1000
bp, while a product of about 1200 bp was generated from the T3+D370 amplification
(Figure 43).
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Figure 43. PCR amplification of the potential ILTat 1.68 and 1.69 minichromosomal products from
the Sall/ Nsil library. The fragments were amplified from the Sal/l/ Nsil liquid library stock using the
plasmid T3 promoter primer and an opposing VSG specific primer, either C190 or C390 (ILTat 1.68,
lanes 1 and 2 respectively), or D210 or D370 (ILTat 1.69, lanes 3 and 4 respectively). The
amplification was performed with a hot start for 5 min at 96°C, 30 cycles of 1 min at 96°C, 1 min at
55°C and 3 min at 70°C, and a final extension at 70°C for 10 min. The PCR products were then run
on a 0.7% EtBr-stained agarose gel. A T3 single primer control was run in lane 5. Molecular markers

are indicated to the left of the panel.




The 160 bp size difference between these two products was as expected, indicating
that these bands probably represented the correct VSG upstream fragment. One of
the ILTat 1.68 amplifications (T3+C390) produced a band at 1900 bp, but the
T3+C190 reaction yielded no product (Figure 43). It is possible that the C190
primer was incompatible with the T3 primer resulting in the reaction failing.
However, it is more likely that the 1900 bp band was an artefact, and the ILTat 1.68
upstream fragment was not represented in this library. Even if the [LTat 1.68 and
1.69 products represented the correct sequence they were probably too short to be
used for the genomic analysis, with the hypothetical Sa/l restriction sites lying
approximately 800 bp (ILTat 1.69) and 1500 bp (ILTat 1.68) upstream of the VSG
gene.

The average insert size of the Sa/l/ Nsil minichromosomal library was examined in
10 random clones. These clones were taken from a library plate and grown as an
overnight culture in L-broth + ampicillin, after which the plasmids were retrieved
using the QIAGEN Mini kit. The insert size was then determined by PCR
amplification using the T3 and T7 promoter primers (Figure 44). This revealed that
the average insert size was about 1.0 to 1.5 kb. It is clear that the ILTat 1.21 Sall/
Nsil fragment, at 2.8 kb, must be one of the largest inserts in this library.

Figure 44. Determination of the average insert size of the Sa/l/ Nsil minichromosomal library. Ten
random clones were taken from a library plate and grown overnight in L-broth + ampicillin. The
plasmids were then retrieved using the QIAgen miniprep kit. The insert size was examined by PCR
amplification of the fragment using the T3 and T7 promoter primers. The amplification was
performed using Long-T7aq (Stratagene) with a hot start for 5 min at 96°C, 30 cycles of 1 min at 96°C,
1 min at 55°C and 10 min at 70°C, and a final extension at 70°C for 10 min. The PCR products were

then run on a 0.7% EtBr-stained agarose gel. Molecular markers are indicated to the left of the panel.
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PCR amplification was also utilised to screen the Sall/ Bglll digested
minichromosomal library. However, the A180 and AS550 primers failed to produce
fragments of the expected size, suggesting that the 4.0 kb ILTat 1.25 fragment was
not represented in the library. It is possible that smaller restriction fragments were
preferentially cloned during the library manufacture, resulting in the exclusion of this
comparatively large product. Alternatively, the fragment could be inherently
unclonable due to some part of the sequence; for example a long run of 70 bp or 177
bp repeats. A Sa/l/ Bglll digested 3.5 to 4.5 kb size selected pBluescript library was
also preparcd from [LTal 1.2 genomic DNA, but screening (using conventional
hybridization techniques) failed to identify the ILTat 1.25 4.0 kb fragment. Inverse
PCR was also attempted on this size selected DNA, as well as with the Sall/ BgI1

cut minichromosomal DNA, but again no ILTat 1.25 specific products were found.

5.5 Characterization of the ILTat 1.21 and 1.25 upstream flanks

Pfu polymerase was used to amplify the 1025 bp ILTat 1.25 product ensuring
maximum copying fidelity. However, a commercial mix of Tag and Pfu
polymerases (Long-7ag, Stratagene) was required to generatc the 2080 bp ILTat
1.21 product, which would not amplify with the Pfie polymerase alone. These PCR
products were then ligated into the PCRScript Amp SK(+) plasmid, and three clones
were isolated from each product and sequenced.

Physical maps of the I1.Tat 1.21 and 1.25 minichromosomal clones are presented in
Figure 45. BLAST analysis of these sequences revealed 98-100% identity with the
ILTat 1.21 and 1.25 VSG cDNA database sequences over the expected region (200
bp or 180 bp respectlively). The VSG homology began immediately after the spliced
leader sequence (ending GTTTCTGTACTATATTG) in thc ¢cDNA scquences and
ended exactly at the other end of the clones, confirming that the correct fragments
had been isolated from the minichromosomal library. The BLAST search did not
reveal any further frypanosome sequence homology in the 800 bp upstream of the
ILTat 1.25 V8(G sequence. However, additional identities were discovered in the
ILTat 1.21 upstream region.

Homology with 70 bp repeal sequence was identified over the first 250 bp at the
upsiream end of the ILTat 1.21 clone, producing multiple hits against the NCBI




database. Figure 46 displays the first 300 bp of sequence upstrcam [rom the Nsil
site, und demonstrates that three and a third of the repeats were encompassed within
the clone. An alignment of each of these repeats against the 70 bp consensus
sequence (Aline et al. 1985); (Shah ef al. 1987) is also included in the Figure, It is
apparent that the Nsil site occurred within the 70 bp repeats, which is quite unusual,
since these repcais are remowned for the absence of restriction sites, and
consequently the 70 bp array is often referred to as a “barren” region. The only other
6 bp restriction enzyme recognition sequence that occurred within the cloned repeats

was Sspl, which appeared to be highly conserved in the 70 bp sequence.
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ILTat 1.25 fragment (994 bp)
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ILTat 1.21 fragment (2146 bp)
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Figure 45. Physical maps of the ILTat 1.25 and 1.21 minichromosomal clones encompassing the upstream flanks, limited by the Niil restriction sites and
approximately 200 bp of the VSG genes. Regions of homology with previously characterized trypanosome sequences were identified by BLAST and
CLUSTAL W analysis. Restriction sites were determined from the full-length sequence of the clones. Abbreviations: D, Dral; Fs, Fspl; Fo, Fokl; He,
Hincll; Hd, HindlIl; Nd, Ndel; Nh, Nhel; Ns, Nsil; P, Pstl, S, Sspl.




The BLAST search also revealed that the ILTat 1.21 sequence displayed an 88%
identity with ESAG3 between 811 and 1164 bp. Subsequent CLUSTAL W analysis
between the ILTat 1.21 cotransposed and ESAG3 (taken from Alcxandre et al., 1988)
demonstrated that the region between 707 and 1918 bp was homologous to the entire
ESAG3 gene (Figure 47), displaying 79% and 49% identity at 707-1237 bp and
1238-1770 bp respectively. Although this is an £SAG3 pseudogene, two ORFs were
identified within this £S4G3 homologous sequence by the Vector-NTI analysis
program, and occurred at 707-1219 and 1263-1818 bp (Figure 48). Both ORFs are
in the same reading frame as (and correspond to segments of) the published ESAG3
ORF.

AnTat 1.1 companion sequence (Pays et al. 1983d) homology was also discovered
by the BLAST secarch, rcvealing a 91% identity between 1365 and 1398 bp. A
CLUSTAL W analysis revealed that the ILTat 1.21 clone was 64% homologous to
the first 439 bp of the companion sequence between 1221 and 1660 bp (the position
relative to the ESAG3 homology is displayed in Figure 48). This part of the
companion sequence had been shown previously to be 80% homologous to part of
the ESAG3 gene (Alexandre ef al. 1988).
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A.
*1 * B
HOHQObebHDOOw>Hwa>H> vebbmbmmbm H>>H>OH>>HmbewbebbﬂobePbewbawmwbmbmemeemHmwmemﬂoamavﬂ>nmw>e> HH>H§>H>LW

*4
101 AGTAATGATA ATAATAATAG TAATGAAAAT AATAGAAGAG TGTTGTGAGT GTGTGTATAC GAATATTATA vebbﬁwmebb TGATAATAAT AATAGTAATG

201 AAAATAATAn AAGAGTGTTG TGAGTGTGTG TGTATACnAA TATTATAATA AGAQFCAGCGG TGAAAACTAT ATGGATGCGA GGACATGACG CGCTTTATCC

B.
70 bp alignment with consensus sequence:

(*1) ATATACGAATATAATAATAAGAG 27 bp (1/3 repeat)
(*2) CAGTAATAGTAATGATAATAATGATAA---TAATAGAAGAGTGTTGTGAGTGTGTGT---ATACGAATATTATAATAA--- 72 bp
(*3) TAGTAATGATAATAATAATAGTAATGAAAATAATAGAAGAGTGTTGTGAGTGTGTGT---ATACGAATATTATAATAA--- 75 bp

(*4) TAGTAATGATAATAATAATAGTAATGAAAATAATANAAGAGTGTTGTGAGTGTGTGTG-TATACnAATATTATAATAAGAG 80 bp
(*c) CAGTRRTRRERRTRRTRR =i i sosion TAGGAGAGTGTTGTGAGTGTGT~---ATATACGAATATTATAATAAGAG 63 bp

(CONSENSUS SEQUENCE)

Figure 46. 70 bp repeat sequence detected in the ILTat 1.21 genomic clone. Panel A. The first 300 bp from the upstream end of the genomic clone, encompassing three
and a third repeats. The repetitive sequence begins at base 5 (bases 2-6 are part of the Nsil recognition sequence) and is denoted by *1. The red vertical bars indicate the
start of three complete repeats, which have been allocated the symbols *2, *3 and *4 respectively. The blue vertical bar at 254 bp represents the end of the repetitive
sequence. Underlined regions indicate Sspl restriction sites. Panel B. Alignment of the three and a third 70 bp repeats against the consensus sequence (derived from Aline
et al. (1985). R=Purine nucleotide. Gaps have been introduced to maximize the alignment. The lengths of the repeats are indicated after the sequence. Underlined
nucleotides represent divergence from the consensus. The TRR repeats in the consensus sequence display a great variance in number between repeats (Aline er al. 1985).
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Figure 47. CLUSTAL W analysis of the 1239 bp region homologous with £SAG3 in the ILTat 1.2} minichromosomal clone. The ESAG3 sequence was
taken from Alexandre et al. 1988 and represents the entire ORF. The first 530 bp of the ILTat 1.21 sequence displayed 79% homology with ESAG3, while
the next 680 bp exhibited 49% identity. Gaps have been inserted by the CLUSTAL W programme to maximize the alignment.
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rrrrrr ATEARATTTOCTATCTCCAGARACTTTAATCTTACTGCTEGCTETCACATTTACTE TGTGTEGAGAGCTGTATTCCTTCRARGATCARCARAGTAN BTAACATARCAAATATSACACAC
FrxEKE® Kk kk ok ok K K kAkwwk K kkRw ok ox wE R RRERERE K% K Kk ok kK wEE * EkE h wEwwETAER¥kbkkkkkEE: Kk xS

ALTAATACTARGRAACCCAGNGTC T T TG TEE TG T TG T AN CTCATGCAACACARGGATCGTGTAGGC TCATATTCAGTGUGACGCTARGCARTC T TGAGATTATTACAATTGCGATE
AR TGEGTACTARGREAACCCAGAGICTTTGTCGT TG TCG T CARACTCATCCRACACRACEA TG IGTAGGCTCATATICAGTCOGR RACTARGCAATETTGARAT TGTCACAATTGCGRTG

LA FEE AR LTI LR T TC AT AKX T LAXTAT RN IR TIFET T T XA AR ARAIR LTSI AR IR SN IR AR A NI ALSI T I A A A AT AT A TR F KA U NI XRTXEIERRELY 2AAR £ REXRTREERXERN

GGRAGGTTTSTATAGCTATAT TRARAACGCC TARATCGG T TATGGAATATT TAGAAAAACAGAATGCRAGTGATGAGGATATTGTAATTCAT TCAGALGGATCTGATGTTATTGTTAGTGAG
GGAGGTTTGTACAGTCATCTTAAGAGGCCIAGATGEGTTATGEAGTTTTTAGACARACAG AATGCAAGTGATGAGGATAT TCTARTTCATTTCGACCCATCGEATATTATTGTTTCTEAC

AENRRXARECRE HE AL XXX XXX ERY ERAEADREXFERT & FRFXAF AR XL T AR IA TR A ARE R R AR RA IR R A XA T T &K fARAFE LS k¥ wkhEhakE X

CAACRGAAGTATCARAATGCTGTCEGAATAT TTTATACAAAGTACTGCCCARAATGARAAT ARCTTTACTCAAGATCRAATAGTGARAGARRATCARATATCICCGATTCAGTTTATALCA
GEAGAARAATATGRAARTGCCEICCGRAATATTITATGCAGAATACTGCTGARAATGAACAG AAGT TTAGTGGAGAAGATATAGTAARAGERCGAACCATATTTCCCCTATTRTEGTTCATGACA

* F Ak FhAXRAFEFFILE Fx AFAEhkExrhkdArE Ax F xbRAAkEd REFALAAKAE X khukrkFAArk AEAx AE kA AXKE kxkdEkE ¥k EFk Fh kA Kk RIN ®kk kW * %

ACTCCTGATTCTACTECCCCTCCAGTTGGACCTGATAGTTTATTC TGATCACAA - ~-AACACACCCAGCACGCTGCCAATGGTT TTTIGAARTGGCAAGTAACGACAGAACEAGAGARAGGA
ACATCAGAGTGTTATGCTCCTC -AGTTEEGATT TGCTTATCAAC TCAGATCACARAGGAGTA TETGLAG - - AGATGTTACTGEGTTTTTCARTGTCOGC TACRAGAARAGRACAGCATARAADA
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Figure 48. Position of the two ORFs within the £S4G3 homologous ILTat 1.21 sequence. The
ORFs were determined using the Vector-NTI analysis program. ORF1 and ORF2 extend from 707-
1219 and 1263-1808 bp respectively, and are in the same frame as the published ESAG3 sequence.
The 439 bp region displaying 64% homology to the AnTat 1.1 companion sequence is also indicated.
The homology begins at the start codon of the ESAG3 ORF and continues for the majority of this
ORF, with the ILTat 1.21 sequence appearing to be slightly longer than the ESAG3 ORF (see Figure
49).

The presence of the ESAG3 homologous sequence downstream of the 70 bp repeats
suggests that minichromosomal telomeric sequences result from recombinational
events with other telomeric regions within the genome. It also seems likely that the
cotransposed sequence, which is largely comprised of the ESAG3 sequence, is not
utilised as a recognition sequence with the corresponding region of a BES for the

ILTat 1.21 duplication event.

5.6 Identification of the ILTat 1.21 upstream duplication boundary

A Southern analysis was employed to determine whether the upstream boundary of
duplication was encompassed within the ILTat 1.21 Nsil/ Sa/l BC fragment. ILTat
1.2 and 1.21 genomic DNAs were digested with Nsil and HindIll, and double
digested with Sall/ Nsil and Sall/ HindlIll, separated on a 0.7% agarose gel and
transferred to nylon membrane by Southern blotting. The filter was then probed with
the o-*’P radiolabelled ILTat 1.21 400 bp fragment, homologous to the amino-

terminus encoding region of the VSG gene. The hybridization revealed an ELC,
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distinct from the BC, in the expressor lanes of the Nsil and HirdIII single digests
{Iigure 49, pavel A, lanes 2 and 4). However, in the Sa/l/ Nsil and Sall/ HindIIl
doublc digests the ELC and BC fragments were equal in size (Figure 49, pancl A,
lanes 5-8), indicating that the duplication boundary must lie upstream of the Nsil
site. The ELC and BC fragments observed in the single digests were distinet, due to
differences in telomere tract length between the two chromosomal loci.

Two fainter products were also detected in the Safl/ Nsil and Sall/ 7indlIl double
digests (Figure 49, panel A, lanes 5-8), probably due to the incomplete digestion of
the two Sa/l sites (within the V'SG). Subscquent reprobing of the filter with the PCR
product encompassing the RADS ! single copy gene revealed that all the digests had
proceeded to completion (IFigure 49, panel B; an Nsil site is present at 705 bp in the
995 bp RADSI {ragment resulting in two hybridization products in these digests,
lanes 1-2 and 5-6). This suggested that the partial digestions were due to base [
modification of the Sall sites. The R4DS5! probing also demonstrated that slightly
more of the ILTat 1.2 DNA had been loaded per lane when compared with the 1.21
DNA. This confirmed that the incrcased hybridization intensity seen in the
expressor lanes of the Sall/ Nsil and Sall/ HindIIl double digests during the ILTat
1.21 probing was due to the combination of both the BC and ELC signals (Figure 49,
panel A, lancs 6 and 8).
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Figure 49. Southern analysis of the ILTat 1.21 minichromosomal clone. Panel A. ILTat 1.2 or 1.21
genomic DNA was digested with Nsil or HindlIll, and double digested with Sa/l/ Nsil or Sall/ HindIII,
size fractionated on a 0.7% agarose gel, and transferred to a nylon membrane by Southern blotting.
The filter was then probed with the a-*?P radiolabelled ILTat 1.21 400 bp fragment, homologous to
the amino-terminus encoding region of the VSG. Panel B displays the same filter stripped and
reprobed with a PCR product encompassing the coding sequence of the trypanosome RADS51 single
copy gene. The digests were loaded in the following order: Nsil, lanes 1 and 2; HindIIl, lanes 3 and
4; Sall/ Nsil, lanes 5 and 6; Sall/ HindIII lanes 7 and 8. The underlined lanes indicate the digests that
involved the ILTat 1.21 expressor DNA. The filters were washed to 0.1 x SSC at 65°C. Molecular

markers are indicated to the left of each panel.
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The double digests were repeated using Agel (rather than Sall), and subsequent

Southern analysis revealed that the minor bands seen in Figure 49A were not present

in these new digests (Figure 50). This confirmed that the partial fragments must have

resulted from the base J modification of the Sall sites. The signal strength in the

expressor lanes of Figure 50 should have been more intense than the non-expressor

lanes due to the presence of the additional comigrating ELC fragment. However,

examination of the EtBr-stained gel of the blot revealed that approximately twice the

amount of ILTat 1.2 DNA was loaded when compared with the ILTatl.21 DNA

(data not shown), and this accounts for the discrepancy from the predicted

hybridization intensity.
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Figure 50. Agel/ Nsil and Agel/ Hindlll double digests of
ILTat 1.2 and 1.21 genomic DNA. Digested DNA was size
fractionated on a 0.7% agarose gel, and transferred to a
nylon membrane by Southern blotting. The filter was then
probed with the a-’P radiolabelled ILTat 1.21 400 bp
fragment, homologous to the amino-terminus of the VSG.
The digests were loaded in the following order: Agel/ Nsil,
lanes 1 and 2; Agel/ HindlIl, lanes 3 and 4. The underlined
lanes indicate the digests that involved the ILTat 1.21
expressor DNA. The filters were washed to 0.1 x SSC at
65°C. Molecular markers are indicated to the left of the

panel.
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Atthough the duplication boundary occurred beyond the Nsil site that demarcated
the ILTat 1.21 BC clone, the cotransposed and associated 70 bp rcpeat sequences
proved to be essential for the further analysis of the upstream minichromosomal ¥5G
flank. An experimental approach was adopted using this cloned sequence to
ascertain the length of the 70 bp repeat array. Genomic DNA. fraom both expressor
(II.Tat 1.21) and non-expressor (ILTat 1.2) clones was double digested with HindIIl
and a series of frequently cleaving enzymes (4 bp recognition scquence), size
fractionated on a 0.7% agarose gel, and transferred to nylon membrane by Southern
blotting. The filter was then probed with an a-"P radiolabelled cotransposed
fragment, which was excised from the ILTat 1.21 minichromosomal clone using
HindIll/ Fokl, and was homologous {o the region 286-472 bp downstream of the Nsil
sitc and the 70 bp repeats (Figure 45). This fragment probably displayed unique
homology with the 1L.Tat 1.21 upstream fragment, since it did not contain any of the
ESAG3 homologous sequence. It was hoped that some of these 4 bp restriction sites,
which occur in random DNA al approximately every 256 bp, would cut only after
the barren region, and thercfore could be utilised o liberale the entire 70 bp repeat
array.

It was neccssary o select restriction enzymes that would not cut within the three
and a half 70 bp repeats encompassed by the genomic clone, or within the
cotransposed region between the repeats and the HindlIl site, Il seemed plausible
that the entire 70 bp array could be devoid of some of these restriction sites, since
they were not represented within the first few repeats. However, il wus important to
examine several restriction cnzymes because the 70 bp repeats are not completely
conserved (Shah et al. 1987), and this degeneracy often results in the formation of
new restriction sitcs.

Five fiequently clcaving enzymes were selected by the criteria described above, and
four of these, Rsal, Haclll, Mbol and Sau3Al, were used in combination with
HindIll to digest the ILTat 1.2 and 1.21 genomic DNA. A single digest was also
prepared using A/ul, which possessed a restriction site immediately downstream of
the HindIII site. In addition, Hindlll and Hindll/ Ddel (a S bp rccognising enzyme)
digests were used in the analysis. The results of this study arc displayed in Figure
51.
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Figure 51. Restriction analysis of the ILTat 1.21 barren region. ILTat 1.2 and 1.21 genomic DNAs
were digested with A/ul or HindlIIl, or double digested with HindIll/ Ddel, Rsal, Haelll, Mbol or
Sau3Al, size fractionated on a 0.7% agarose gel, and transferred to a nylon membrane by Southern
blotting. The filter was then probed with an a-**P radiolabelled cotransposed fragment, which was
excised from the ILTat 1.21 genomic clone using HindIIl/ Fokl , and is homologous to the region
286-472 bp downstream of the Nsil site (before the 70 bp repeats, Figure 45). The digests were
loaded in the following order: A/ul (lanes 1 and 2), HindIII (lanes 3 and 4), HindIIl/ Ddel (lanes 5 and
6), Hindlll/ Rsal (lanes 7 and 8), HindIIl/ Haelll (lanes 9 and 10), HindIIl/ Mbol (lanes 11 and 12)
and Hindlll/ Sau3AlI (lanes 13 and 14). The underlined lanes represent the digests that involved the
ILTat 1.21 expressor DNA. Panel A. EtBr stained gel of the digests. Panel B autoradiograph of the
subsequent hybridization. The filter was washed to 0.1 x SSC at 65C. Molecular markers are

indicated to the left of each panel.
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A clear autoradiograph could not be produced from this resiriction analysis (Figure
51) despite preparing another two repeat filters. It appeared that degradation was
occurring in the DNA stocks, especially in the ILTat 1.21 DNA, and this problem
was compounded by an extremely weak hybridization signal, possibly resulting from
the short length of the Fokl/ HindIIl probe {only 182 bases long). Although no
significant conclusions can be drawn from this preliminary result due to the poor
quality of the hybridization, it was possible to construct a liypothetical interpretation
from these data.

In the 47ul digest (Janes 1 and 2) a band representing the BC fragments was
observed at 3.5 kb in both the ILTat 1.2 and 1.21 genomic DNA; a large additional
band (>12 kb), representing the ELC fragment, was also detected in the expressor
lane. This suggested (hat an AJul site existed 3.5 kb upstrcam of the cotransposed
HindIll site (and therefore approximately 5.0 kb from the start of the ¥SG gene), and
since different sized restriction fragments were produced from the BC and ELC, it
appeared to reside beyond the duplication boundary.

The HindIIl digest a yiclded a large fragment in the 1L Tal 1.2 DNA (lane 3),
representing the BC, but it was harder to interpret the 1.21 digestion (lane 4). Tt was
expected that this digest would generate two distinct fragments, derived from the BC
and ELC. One of the fragments was obvious, but the second (larger) band was very
faint and only just distinguishable above the background smear, It is possible that
this [ragment was partially degraded, resulting in the weaker signal (larger products
are more vulnerable to the effects of degradation). Overall, the ILTat 1.21 DNA
appeared more degraded than the 1.2 DNA, and this could explain why the large 1.2
HindIII product appeared unaffected in this way.

An unexpected result was obtained for the Hindlll/ Haelll double digest (lanes 9
and 10), The hybridization pattern was identical to the HindII single digest (lanes 3
and 4), indicating that no Haelll sites cxist along the entice chromosomal region
upstream of the cotransposed HindIll site. The EtBr gel demonstrates that the Haelll
digestion was successful, with the majority of the DNA becoming reduced in size
when compared with the HindIII digest. This resull suggested that 177 bp
minichromosomal repeats, which do not possess JZaelll sitcs (Weiden ef al. 1991),
must lie extremely close to (or immediately upstrcam of) the 70 bp repeats.

No clear ELC was observed in the ILTat 1.21 DNA of the HindIIl/ Ddel, HindITl/
Rsal digests, but single bands were detected at 1.4 and 1.3 kb respectively in both
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1.2 and 1.21 DNA (lanes 5-6 and 7-8). This indicated that both of these restriction
sites, which occurred within the 70 bp repcat array, were encompassed by the
duplicated copy.

It is possible that the A/ul site upstrcam of the ILTat 1.21 VSG gene lies beyond the
70 bp repeats, since it exists outside the duplication boundary, The apparently close
proximity of the 177 and 70 bp repeats suggests that this 4/ul sile occurs in the first
of the 177 bp repeats, which have been shown to possess a highly conserved 4ful
site (Sloof er al.  1983). If these assumptions are correct, then the 70 bp array
stretches from 2-5 kb upstream of the VSG gene, and the upstream duplication
boundary lies within the last 2 kb of these repeats (the first kb was demonstrated to
be contained within the boundary by the HindIll/ Ddel digest).

Although this inferpretation of the autoradiograph appears logical, and is consistent
with previous findings, it is clear that there are too many anomalies for an accurate
conclusion to be drawn at this stage. There are three spurious results in addition to
the dubious band seen in the HindIll and HindIIl Haelll digests. The first of these
was the faint, diffuse, hybridization sccn near the top of the lane in the ILTal 1.2
HindIll/ Rsal digest, which appeared reproducibly in the two further repeat filters,
Sceondly, the faint “band” which was observed at about 400 bp in the HindIIL/
Sau3Al 1.21 digest appeared again as an abnormally slrong “‘signal” (possibly
background) in one repeat filter, and was absent from the second repeat filter.
Finally, no convincing signal was produced from the HindIIl/ Mbol digests in any of
the filters.

In order to confirm the hypothetical duplication boundary, this experiment will be
repeated using new genomic DNA to overcome the degradation problems, and will
utilise an alternative method for manufacturing the probe (such as gamma-

radiolabelling) to attempt to enhance the hybridization specificity.
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CHAPTER 6

DISCUSSION
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6.1 Axntigenic variation

African trypanosomes can survive prolonged periods within the hostile
environment of the mammalian bloodstream by constantly changing the protective
V5G coat expressed on their membrane surface, in a proccss commonly refetred to
as antigenic variation. This enables small, antigenically novel sub-populations of the
parasite to escape immune-destruction and proliferate during the refractory period in
which the host immune system must recognise and respond to the new VSGs. The
population dynamics of the infection are obviously greatly influenced by the host
immune system, and the majority of the trypanosomes are killed at the cnd of each
parasitaemic wave (Barry and Turner, 1991). However, the immune response itself
appears not to influence the timing of antigenic variation (Myler et al. 1985), but
fashions the infection by eliminating the irypanosomes that have not switched, or
have changed to an ineffective or previously encountered VSG coat,

Approximately 1000 VSG genes are available in the parasite’s repertoire (Van der
Ploeg et al. 1982), and this vast capacity for variance enables the infection to persist
for extensive periods in thc mammalian host. Ilowever, as discussed earlier
(Introduction, section 1.2, page 8), prolonged infections in cattle can eventually lead
to the eradication of the infection (Nantulya e ol 1984; Barry, 19806), but it is
thought only after the host has acquired immunity to the entire spectrum of VSG
genes. The genetic cost of antigenic variation is immense, with approximatcly 10%
of the trypanosome genetic repertoire dedicated to the ¥SGs, but the resulfant
evasion siralegy proves to be one of the most effective mechanisms employed by
parasites to elude immune-destruction.

Several other pathogenic micro-organisms also utilize antigenic variation to evade
the host immune system (Deitsch et @l 1997). Inferestingly, the spirochete Borrelia
has evolved a system thal i1s remarkably similar to that of the Afiican trypanosomes
(Barbour, 1990; Borst, 1991b; Donelson, 1995). B. kermsii, the causative agent of
relapsing fever in western United States and Canada, is the most comprehensively
studied of the Borrefia species, and the mechanism of antigenic variation has been
characterized extensively (Barbour, 1993). The majority of the cell’s gencs reside on
a 1 Mb linear DNA molecule, but the genome also includes circular plasmid-like
DNAs, and several linear DNA molecules of 10-200 kb, known as the linear

plasmids or minichromosomes {Barbour, 1993). An outer membrane protein, termed
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the variable major protein (vmp), appears to be the immunodominant antigen
involved in the variation, and genes responsible for these proteins seem to occupy
linear plasmids between the size of 28 and 32 kb (Plasterk e «l. 1985; Kitten and
Barbour, 1990). The majority of these vmp genes exisi as silent copies on the
“storage plasmids” (Barbour, 1993}, whilc one vmp located near the telomere of a
different plasmid (the “expression plasmid™) is expressed in each organism (Kitten
and Barbour, 1990). A singlc cloned organism can give rise fo at least 40
antigenically distinct serotypes (Plasterk et ol 1985), the majority of which appear
to arise following the duplicative transposition of a silent vmp genc into the
expression plasmid, substituting the original vmp (Plasterk er al. 1985; Kitten and
Barbour, 1990).

It was suspected for a number of ycars that 8. burgdorferi, the organism
responsible for Lyme disease, would possess a similar system for antigenic variation,
as the infection displays many characteristics of relapsing fever. However, this
hypothesis was confirmed only recently, following the discovery of a genetic locus
called the vmp-like sequence (vis) that closely resembles the vimp sequence of B.
hermsii (Zhang et al. 1997). This locus was identified on a 28 kb linear plasmid,
which incorporates a vis expression site and 15 additional silent wis cassettes.

Both bormrelize and frypanosomes rely on an invertebrate vector to transfer the
infection betwcen mammalian hosts. Antigenic variation enables the parasites to
remain in the mammalian bloodstream for prolonged periods, and this increases the
probability that they will be transferred to a new host by the vector. The similarity
between the borrelia and trypanosome systems is a clear example of convergent
cvolution, where two distinct extracellular parasites have independently evolved
analogous mechanisms for increasing their viability in the mammalian host.

The malaria parasitc alsa utilizes antigenic variation to prevent immune-destruction
within the mammalian bloodstream, but employs a strategy different {at both the
phenotypic and genctic levels) from the one observed in the African trypanosomes (
Borst ef al. 1995; Deitsch ef al. 1997). In Plasmodium falciparum, the variant
antigens accur on the surface of the hosl erythrocyte, during an intracellular stage of
the life cycle when the parasite undergoes proliferation. These surface antigens, one
group of which are collectively known as PIEMP1 (Plasmodivm falciparum-infected
erythrocyte membrane protein 1) (Magowan e al. 1988), appear to have evolved to

allow the infected host cells to bind to the vascular endothelium, resulting in their
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retention at the vascular beds. This process prevents the cells from passing through
the spleen, which under normal circumstances would recognise the damaged
erythrocytes and remove them from the circulation. However, the proteins
themselves elicit an antibody response by the humoral immune system, and this has
necessitated the development of an immune-cvasion strategy.

PfEMP-1 is encoded by the var gene family (Su ef al.  1993), which have been
detected in both chromosome internal and subtclomeric domains (Su et al. 19935,
Fischer et . 1997). In carly ring stage parasites, it appears that different var gene
transcripts are delectable at the same time from several chromosomes in an
individual cell (Chen ef al. 1998; Scherf ef al. 1998). However, a recent Northern
analysis by Taylor ef @l. (unpublished work reviewed in Newbold, 1999) discovered
only one full length mRNA at this stage, although multiple franscripts could be
detected at the 5° end of different var genes by RT-PCR. This result indicates that
nmany var promoters are active in a single cell, but some regulatory mechanism (such
as transcription attenuation, or selective degradation) ensures that only onc maturce
transeript is formed. In support of this view, it has been found that only one PfEMP-
1 type is detectable at the erythrocyte surface in trophozoite-infected cells (Chen ez
al,  1998). H seems that var gene cxpression does not occur from a unique
expression site, sincc expressed var genes were wapped to several different
chromosomal loci (Su ef al. 1995; Fischer ef a/. 1997). Subsequent analysis has
suggested that var switching and expression occurs in situ, controlled at the
transcriptional level by an undetermined mechanism (Scherf ef al. 1998).

Recently, it has been suggested that that other surface molecules, known as rifins,
are also a major source of antigenic variation (Kves ef al.  1999; Wahlgren and
Bejarano, 1999), These polypeplides are encoded by the rif (repetitive interspersed
family) gene family, and appear to reside in sub-telomeric loci. It is estimated that
200 rif genes are represented in the genonie, making it the largest gene family in P,
Jalciparum, and potentially enabling the parasite to express a vast array of surface
antigens on the erythrocyte membrane.

In addition to the African trypanosomcs, and certain species of Borrelia and
Plasmodia, therc are several other pathogens which take advantage of phenotypic
variation to prolong their survival in the host (Deitsch ef al. 1997). Thesc include
Neisseria, which can vary the pilins expressed on its cell surface (Meyer et al. 1990;

Scifert, 1996), and Giardia, which is able to change ifs variable surface proteins
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(Nash, 1997). All ol these systems are complex and require significant investment at
both the genetic and phenotypic levels, but they are nevertheless essential for
prolonged survival of the organisms.

Intricate immune-evasion mechanisms have developed as a direct result of the
evolutionary contlict between parasite and host, The more effective the parasite’s
strategy, the more natural sclection will favour the host which can evolve a
corresponding defence. In turn, the development of a new host response will result
in the natural selection of parasites that have acquired a novel evasion mechanism,
‘This phenomenon is the basis of the Red Queen theory (Van Valen, 1973), a
hypothesis used by evolutionary biologists to explain parasite-host, predator-prey,
and competitor-competitor interaction. The theory simply states that two competing
organisms are constantly developing new ways to improve their chance of
monopolising a shared resource. This results in an evolutionary advantage
constantly switching from one organism to the other, since the acquisition of a
selective benefit in one competitor necessitates a change in the less fit individual, In
this way, parasite and host co-evolution has led to development and refinement of
the formidable mammalian immune system, and the highly effective immune-

evasion mechanism, antigenic variation.

6.2  Pleomorphism and monomorphism: significant diffcrences between

trypanosome lines resulting from laboratory attenuation

Repeated syringe passaging in the laboratory has resulted in many trypanosomc
lines manifesting significani modifications in their population dynamics and lifc
cycle when compared with non-passaged field isolates. These laboratory attenuated,
or monomorphic, lines no longer differentiate to the stunipy bloodstream form and
under normal circumstances cannot be transmitted by tsetse fly bite. In addition to
these morphological changes, there is also a massive drop in the rate of antigenic
variation, which, at 1 x 10° -1 x 107 switches/cell/generation (Lamont ez al. 19806),
is up to five orders of magnitude lower than in the non-attenuated, pleomorphic lines
(Turnet, 1997). Borrelic also appears to become attenuated in the laboratory,

displaying a loss of virulence as a result of in vitro passaging (Koomey, 1997; Zhang
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and Williams, 1997); coincident with this attentuation is the loss of plasmids in Lyme
disease (Xu et al. 1996), although it is not clear if this is the basis for the phenotypic
changes.

The reduced switch rate associated with monomorphism has facilitated study of
frypanosome antigenic variation by enabling cloned populations to remain
predominantly of onc VAT during expansion, and this has led to a comprehensive
understannding of various genetic processes involved in VSG switching. However,
the diminished rate of antigenic wvariation is low enough to be explained by
background mutation and general mitotic homologous recombination, and this raises
questions about the significance of the VSG gene activation events observed in
monomorphic lines.

As discussed earlier, natural selection favours trypanosomes that evolve the most
effective stralegies for antigenic variation, and the success of these schemes is
influenced by the rate and mode of FSG gene switching. It is therefore important to
consider the possibility that the artificial selection to monamorphism is associated
with changes in the cell’s recombinational or transcriptional machinery. It has been
proposed (Barry, 1997a) that thc marked alteration in switch rates between
monomorphic and pleomorphic trypanosomes is Indicative of a specific genc
switching mechanism, that might include a dedicated enzyme activity catalysing
specific recombination, which is reduced in, or even absent from, monomorphic
lines, This model suggests that duplicative transposition is initiatcd by a DNA
double-strand break (DSB) in the BES 70 bp repeats (for further details see section
6.5, page 146). Under these circumstances, the monomorphic trypanosomes would
have to rely on alternative minor switching mechanisms, or possibly background
recombination, to sustain VSG changes,

DSB repair in vertebrates and yeast is known to be undertaken by more than one
pathway (Van Dyck ef al. 1999). Vertebrate DSBs are repaired primarily by Ku-
dependent non-homologous end-joining (Kanaar et /. 1998), but Rad52-dependent
homologous recombination also appears to play an important role in this process
(Liang ef al. 1998; Takata et al. 1998). RADS52” knockouts in mouse (Rijkers et al.
1998) and chicken (Yamaguchi-Iwai ef ¢/. 1998) cells produce an overall reduction
in homologous recombination, but do not affect the cells’ semsitivity to X-ray
radiation. This indicates that the rate of DSB repair is unaffected by these mutations,

demonstrating that the repair mechanism can occur entirely by the Ku-directed non-
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homeologous end-joining route in the absence of Rad52. However, in yeast cells,
where the Ku-mediated process represents ouly a minor pathway for DSB repair
(Critchlow and Jackson, 1998), RADS52 mutants display an exireme sensitivity to
ionizing radiation and exhibit severe recombinational defects (Game, 1993). In a
similar mamner, the reduced switching rate of the monomorphic trypanosomes could
be indicative of the parasite utilising less significant modes ol antigenic variation
following the loss, or reduction, of the predominant gene switching mechanism.

The TL.Tat 1.2 study, presented in this thesis, was undertaken {o elucidate the
relative importance of the various VSG switching mechanisms during the early
stages of a chronic, pleomorphic rabbit infection. A study of this kind would be
impractical using the trypanosome lines with an overall switch rate of 1 x 107
switches/cell/generation, since there is & considerable risk of the clones
disintegrating phenotypically during their analysis. This problem was overcome by
using the ILTat 1.2 line, which switches at the lower rate of 1 x 107 switches/
cell/generation. The reduction in switch rate probably occurred during the
unrecorded period of syringe passaging (Onyango ef al.  1966; Miller and Turner,
1981) before the SUSB 48 stabilate was prepared. However, it is clear that the
parasites have not become monomorphic during this period, since they still yield the
stumpy bloodstream form and remain fly transmissible, emerging from the inscet
with a typical pleomorphic overall switch rate of 1 x 10 switches/ccll/generation
(Turner, 1997). In addition, this line will not proliferate in liquid culiure (whereas
monomorphic lines do), but docs grow on a semi-solid agarosc plate culture
(Vassella and Boshart, 1996), clearly differentiating to stumpy form cells. Tt is also
worth remembering that individual clones within a pleomorphic infection display a
range of rates between approximately 1 x 1072 and 1 x 10 switches/ cell/generation
(Tumer and Barry, 1989; Tumer, 1997). Therefore, it appears that the 1ILTat 1.2
clone, which switches 1-2 orders of magnitude faster than monomorphic lines, falls
within this natural range of pleomorphic swiich rates.

In addition to the ILTat 1.2 chronic infection, a single relapse investigation nsing
the IL-Tat 1.61c pleomorphic line is presented in this thesis, ILTat 1.61c, which is
derived from a single metacyclic cell, displays the highest recorded VSG swilch ratc
at about 3 x 107 switches/cell/generation, and a PCR approach for analysing these

rapid switch products is proposed in section 3.9 (page 70).
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6.3  The hierarchical order of VSG gene expression in chronic infections

It is now widely accepted that the hierarchical expression of VATs during antigenic
variation enables the parasite to make efficient use of its VSG repertoire, and
therefore maximize the infection period. As previously discusscd, the probability of
an infection being transmitted by tsetse fly to a new mammal is directly dependent
on the time that the parasite can survive in the original host and the level of
parasitaemia, This strong seleciive pressure has resulted in the refinement of the
VSG expression hierarchy. The “semi-predictable” order of antigen type appearance
{Gray, 1965; Capbern ¢ al. 1977, Miller and Turner, 1981; Timmers et al. 1987)
appears to result from a range in the activation frequencies of the various VSGs, and
it may now be possible to propose the relative contributions of different switching
mechanisms to this phenomenon. The VSG genes with the highest probability of
activation are those residing at telomeres, and in the ILTat 1.2 pleomorphic study
presented in this thesis, the genes appear to be activated predominanily by
duplication, whereas in monomorphic lines they are mainly transcribed following in
sity switches (Liu et al. 1985). Presumably the duplication of chromosome internal
genes becomes appatent as the infection progresses, since these genes represcnt the
buik of the VSG repertoire. It is likely that, in a chronic pleomorphic infection, the
telomeric genes are constantly being duplicated at a high rate, and this will inevitably
lead to re-expression of some VSGs that have previously been encountered by the
host. Obviously, all switches to such genes will be lethal, and eventually the less
frequently activated cbromosome internal genc producis will emerge, as the host
acquires Immunity against the reservoir of telomeric ¥SGs. As the infection reaches
the final stages, when the host has exhausted the parasite’s genc repertoire, the
mosaic genes resulting from scgmental gene conversion ultimately appear (Thon ef
al. 1989). These gene products must occur very inlrequently, and tend to arise in
the terminal phase of infection (Barbet and Kamper, 1993); (Thon ef ¢/. 1989).

To date, the most comprehensive analysis of hierarchical expression was performed
by Capbern et ol (1977) who studied 101 different VATs in 1. eguiperdum
infections of rabbits, and discovered that the VATs formed three hierarchical groups,
rather than a specific scries. The early (“précoce”™) group consisted of VATs that

could be predicted to appear within the first three wecks of the rabbit infection, the
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middle (“semi-tardif”) group followed thereafler, while thc late (“tardif”) group
involved the VATS that occurred after the first month of infection. Tt is possible that
the first two groups represent ¥SGs duplicated from the telomeric and chromosome
internal sites respectively, while the late group has been demonstrated o include

infrequently activated genes (Thon ef «l. 1989).

6.4 VAT appearance in the chronic ILTa¢ 1.2 infections

The chronic 11.Tat 1.2 infections were tcrminated after 30 days in the lop-eared
rabbits and after 21 days in the New Zealand White rabbit and during this time the
trypanosomes achieved first and second relapse waves of parasitacmia, It is
therefore evident that the eleven VATs observed in these infections are
representative of the early switch products, generated at the start of a VSG hierarchy.
As mentioned earlier, duplicative transposition appeared to be the major method for
gene activation during the first and second relapse peaks, and telomeric ¥SGs were
the predominant source of ELCs, with fourtcen of the seventeen silent genes
localised at the chromosome ends (Table 3, section 4.14, page 105).

Although these ILTat 1.2 infections are only representative of the first (“précoce”)
group of the antigenic hicrarchy, it appears that there is also a degree of order even
within this period. For example, the number of clones isolated per VAT in the first
relapse peak was varied, with no single antigen type predominating, but in the
second rclapse peak ILTat 1.23 was by far the major VAT, present on every day of
the relapse. In addition, four of the VATSs observed in the first relapse peak (ILTats
1.25, 1.67, 1.68 and 1.69) elicited antibodies at a similar time in all four hosts, while
one VAT (ILTat 1.21) showed more variation in the timing of its appearance, and the
final VAT (ILTat 1.64) only emerged in two of the four rabbits, A much greater
variation was seen in the second relapse peak, however, with only one of the five
VATs appearing in all of the infections (ILTat 1.70). Onc¢ of the minor VATs
identified from this peak (1L Tat 1.71) appeated to be duplicated from a chromosome
internal BC, and it is logical to assume that this could be one of the most frequently
activated V§Gs from the internal arrays.

It seems likely that the sub-hierarchical variation observed in the carly group will

also occur within the middle and late groups. The probability of VAT appearance
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will depend on several factors that could include the chromosomal location of the
VSG, the gene orientation rclative to the chromoseme (Van der Werf ef ¢f.  1990)
and the homology of the flanking sequences between the BC and the BES. I is
apparent that other variables also influence, and complicale, the hierarchy and sub-
hierarchy; for example, it has been observed that some VATs have a much greater
probability of appearance after an intermediate VSG gene hus been expressed (Miller
and Turner, 1981).

Several of the VATSs seen in the rabbit mfections had been obsetved previously in
other studies. Miller and Turner (1981) demonstrated that ILTats 1.21, 1,22, 1,23
and 1.25 appeared as primary switch products in a single relapse analysis of seven
different VATs. This study revealed that ILTat 1.21 (underlining indicates those
VATs identified in the ILTat 1.2 infection presented in this thesis) was the most
frequently activated VAT (arising in 32 of 41 first relapses in rats), followed by 1.4
(33 of 47), 1.25 (27 of 41), 1.26 (14 of 35), 1.24 (15 of 41), 1.22 (6 of 41) and 1.23
(2 of 36). These results enlarge the dataset produced from the ILTat 1.2 rabbit
infection, since the Miller and Turner study was initiated using trypanosomes also
derived from EATRO 795, and closely related to the SUSB 48 stabilate. It is
therefore evident that the VATS isolated from the ILTat 1.2 rabbit infection represent
some of the most frequently activaied VSGs.

Fly transmission of EATRO 795 into goats had also identified [1.Tat 1.21 and 1.69
switched products in the early stages of every infection (Barry and Emery, 1984), In
addition, the ILTat 1.69 (ETat 1.7), 1.21 (ETat 1.9) and 1.22 (GUat 7.1, ETat 1.2)
VATs have been detected in related trypanosome stocks (field isolates), and their
activation is typically cbserved early in infection (McNeillage ef «l. 1969; Barry et
al. 1985). Two VATs, ILTats 1.22 and 1.64 (GUTat 7.13), have also been observed
in the metacyclic population of the tsetse fly (Barry ef el 1983, Cornelissen et al.
1985b).

6.5 Mode of V'SG gene activation in the ILTat 1.2 and 1.61¢ pleomorphic

infections: the predominance of duplicative transposition
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Duplicative transposition dominated in the ILTat 1.2 study, with nine, and possibly
ten, of the eleven switching events occurring by this mode of activation. At least
cight, and probably ten, of the donor genes resided at tclomeric loci, while only one
of the duplications (ILTat 1.71) definitely involved an internal BC (Table 3, section
4.14, page 105). In contrast, there was only one example of an "in sifu’ activation
(ILTat 1.67). The single analysable product generated from the [LTat 1.61c single
relapse investigation was also activated by the duplication of a telomeric BC. These
results are remarkably different from observations in monomorphic trypanosomes,
where single relapse analysis has shown that about two-thirds of switch events occur
by the in situ mechanism, and about one-third occur by duplicative transposition (Liu
et al. 1985). Duplicative cvents appear to dominate only later in thesc
monomorphic infections (Lee and Van der Ploeg, 1987; Michels er al.  1983;
Timmers ef al. 1987).

The dramatic difference in the mode of ¥SG switching between monomorphic and
pleomorphic lines is indicative of a dedicated switch mechanism in the pleomorphic
lines that is reduced in, or absent from, the monomorphic lines. This hypothesis for
gene conversion, proposed by Barry (1997a), which was based on preliminary
observations on fly-transmitted trypanosomes, is consistent with the data prescnted
in this thesis. This model suggests that the duplicative transposition is initiated by a
DSB in the BES 70 bp repeats, and is similar in principle to the mating type switch
ohserved in Saccharomyces cerevisiae (Haber, 1998), which also begins with a
specific DSB in the recipient locus. In the mating type switch a specific homing
endonuclease (HO) mediates the DSB, and a corresponding enzyme activity specific
to the trypanosome 70 bp repeats has been hypothesised several times (Pays, 1985);
(Pays et al. 1994; Barry, 1997a). HO endonuclease cannot cleave its recognition
sequence at either of the available mating type donor loci, AML or HMR, as these
sites appear to be occluded by nucleosomes in silent DNA (FHaber, 1998). Similarly,
it is possible that the non-BES 70 bp repeats could be subject to chromatin
repression, preventing the spccific enzyme from cutting at random in the genome.
Possible support for this hypothesis is provided by the observation (hat
transcriptional activity was repressed in BES, or ribosomal promoters that were
introduced inte a ¥SG gene chromosome internal loci (Horn and Cross, 1997) (see

section 6.6 (page 149) for more details of this experiment).
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It is proposed that formation of the DSB would then be followed by a repair-
mediated conversion {rom a silent VS gene, using a strand invasion process similar
to that seen in the mating type switch, and would terminate at the short homology
blocks at the downstream end of the gene. A low level of poinl mutations detected
in newly generated ELCs (Kamper and Barbet, 1992; Graham and Barry, 19946)
could be indicalive of a DNA repair enzyme operating during ELC formation.
Presumably, the putative invading strand from the BES barren rcgion would
represent a diverse set of the repeats (which display degeneracy across their
sequence (Aline ef al. 1985)) enabling a high degree of 70 bp homology to be
associatcd with the relatively few repeats upstream of a particular BC gene. This
aspect of the model could explain why such a vast array of 70 bp repeats are
contained within the BESs.

An alternative model for duplicative transposition has been suggested by Borst er
al. (19986), and invokes non-specific DNA strand breaks as initiating the process in
the 5 flank of the VSG gene. Again, this model proposes a repair-mediated
conversion {rom a silent ¥SG gene, using a strand invasion process similar to that
seen in the mating type switch. This theory is consistent with the observed
imprecision in the upsiream limit of VSG duplication evenis in monomorphic
trypanosomes, which only locate precisely to the 70 bp repeats in about half of the
reported cases (Campbell ef al. 1984; de Lange e al. 1985; Florent ef al. 1987, Lee
and Van der Ploeg, 1987). The other events appecar {0 result from fortuitous
similatity between the donor V'SG and recipient BES (Donelson er ¢/, 1983; Lee and
Van der Ploeg, 1987; Michiels et al. 1983; Pays ef «l. 1983c). It has also been
demonstrated that the removal or reversal of the 70 bp region of a BES in
monamorphic (rypanosomes had no effect on the incidence of FSG duplications into
that BES (McCulloch ef af. 1997). Although thc Borst model provides some
explanation for the lack of specificity at the upstream limit of conversion apparent in
monomorphic {rypanosomes, it does not explain the reduced overall switch rate, and
the low relative frequency of duplicative transposition seen in these lines,

In the relatively few studies performed on pleomorphic lines, the upstream limit of
duplicative events consistently maps to the 70 bp region (Matthews ef a/. 1990,
Shah et al. 1987), and the prefiminary results presented in this thesis also appear to
demonstrate the involvement of these repeats (section 5.6, page 128). Telomeric

VSGs lacking 70 bp repeats are activated in the bloodstream with great infrequency
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during pleomorphic infections, as such VATSs rcquire extensive posilive and negative
selection (Lu et al. 1993). In these cases, either fortuitous sequence similarities
appear to be used for duplication into a BES, or activation occurs in sifu, using
unusual promoters (Donelson ef al. 1998). However, it has been demonsirated that
genes with just one intact 70 bp repeat can be activated efficiently, and the upstream
limit of duplication maps to the repeats (Matthews et al. 1990; Shah et al. 1987).
The contrast in the mode of gene aclivation and switching rate observed between
monomorphic and pleomorphic trypanosomes is indicative of a dedicated switch
mechanism that is reduced or absent in monomorphic lines. It appears that
pleomorphic trypanosomes are programmed to duplicate VSGs, using the 70 bp
repeats to initiate the process, and this mechanism is repressed or lost in the
monomorphic lines,

The control of untigenic variation remains a completely unresolved area of
trypanosome biology, since no switch infermediates or regulatory genes have been
discovered thus far. It is conceivable that VS duplication could occur by a repair-
mediated conversion from the silent VSG gene using a strand invasion process
similar to that seen in the mating type switch, as hypothesized in the Barry and Borst
models. However, several other modes of general recombination have been
conserved throughout eukaryotic evolution (Paques and Haber, 1999; Haber, 1999a),
and it is possible that the process could occur by any of these mechanisms, The
trypanosome might cven utilize a unique system that has not yet been described, and
this could possibly involve more than one pathway, as in DSB repair in vertebrates.
However, it does seem likely that the switching process involves homologous
recombination, since the disruplion of RADS51, the trypanosome homologue of the
bacterial Recd gene, leads to a substantial decrease apparently in all types of
switching (McCulloch and Barry, 1999). This work was performed using a
monomorphic line which, as previously discussed, displays a marked reduction in
the overall rate of VFSG gene switching and a decreased proportion of duplicative
activations relative to non-duplicative events. It would therefore be extremely
interesting and informative to examine the ouicome of a similar knockout
experiment in a pleomorphic line.

It is perhaps more than coincidence thal monomorphic trypanosomes exhibit both a
marked reduction in switch rate and a significant alleration in the life cycle, being

unable to perform the pleomorphic cell’s differentiation from dividing long slender
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cells to non-dividing short stumpy cells. It seems plausible that the individual
mechanisms underlying these two distinct phenotypes could be regulated by a single
process (or gene) that is lost (or repressed) during the selection to monomorphism.
This hypothesis implies a close genetic association between the trypanosome’s cell-

cycling and recombinational processcs.

6.6  Telomeric VSG genes are activated most frequently, and predominate in

the early stages of infection

Prior to this investigation, other authors have demonstrated the preferential use of
telomeric donors in early duplicative events (Liu et al. 1985; Myler ef al. 1984,
Pays er al. 1983a; Young ef al. 1983), although most of these studies were
performed using monomorphic lines and followed a series of switches, rather than
single rclapscs. This favoured use of telomeres could result from the fact that
telomeric F.SG loci, which encompass long stretches of both the 70 bp and (sub)-
telomeric hexanucleotide repeats, share more sequence homology with each other
than with the intermal ¥SG loci. Additionally, the probability of telomeric ¥SG gene
expression could perhaps be enhanced by u general interaclivity of chromosome
cnds. It has been reported previously that telomeric interactions appear to aid their
recombination with active BESs. For example, some VSG genes that are usually
expressed infrequently (or emerge late in an infection) can become activated early if
they are (ranslocated into a telomeric environment showing morc homelogy with the
expression site (Laurent et ¢/, 1984). A similar effect has been shown to occur
during the expression of the AnTat 1.1 (Antwerp Trypanozoon antigen type 1.1)
VSG gene, which is telomeric but present in the reverse orientation with respect to
the chromosome end. This gene is normally expressed late in infection, but becomes
predominantly activated when it occurs on a telomere in the same orientation as the
chromosome end (Van der Werf ef ol 1990). In addition, it has been shown in yeast
that placing a Y’ element (a highly conserved sub-telomeric element found repeated
in 0-4 tandem copics adjacent to the telomere repeats) at an internal locus results in
at least a 10-fold reduction in ectopic interactions with the telomeric Y’s (Louis,
1995). This led to the suggestion that the telomere regions could perhaps be

sequestered from the rest of the genome during recombination.
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Minichromosomal VSG genes appeared to play an important role in antigenic
variation during the early stage of the ILTat 1.2 infection presented in this thesis, and
there did appear to be hierarchical use within this subset. In the first relapse peak,
four of the six VATs possessed minichromosomal copies (ILTats 1.25, 1.63, 1,69
and 1.21) and appeared at similar times in all four rabbit infections, and in the 1.61c
high-switching investigation, the 1.25 VSG gene was duplicated from a single
minichromosomal BC. Twao of the VATs from the second relapse peak, 1L Tats 1,23
(the dominant VAT in this peak) and 1.72, also displayed minichromosomal FSG
gene copies, but they appeared to be activated less frequently than the VATs
observed in the first relapse pcak. In a previous study, the ILTat 1.3
minichromosomal ¥SG gene has heen shown to possess a long arvay of 70 bp repeats
(Shah er al 1987). The preliminary investigation of the 1.21 minichromosomal
upstream flank presented in this thesis is also suggestive of a fong 70 bp array of
approximately 3.5 kb (seclion 3.6, page 128). These extensive 70 bp airays could
increase the probability of strong homology arising between the donor and BES, and
this could explain the preferential use of minichromosomai donors, if the IL1at 1.3
and 1.21 VSGs are representative of the minichromosomal repertoire. However, the
prominence of minichromosomal telomeres as donors could simply be due to their
relative abundance in the genome (Van der Ploeg ef /. 1985; Weiden ef /. 1991),
rather than any inherent feature.

It has been observed that, during cell division in procyclic frypancsomes, the
minichromosomes appear to utilize a partitioning mechanism different from that of
farger chromosomes (Ersfeld and Gull, 1997). This results in the two chromosome
classes localizing to distincily different regions of the nuclens during the various
phases of the cell cycle (Chung et al. 199(0; Ersfeld and Gull, 1997). The
partitioning of the chromosomes has not been as comprehensively analysed in
bloodstream form trypanosomes, but it appears that the distribution of both the
minichromosomes and the larger chromosomes is more random and dispersed than
in procyclic cells (Chung er af 1990). Perhaps this more heterogencous
chromosome organization increases the amount of interaction between the two size
classes of chromosome, which possibly have less opportunity for recombination in
procychlic trypanosomes due to their differential compartmentalisation throughout the

cell cycle.
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The absence of minichromosomes in trypanosomatid flagellates unable to undergo
antigenic variation, like Crithidia (Van der Ploeg et al. 1984b) and Leishmania, has
led {o the suggestion that minichromosomes have evolved to expand the telomeric
VSG gene repertoire (Borst et al.  1993). In T. vivax, which has few, if any,
minichromosomes (Dickin and Gibson, 1989; Van der Ploeg e al. 1985), antigenic
variation does occur, but the hierarchical order of VSG expression appears to follow
a more continuous spectrum than the complicated pattern seen in 7. brucei (Barry,
1986). It is possible that this comparatively simple hierarchy is due to the smaller
pool of telomeric VSG genes available in the 7. vivax repertoire.

Teclomceric genes appear to play an important role in antigenic variation of several
protozoon parasites and other pathogens. The VSG genes of 7. brucei, the var and rif
genes of Plasmodium falciparum, the VSP genes of Giardia lumblia and the vmp
genes of Borrelia hermsii can all be found at telomeric loci. This has led to the
suggestion that telomeric interactions, and the associated genetic flexibility, are an
essential feature of antigenic variation in many protozoans (reviewed in Lanzer ef
al., 1995).

In other organisms, telomeric interactions are now being seen as having important
functlioms, and the growing amount of interest and research in this field is beginning
to elucidate the various proteins associated with tclomeric function. An important
example is the involvement of the Ku and Sir (silent information repressor) proteins
in telomere organization, and regulation of this has been studied in some detail
(Shore, 1998; Habcer, 1999b). It had previcusly been observed that, in the absence of
Ku, mammalian cells were unable to repair double-strand breaks or perform
recombination of the immunoglobulin V(D) region (Jeggo ef al. 1995), and it has
since been discovered that Ku protein plays an important role in non-homologous
end-joining (NHEJ) in both vertebrates and yeast (Kanaar et al. 1998; Critchlow and
Jackson, 1998), and in telomere length regulation and silencing in yeast (Boulton
and Jackson, 1598). Sir proteins are also known to be involved in silencing at
telomeres and at HM mating type loci in yeast (Laurenson and Rine, 1992), and
recent studics have revealed that there appears to be a close association between Ku
and Sir proteins (Tsukamoto ef ¢l. 1997). The Ku and Sir proteins normally reside
at the telomeric and subtclomeric regions (Martin et /. 1999), but delocalizc when a
DSB is introduced, and subsequently associate with the damaged region. Following

the redistribution of Ku and Sir proteins, the genes near telomeres that were
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previously epigenetically silenced become more strongly transcribed (Martin ef al.
1999). It has also been demonstrated that telomere silencing and the subnuclear
organization of telomeres appear to be closely associated. Laroche ef al. (1998) have
shown, to some cxtent, that the mutation of yeast Ku genes result in the loss of
telomeric silencing, and an alteration in the localization of the telomeric DNA, which
normally clusters around the nuclear periphery at several loci in wild-typc cells. In
addition, it has been observed that telomere-~silencing nmutations in fission yeast
affect the pattern of chromosome alighment and migration during meiosis, and
meiolic recombination appears to be severely reduced (Cooper ef /. 1998; Nimmo
et al. 1998).

Transcriptional repression in yeast appears to be associated with specialized
chromatin structure at the affected region. In Drosophila, telomeric silencing is also
linked to local chromatin structure, which seems to be dependent on nuclear
organization (Cryderman ef al. 1999). It is known that transcriptional silencing in
mammals and Drosophiia can be delimited by specialized boundary elements, and
negated by insulating elements (Gerasimova and Corces, 1996), and recent studies
are beginning to suggest that analogous elements also cxist on yeast telomeres
(Fourel et al. 1999; Pryde and Louis, 1999).

Horn and Cross {(1997) have demonsirated that 7. brucei also displays posilion-
dependent transcriptional silencing. This investigation revealed that inscrting
reporter genes {under the control of either an *RNA or ¥SG BES promoter) into a
silent BES in bloodstream form trypanosomes resulted in the silencing of the
reporter, and this effect was more pronounced closcr to the telomere. The promoter
repression was also seen when the constructs were introduced at a non-telomeric
VSG locus in bloodstream form cells. However, in procyclic trypanosomes all the
inserted »RNA promoters displayed transcriptional activity, while the BES promoters
remained ropressed. These results are indicative of a positional effect, related to
VSG proximity or some feature of the BES, which prevents transcription from
promoters infroduced into bloodstream form cells. It is thought that the rRNA
promoter-specific derepression in procyclic cells could be attributed to sequences
that occur within IRNA promoters, but are absent from VSG BES promoters.

Telomeric inieraction and transcriptional silencing are known o be important in
trypanosome antigenic variation, although the mecchanisms conirolling these

processes have yet to be determined. In other organisms, there is growing evidence
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that chromoesomal interaction and transcriptional control are closely associated
(Henikoff, 1997), and it is possible that similar systems exist in 7. brucei. 1t is
tempting to speculatc that Ku and Sir proteins could be involved in trypancsome

telomeric regulation, but this theory can only be confirmed by forthcoming research.

6.7 The occurrence of a dominant BES

In every duplicative activation detected in the first rclapse peak of the ILTat 1.2
infection presented in this thesis, the ELC was accompanted by the loss of the 1.8
Mb ILTat 1.2 VSG fragment, indicating that the same BES was utilised in each case.
The 600s PFGE separation established that this BES was present on the largest of the
five comigrating 1.8 Mb chromosomes. However, this study only examined the
switches resulted in a phenotypic change, and there could also have been duplicative
{ranspositions into silent BESs, as previously demonstrated (Myler e al.  1988a).
The preferential utilization of a dominant BES has also been observed in
monomorphic studies (Liu ef al. 1983).

It is possible that the repeated use of the active BES may be because the
transcriptionally active state makes it a more accessible target for recombinational
events, Actively transcribed telomeres have been shown to grow slightly faster than
inactive telomeres (Pays et /. 1983b; Myler et al. 1988Db), and this is perhaps
indicative of differences in chromatin structure between the active and inactive sites.
In support of this theory, it has been observed that only the active BES is highly
sensitive t0 DNAasel (Pays et @l. 1983b) and single-strand specific endonucleases
(Greaves and Borst, 1987),  Additionally, transcriptional silencing around
subtelomeric VSG genes is associated with the presence of B-D-glucosyl-
hydroxymethyluracil (base J), which is reversibly lost during transcriptional
reactivation of a BES (Bernards et al. 1984; van Leeuwen ef al. 1997) (see section
1.9, page 25 for further details). It is unclear, however, whether changes associated
with this modification are the cause or conscquence of transcriptional silencing. The

extent of the modification appears to vary with the length of the telomeric repeat
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sequence and the proximity of the telomere end (Bernards ef al. 1984; van Leeuwen
et al. 1996; van Leeuwen et al. 1997).

Base J modification renders various restriction enzyme sites indigestible in some
DNA molecules, and this can result in partial products being observed in genomic
digests. Indirect evidence for base J modification of the minichromosomal telomere
containing the silent ILTat 1.21 V¥SG BC was provided by the Ps¢I and Sa/l digests
presented in this thesis (section 4.5, page 91, section 5.2, page 112). Both these
reslriction sites contain a thymidine that could be used as a substrate for base J
modification. Partial products were generated (rom the ILTat 1.21 minichromosome
(demonstrated by the ILTat 1.21 ¢cDNA probing) when 1.2 DNA was digested with
these two enzymes. It was apparent that the partial digestion resulted from modified
DNA, rather than an incomplele cnzyme reaction, since no partial products were
detected when the same filters were hybridized with the R4151 control probe. Base
J modification has also been observed in the 177 bp repeats that imake up the central

part of the minichromosomes (van Leeuwen ef al. 1997).

6.8  TheILTat 1.21 minichromosomal ¥SG upstream flank

The ILTat 1.21 minichromosomal cione characterized in this thesis encompassed
the entire cotransposed region and included three and a third copies of thc 70 bp
repeats at ifs upstream cnd. BLAST and CLUSTAL W analysis revealed that the
1700 bp cofransposed region contained a 1200 bp ESAG3 full length pseudogene.
The presence of this ESAG3 homologous sequence downstream of the 70 bp repeats
suggests that minichromosomal telomeric sequences result from recombinational
events with other telomeric regions within the genome. It also seems likely that the
cotransposed rogion is not utilized as a recognition sequence with the corresponding
region of a BES for the ILTat 1.21 duplication event, since such a large propostion of
this BC domain is comprised of the ESAG3 sequence. The structure of the TLTat
.21 cotransposed region implies that this domain is merely “stuffer” sequence, and
does not perform any dedicated function in the BES. This theory contrasts with the
view of Davies et al. (1997), who obscrved an increased rate in BES switching
following the deletion of the cotfransposed region in the active BES, and

hypothesised that this domain could play an important role in BES regulation,
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The preliminary investigation of the ILTat 1.21 upstream duplication boundary
suggests that the 70 bp repeats extend for approximately 3.5 kb, and the duplication
boundary lies somewhetre beyond the first 1 kb, upstream of the FSG (section 5.6,
pages 128-135). It also seems that the 70 bp and 177 bp minichromosomal repeat
elements are arranged at closc proximity, with no (or very little) non-repetitive
sequence between them, since the entire minichromosome appeared to be unaffected
by the frequently cleaving restriction enzyme, Haelll. The 3.5 kb array of the 70 bp
sepeats obscrved in the ILTat 1.21 minichromosome is similar to the stretch of
repeats detected in ILTat 1.3 (Shah ef /. 1987). It is possible that this long array of
70 bp repeats could be an inherent feature of the minichromosomes, but this can only

be confirmed by the characterization of more minichromosomal VSG 5’ flanks.

6.9 Future work

In order to confirtn the hypothetical ILTat 1.2 upstream duplication boundary, it
will be necessary to repeat the last analysis presented in this thesis (section 5.6, page
128) using newly prepared, minimally sheared, genomic DNA to overcome the
degradation problems. An alternative method for manufacturing the probe (such as
gamma-radiolabelling) could also be adepted to attempt to enhance the hybridization
specificity, If the repeat hybridization is consistent with the previous results, then
the following approach could be utilized to construct a full length clone of the [, Tat
1.21 upstream flank (summarized in Figure 52).

It would first be necessary to clone the 3.5 kb AZul upstream fragment (Chapter 5.6,
page 133), and this could be achieved by constructing an Alul/ Hindlll size-selected
minichromosomal library in pBluescript. Digesting the DNA initially with HirdIII,
and then with 4ful would produce a HindlIl specific overhang at the 3° end of the
fragment, which would facilitate later cloning procedures. The minichromosomal
DNA would be isolated by PFGE, although a substantial amount of material would
be reguired for the size-selection step, which would remove the smaller restriction
products generated by the frequently cleaving A/ul enzyme. Following cloning, this
fragiment would then be sequenced (o characterize the full extent of the 5° flank.

The next phase ol this procedure would be to create a full length clonc of the ILTat

1.21 minichromosomal flank encompassing the whole ¥SG gene and the entire 70 bp
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acray,  The full VSG sequence would be introduced into the original 1.21
minichromosemal ¥VSG clone, using the 1.21 ¢cDNA clone sequence. By using
unfavourable digestion conditions, it should be possible to produce a Hincll partial
digest of the ¢cDNA clone. When used in conjunction with a second enzymec that cuts
within the plasmid polylinker, this digest should liberate the 1473 bp fragment
extending from the first Hincll site to the end of the ¢cDNA clone. This [ragment
wotld then be introduced into the Tincll site in the 5° terminal VSG sequence of the
1.21 minichromosomal clone. Once this stage is completed it would be possible to
ligate this whole fragment to the other, contiguous, upstream fragment (isolated from
the HindIll/ Alul size-selected library) using the Aindlll site present in both clones.
The individual steps required to produce this ILTat 1.21 full-length
minichromosomal clone are indicated in Figure 52.

Finally, it would be possiblc to manipulate this construct, which wauld
subsequently be integrated into ILTat 1.2 (rypanosome genomic DNA via
homologous recombination. A series of 177 bp minichromosomal repeats
(approximately 500 bp in length) would be introduced at the upstream end of the
construct to provide homology at this end, It would also be necessary 1o introduce a
promoter and selectable marker gene, such as hygromycin resistance gene, within
this flank to allow the transformed cells to be selected. The promoter would have to
be inserted in the rcverse orientation to the VSG gene to prevent any artifactual
transcription of the FSG occurring. Five potential constructs are illustrated in Figure
53: (1) unaltcred 70 bp repeats; (2) deleted 70 bp repeats; (3) reversed full array of
70 bp repeats; (4) full array replaced with 1-2 70 bp repeats, in forward oricatation;
(5) full array replaced with 1-2 70 bp repeats, in reverse orientation, The
transformed trypanosomes would then be used in single relapse investigations to
discover whether the 70 bp repeat manipulations affect the activation {requency of
the IL'1at 1.21 V'SG gene. Unmodified ILTat 1.2 trypanosomes would be used as the
control. Construct (1) (in which the 70 bp repeats remain unaltered) should
demaonstrate that any changes in the ILTat 1.21 activation frequency were due to the
manipulation of the flanks, rather than unpredicted changes resulting from the

introduction of the construct itself.
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Figure 52, Construction of the full length ILTat 1.21 minichromosomal clone. (1) The 3.5 kb “barren” region upstream of the Nsil site would be isolated from
a HindIIl! Aful size selected minichromosomal library cloned inte pBluescript. The ILTat 1.21 ¢DNA clone (2) would then be digested with Hinell under
unfavourable conditions to producc the 1473 bp partial fragment extending from the first Hincll site to the end of the clone. This fragment would then be ¢loned
into the Hincll site of the original ILTat 1.21 minichtomosomal clone (3). Fragment (1) would then be ligated to this product (2+3) to produce the full length
clone (4). This diagram also displays the introduction of the 177 bp minichromosomal repeat sequence, and the promoter and selectable marker at the upsiream
end of the fragment. Abbreviations: A, 4lul; He, Hincll; I1d, HindHI; N, Nsil.
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Figure 53. The five suggested constructs for manipulation of the 70 bp repeat region: (1) unaltered 70 bp repeats; (2) deleted 70 bp repeats; (3) reversed full
array of 70 bp repeats; (4) fult array replaced with 1-2 70 bp repeats, in forward orientation; (5) full array replaced with 1-2 70 bp repeats, in reverse orientation.
These constructs would be integrated into ILTat 1.2 trypanosome genomic DNA via homologous recombination. The fransformed trypanosomes would then
be used in single relapse investigations to discover whether the 70 bp repeat manipulations affect the activation frequency of the ILTat 1.21 VSG gene.
Ummedified ILTat 1.2 trypanosomes would be uscd as the control. Construct (1) (in which the 70 bp repeats remain unaltered) should demonstrate that any
changes in the ILTat 1.21 activation frequency were due to the manipulation of the flanks, rather than unpredicted changes resulting from the introduction of
the construct itself. Abbreviations: A, A%, He, Hincll; Hd, HindIl; N, Nsil.
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