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Chapterr  1 

Introductio n n 

Thee work described in this thesis focuses on the phenomenon of DNA modification, i.e. the 

presencee of altered bases in DNA. The organism studied is Trypanosoma brucei, a eukaryotic 

parasitee of insects and mammals that contains modified bases in its nuclear DNA. This thesis 

investigatess the biosynthesis of these bases as well as their significance for DNA repair systems 

off  T. brucei. In an independent line of experiments, the molecular mechanism allowing the 

parasitee to escape the mammalian immune system is studied. 

Theree are two ways how modified bases can arise in DNA: as a product of enzymatic reactions or 

ass a consequence of DNA damage. In the second case, the altered bases are potentially harmful to 

thee genetic stability of a cell and must be removed. In the first case, the base modifications 

usuallyy fulfil l specific functions, e.g. in the control of gene expression or as a protection 

mechanismm against foreign DNA. An example of such a DNA modification is found in 

TrypanosomaTrypanosoma brucei. 

DNAA modification in Trypanosoma brucei 

Thee African trypanosome, Trypanosoma brucei, is a unicellular parasitic flagellate that belongs 

too the order Kinetoplastida (Figure 1A). It is the causative agent of sleeping sickness in humans 

andd Nagana disease in cattle. T. brucei shuttles between insects and mammals, as illustrated in 

Figuree IB. The parasite lives freely in the bloodstream of the mammalian host and is ingested by 

thee tsetse fly (Glossina spp.) during a blood meal. Inside the fly, the trypanosome transforms into 

thee procyclic or insect form, which differs from the bloodstream form by several biochemical and 

structurall  properties. The parasite eventually enters the salivary glands of the insect host where it 

transformss into the metacyclic stage that reinfects the mammal. 

Thee molecular biology of T. brucei has been studied intensively over the last three decades, 

focussingg mainly on mechanisms that allow the parasite to evade the immune response of the 

mammaliann host, a phenomenon called antigenic variation (see end of this section). In this 

context,, evidence for DNA modification in trypanosomes was obtained, as some recognition sites 

forr restriction endonucleases were partially resistant to cleavage (Bernards et al., 1984; Pays et 

al.,, 1984). In 1993, a novel modified nucleotide, P-D-glucosyl-hydroxymethyluracil (called J, 

Figuree 2), was identified and shown to be responsible for the partial restriction digests 

(Gommers-Amptt et al., 1993a; van Leeuwen et al., 1997). 
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Figuree 1. A, schematic drawing of Trypanosoma brucei.(bloodstream form). Abbreviations: F, flagellum; 
FP,, flagellar pocket (region of endo- and exocytosis); K, kinetoplast (mitochondrial DNA networks); M, 
singlee mitochondrion; N, nucleus; n, nucleolus; VSG, surface coat (consisting mainly of the variant surface 
glycoprotein).. Adapted from Ziegelbauer (1994). B, life cycle of T. brucei: B, bloodstream form; M, 
metacyclicc form; P, procyclic form; 

JJ is present in the nuclear DNA of T. brucei and the other kinetoplastid flagellates, as well as in 

EuglenaEuglena and Diplonema (van Leeuwen et al., 1998a; Dooijes et al., 2000), but it is absent in all 

otherr organisms analyzed so far (Figure 3). In contrast to the other kinetoplastid parasites as 

LeishmaniaLeishmania and Trypanosoma cruzi, in which J is present in all lif e cycle stages, J is only 

detectablee in the bloodstream form but not in the insect form of T. brucei. 

Inn T. brucei, about 1% of the thymine residues are replaced by J. There is no consensus sequence, 

butt the base is predominantly found in repetitive DNA and about half of the total J resides in the 
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Figuree 2. chemical structures of the bases p-D-glucosyl-hydroxymethyluracil (J) and 5-
hydroxymethyluracill  (5-HmU). 

telomericc GGGTTA repeats (van Leeuwen et al., 1998a, and 2000). The function of J is not yet 

known.. The co-localisation of the base with transcriptional inactivation of genes for the major 

surfacee proteins of the parasite (see below) suggested a role comparable to methylated cytosine in 

higherr eukaryotes, i.e. transcriptional silencing. However, experimental evidence does not 

supportt this hypothesis (van Leeuwen et al., 1998b; Cross et al., 2002). In an attempt to identify 

factorss that interact with J, the J-binding protein (JBP) was isolated (Cross et al., 1999). JBP is 

presentt in all kinetoplastid organisms and directly and specifically binds to J (Sabatini et al., 

2002).. To get insight into the function of JBP (and thereby possibly of J), JBP null-mutants were 

generatedd (Cross et al., 2002). These trypanosomes appear to be normal, but show a 20-fold 

decreasee in J-content. These results and additional experiments described in Cross et al. (2002) 

havee led to the hypothesis that, in T. brucei, JBP interacts with the J-synthesizing machinery and 

representss a novel DNA modification maintenance protein. In contrast, recent results suggest that 

JBPP is essential in Leishmania (P.A. Genest and P.B., personal communication), indicating a 

differentt or additional function of the protein. 

Biosynthesiss of J 

Inn addition to J, trypanosome DNA also contains small traces of 5-hydroxymethyluracil (5-HmU, 

Figuree 2), comprising less than 0.02% of total DNA (Gommers-Ampt, 1993b). Incorporation of 

exogenouss 5-HmU leads to an increase in J-content (van Leeuwen et al., 1998b), and this finding 

hass led to a two-step model for J-biosynthesis, shown in Figure 4. At the DNA level, thymine is 

firstfirst converted to 5-HmU by a putative thymine-7-hydroxylase. Subsequently, a second enzyme, 

mostt likely a P-glucosyltransferase, attaches a glucose molecule to 5-HmU to generate J. Despite 

majorr efforts over the last ten years in the Borst-group, no J-synthesizing enzymes have been 

foundd and Chapter 4 of this thesis describes biochemical approaches to detect the putative (3-

glucosyltransferasee by looking for such an activity in trypanosome extracts. 
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Figuree 3. Phylogenetic tree 
indicatingg the organisms 
thatt were tested for J. The 
modifiedd base could only be 
detectedd in the underlined 
orderss and in the 
Euglenoids.. From van 
Leeuwenn et al. (1998a). 

Ass the proteins that make J have not been identified, there is no direct evidence for the two-step 

modell  shown in Figure 4. We also lack information about the characteristics of 5-HmU in the 

trypanosomee DNA. Is it a "normal" component of the DNA or does it remain bound to the 

modifyingg enzymes, indicating that the two steps in J biosynthesis are directly coupled events? 

Chapterss 2 and 3 describe how the two-step model was tested by the removal of 5-HmU. Specific 

5-HmUU excision was achieved by the expression of the human DNA glycosylase hSMUGl in 

bloodstreamm form T. brucei.

OO  HO—, O 
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dT-hydroxylasee ? p-glucosyl-transferase ? 

TT 5-HmU J 

Figuree 4. Putative two-step pathway of J-biosynthesis. 
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Otherr  base modifications 

Inn addition to J, a variety of other base modifications are found throughout nature which are 

synthesizedd enzymatically either at the DNA or nucleotide level. The most prominent example is 

DNAA methylation, catalyzed by DNA methyltransferases. In prokaryotes, 5-methylcytosine and 

6-methyladeninee (5-MeC and 6-MeA, respectively) occur mainly as components of restriction-

modificationn systems. A DNA methyltransferase generating 5-MeC and 6-MeA protects host 

DNAA from digestion by an endogenous restriction enzyme which degrades foreign DNA, such as 

transposonss or phages (Kobayashi, 2001). Bacterial DNA methylation is also involved in the 

regulationn of gene expression (Low et al., 2001). In higher eukaryotes, 5-MeC is an important 

factorr in the control of transcription. The modification occurs almost exclusively in CpG 

dinucleotidess (in mammals), and specific binding of proteins to 5-MeC leads to alterations in 

chromatinn structure and to a change in the rate of transcription (Jones and Takai, 2001). 

Inn addition to 5-MeC, the modified bases detected in eukaryotes so far are 6-MeA (in ciliates and 

algae)) and 5-HmU (in dinoflagellates and trypanosomes), and the latter can also arise through 

oxidativee DNA damage (see below). Except for 5-HmU in trypanosomes (Chapter 2), the 

functionss of these bases are not known. The phylogenetic distribution and variety of modified 

basess present in nature is likely to be larger (Gommers-Ampt and Borst, 1995), but current 

methodss to detect low amounts of modifications are limited, and a systematic search has not been 

performedd yet. 

Thee occurrence of modified bases in several groups of lower eukaryotes raises the question 

whetherr some modifications have a common evolutionary origin. It has been shown that the 

genomee of trypanosomes harbors plant-like genes (Hannaert et al., 2003). This indicates that 

algaee contributed to the genome of T. brucei via gene transfer from an endosymbiont, an alga 

whichh contained a chloroplast, that got lost upon the acquisition of a parasitic lifestyle. 

Phylogeneticc data suggest that this endosymbiont was acquired by a common ancestor of 

kinetoplastidss and euglenoids, but that Euglena, a photosynthetic flagellate, kept it as a plastid 

(Martinn and Borst, 2003). Euglena contains J (Dooijes et al., 2000, Figure 2B) and therefore the 

basee might represent a remnant of this lost endosymbiont, that got recruited by the trypanosome 

ass a mechanism to provide epigenetic information onto the DNA. Modified bases were detected 

inn algae and dinoflagellates, which were even shown to contain 5-HmU (Rae, 1973), although no 

JJ was detected (van Leeuwen et al., 1998a). The intriguing hypothesis that J might originate from 

algae-likee organisms is difficult to test, as we have not yet identified the proteins involved in J 

biosynthesis.. Organisms similar to the putative endosymbiont might not contain J but still have 
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remnantss of the genes for J biosynthesis in their genome. The example of 5-MeC in Drosophila 

showss that the presence of a modified base can be missed, until the genes for its biosynthesis are 

identifiedd (Lyko, 2001). 

Modifiedd bases are also a common feature of several bacteriophages. Many of these 

modificationss function in protecting the phage DNA from nucleases, but some are also involved 

inn regulation of transcription (Gommers-Ampt and Borst, 1995). Glucosylated 5-HmC is used by 

T-evenn phages to protect their DNA against host nucleases, whereas 5-HmC alone marks the 

phagee DNA, so that the phage-encoded nucleases do not act on it. To modify their 5-HmC (which 

iss synthesized at the nucleotide level), the phages express DNA-glucosyltransferases (Kornberg et 

al.,, 1961). The (5-glucosyltransferase of T4 phages is similar to the putative enzyme catalyzing 

thee second step in J biosynthesis. It only acts at the DNA level and it transfers glucose in p-

configurationn to a 5-hydroxymethyl group of a pyrimidine (Vrielink et al., 1994). However, given 

thee phylogenetic distance between phages and eukaryotic trypanosomes, it is unlikely that the two 

proteinss share substantial sequence similarities. Indeed, attempts to identify a homolog to the 

phage-enzymee in the genome databases of T. brucei have remained unsuccessful (S.U. and P.B., 

unpublished).unpublished). Other examples for modified bases in bacteriophages are uracil (B. subtilis phage 

PBS2,, Wang et al, 1989) and 5-HmU (B. subtilis phage OE; Kallen et al., 1962). 

Damagedd DNA bases and base excision repair 

DNAA is constantly subjected to damage due to instability of the molecule itself (DNA-intrinsic 

damage)) and via non-DNA-intrinsic processes, which include cellular and environmental 

damagingg agents. Some components of the DNA molecule are less stable than others which leads 

too spontaneous alterations of the DNA by base loss or other chemical reactions, most importantly 

basee deamination events. The most frequent deaminations are either the conversion of cytosine to 

uracill  (Figure 5) or of adenine to hypoxanthine. In the genome of a single human cell, up to 500 

cytosinee residues deaminate per day (Lindahl and Nyberg, 1974). As uracil functions like 

thyminee in DNA replication, the consequences are C->T transition mutations. In cells that 

containn 5-methylcytosine, deamination creates thymine mispaired with guanine, also leading to 

C->TT transitions. In addition to spontaneous conversion at the DNA level, deaminated bases can 

bee misincorporated during DNA replication. In this case, the bases are modified at the nucleotide 

levell  and used for DNA synthesis by the replication machinery. This is another important source 

off  uracil in DNA, but a variety of other modifications can be introduced in this way. 
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Figuree 5. Examples of base 
modificationss arising through 
DNAA damage. 
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Thee most important sources of non-DNA-intrinsic base damage are oxidation and alkylation. 

Thousandss of biochemical processes are ongoing in each cell at a time, and many of these 

reactionss lead to the generation of oxygen radicals (reactive oxygen species, ROS) that react with 

macromoleculess including proteins and DNA. Reactive molecules can also enter the cell from 

outsidee and attack DNA. The consequences are base modifications and other lesions such as 

strandd breaks or base loss. Every base can be damaged by ROS and the most important oxidative 

lesionss are 8-hydroxyguanine (oxoG; see also Figure 5 for some structures of damaged bases), 

formyluracill  (fU), 5-HmU and formamidopyrimidines (fapys). Peroxidation of lipids, another 

consequencee of metabolic oxidation processes, forms a variety of different radicals. These 

radicalss can lead to the formation of cyclic etheno adducts to adenine and cytosine (ethenoA and 

ethenoC,, respectively). 

Damagee by mefhylation/alkylation is caused by molecules such as S-adenosylmethionine 

(Lindahl,, 1993) or by alkylating agents such as N-methyl-N-nitrosourea. 3-Methyladenine (3-

MeA)) and 7-Methylguanine (7-MeG) are the major methylation products. Most damaged bases 

aree mutagenic because they mispair with other bases, leading to transition or transversion 

mutationss after the next round of replication. In addition, modifications like 3-MeA or ethenoC 

interferee with DNA replication and transcription. In any given cell, the estimated frequency of the 

basee modifications described above ranges from several hundreds per day for 3-MeA to 7500 per 

dayy for oxoG (Frosina 2000). This demonstrates that a cell would accumulate mutations at a high 

ratee if the modified bases would not be removed from DNA. 
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Ass it is essential for each cell to maintain its correct genetic information, highly sophisticated 

systemss have evolved that detect and repair DNA lesions. Three major pathways have been 

describedd that act by excision and subsequent re-synthesis of a piece of DNA. These pathways are 

mismatchh repair (MMR), nucleotide excision repair (NER) and base excision repair (BER). NER 

iss a system that removes bulky DNA lesions such as the thymine-dimers formed by UV light, 

MMRR is mainly involved in the repair of mismatches arising through errors in DNA replication, 

andd BER removes damaged DNA bases that do not disturb the overall structure of DNA. Recent 

findingss suggest that the three excision pathways are not completely distinct, but, to some extent, 

interactt with and substitute for each other (Torres-Ramos et al., 2000, Gellon et al.2002). Other 

DNAA repair systems act by direct damage reversal, by recombination events or by other 

mechanisms. . 

Ass with all DNA repair pathways, BER is highly conserved throughout evolution. It is present in 

alll  living organisms and its major enzymatic components share large sequence similarities 

throughoutt nature. The BER pathway (reviewed in Krokan et al. 2000, Scharer and Jiricny, 2001) 

iss shown schematically in Figure 6. First, the modified base is recognized and excised by a DNA 

glycosylase.. These enzymes cleave the N-glycosidic bond between the base and the deoxyribose 

off  the DNA backbone, resulting in an abasic (AP) site, which in itself represents mutagenic DNA 

damage.. Some DNA glycosylases also contain a 3'AP lyase activity (bifunctional DNA 

glycosylases),, whereas most DNA glycosylases are monofunctional and the DNA strand is nicked 

byy the action of an AP endonuclease (Scharer and Jiricny, 2001). 

BERR can now progress via two different sub-pathways, depending on the length of the DNA 

piecee that is replaced (Memisglou and Samson, 2000). In the "short patch" BER, only a single 

nucleotidee is replaced by the action of DNA polymerase p and a DNA ligase. Alternatively, the 

"longg patch" BER is mediated by several enzymes and results in the synthesis of 2-13 nucleotides 

beginningg from the 3'-OH left by the AP-endonuclease, displacing the strand containing the free 

ribose.. The oligonucleotide overhang is then cleaved by an endonuclease and the nick is sealed by 

aa DNA ligase. The short patch BER predominates and is used exclusively after BER initiation by 

aa bifunctional DNA glycosylase. However, some organisms like Plasmodium falciparum 

apparentlyy only have long patch BER (Haltiwanger et al., 2000). 

DNAA glycosylases 

BERR is initiated by DNA glycosylases that detect and excise modified bases. The variety of 

possiblee base modifications is counteracted by a variety of DNA glycosylases. In humans, many 
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Figuree 6. Scheme showing the principle of BER initiated by a monofunctional DNA glycosylase. The 
modifiedd base is represented as a black circle. Abbreviations: AP-endonuclease, apurinic/apyrimidinic 
endonuclease;; FEN, Flap-endonuclease; OH, newly generated 3'-hydroxygroup; PCNA, proliferating cell 
nuclearr antigen; Pol, DNA polymerase; R, baseless ribose-phosphate. In the short patch repair, DNA Poip 
removess the baseless ribose-phosphate via its inherent AP-lyase acticvity. Alternatively, this step can be 
carriedd out by the DNA glycosylase, if the enzyme is bifunctional. 

DNAA glycosylases have been cloned and analyzed in detail, and novel enzymes are still being 

identifiedd (Hazra et al., 2002). A list of the human DNA glycosylases with their bacterial 

homologss and principal substrates is presentd in Table 1. The differences between the enzymes 

reside,, firstly, in their sequence and structure and, secondly, in their substrate specificity. Two 

familiess of DNA glycosylases are known: The UNG-family consists of UNG (see Table 1 for full 

names,, Lindahl 1974), SMUG1 (Haushalter et al. 1999) and TDG (Neddermann et al.,1996). 

Thesee three enzymes share less than 10% sequence identity but are similar in structure. 

Thee second family of DNA glycosylases share a common protein sequence motif, the helix-

hairpin-helixx (HhH) motif, which is involved in the catalytic activity of the enzyme. This family 

consistss of OGG1 (Arai et al„  1997), MBD4 (Hendrich et al., 1999), MY H (Slupska et al., 1996) 

andd NTH1 (Ikeda et al., 1998). NTH1 and OGG1 are bifunctional glycosylases. The human 3-

MeAA DNA glycosylase (MPG) does not belong to either family. However, its functional homolog 

fromm E. coli (AlkA ) has a HhH motif. 
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Despitee the similarities in structure and/or sequence, most of the DNA glycosylases show 

differencess in substrate specificity (Table 1). Some enzymes remove only one or two base 

modifications,, whereas others excise a variety of different lesions. Some base modifications are 

excisedd by more than one enzyme, although not necessarily to the same extent. For example, 

UDG,, SMUG1, TDG and MBD4 all excise uracil, but the enzymes show differences in sub-

nuclearr localisation, cell cycle-dependent expression or substrate affinities (Kavli at al., 2002, 

Hardelandetal.,2001). . 

Genee deletion experiments have shown that the BER proteins acting downstream of the DNA 

glycosylasess are essential (Friedberg and Meira, 2000), indicating the importance of the entire 

BERR pathway. However, results obtained with DNA glycosylases are less conclusive. Knock-out 

micee for several DNA glycosylases have been constructed and in general they only show mild 

mutatorr phenotypes (Takao et al., 2002; Millar et al., 2002). In the case of OGG1 and UNG 

deletion,, experiments revealed the presence of backup activities which to some extent 

compensatee for the deleted enzyme (Klungland et al., 1999; Nilsen et al., 2000). Deletion of other 

enzymess (e.g. MPG) abolishes excision of a certain lesion, but with the exception of a 

hypersensitivityy to DNA damaging agents the mice seem to be normal (Engelward et al., 1997). 

Thee loss of some DNA glycosylase genes has more dramatic effects in bacteria and yeast, where 

strongg mutator phenotypes are observed (Michaelis et al., 1992; Impellizzeri et al., 1991), despite 

thee existence of potential backup activities (Lutsenko and Bhagwat, 1999). Thus, the variety of 

DNAA glycosylases with partially overlapping substrate specificity might represent a system to 

lessenn the impact of losing one DNA glycosylase, a way to broaden the substrate range and 

efficiencyy of the BER system, or a combination of both. 

Homologss of DNA glycosylases in different organisms show high sequence similarities. In fact, 

manyy enzymes were cloned by functional complementation of a mutant in another organism. For 

example,, the human UNG and its homolog from S. cerevisiae share 40% sequence identity and 

thee human TDG is 37% identical to its homolog Mug from E. coli. This underlines the conserved 

naturee of BER and indicates that all living organisms have to deal with the same kind of base 

damage.. The degree of conservation of BER is most pronounced in the DNA glycosylases, 

whereass the subsequent steps in the pathway, like gap filling  and ligation, often differ between 

groupss of organisms (Lehmann and Taylor, 2001). 

Inn summary, BER has been investigated intensively in mammalian cells as well as in 

microorganismss such as yeast and E. coli. Although new BER factors are still being identified, 

thee pathway seems to be very conserved among these organisms. Nevertheless, adaptations of 

BERR are found in nature. Organisms living in extreme environments, such as bacteria inhabiting 
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thermall  vents, contain "thermostable" DNA glycosylases (Starkuviene and Fritz, 2002) to 

counteractt increased hydrolytic attack on the DNA at higher temperatures. However, there is still 

relativelyy littl e known about BER in cells that contain modified bases as normal components of 

theirr DNA rather than as a consequence of DNA damage {see above), with the exception of 5-

MeCC in bacteria and higher eukaryotes. At least in the latter, the presence of this base in DNA 

correlatess with the presence of DNA glycosylases that remove base modifications arising from 5-

MeCC (Boorstein et al., 1989; Nilsen et al., 2001; Hendrich et al., 1999). It could be possible that 

somee of the other base modifications found in nature also require specific adaptations in BER. 

Genee in humans 

UNG G 
SMUG1 1 
TDG TDG 
NEILL 1-3 
MBD4 4 
OGG1 1 
MYH H 
NTH1 1 
MPG G 

Inn E. coli 

Ung g 

Mug g 
Nei i 

MutM M 
MutY Y 
Endoo III 
AlkA A 

Principall  substrates 

UU , 5-hU 
UU , 5-HmU, ethenoC, fU 
U,, ethenoC, T:G 
Fapy,, oxoG 
U,, ethenoC, T:G 
OxoGG , fapy 
A:oxoG] ] 

Tg,, fapy, oxidized pyrimidines 
3-MeA,, 7-MeG, ethenoA, Hx 

Tablee 1. cloned DNA glycosylases in humans and E. coli and their principal substrates (as published until 
now).. Abbreviations of the human genes: UNG, uracil DNA glycosylase; SMUG1, single-strand-selective 
monofunctionall  DNA glycosylase; TDG; mismatch-specific thymine DNA glycosyalse; MBD4; 
methylatedd DNA-binding domain protein 4; OGG1, 8-oxoguanine DNA glycosylase; MYH, MutY 
homologue;; NTH1, endonuclease III homologue 1; MPG; 3-methyladenine DNA glycosylase. 
Abbreviationss of substrates: Hx, hypoxanthine; 5-hU, 5-hydroxyuracil; see text for the other abbreviations. 
'OGG11 excises oxoG paired with C whereas MYH removes an A opposite oxoG. 

JJ and BER in T. brucei 

Inn contrast to other DNA repair pathways (see below), nothing is known about BER in T. brucei. 

Ass mentioned above, some DNA glycosylases have a wide substrate specificity and remove 

severall  modified pyrimidines (Table 1). J, a pyrimidine modification, is the only hypermodified 

basee found in eukaryotes thus far. As it might be a target for DNA glycosylases, we wondered 

whetherr the presence of J in the DNA might have led to adaptations in the BER system of T. 

brucei,brucei, or more specifically, whether trypanosome BER tolerates J, which would be removed 

fromm DNA in other organisms. An example of the tolerance of a modified base is known from the 

BacillusBacillus subtilis phage PBS2 which inhibits the uracil DNA glycosylase of its host cell in order to 

maintainn uracil in the DNA (Wang and Mosbaugh, 1989). As an alternative to active inhibition of 
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onee or more enzymes, the BER system of T. brucei might lack some evolutionarily conserved 

DNAA glycosylases, or even consist of enzymes different from other organisms. 

Thee presence of 5-HmU in DNA might also suggest that T. brucei has an adapted BER. 5-HmU 

seemss to be synthesized enzymatically in trypanosomes but it can also arise through oxidative 

damagee to thymine. In higher eukaryotes, 5-HmU is removed from DNA by SMUG1 and Chapter 

22 describes the effects of this enzyme in T. brucei. To test whether the presence of J would 

interferee with conserved BER factors, we investigated whether DNA glycosylases from several 

organismss were able to remove J and 5-HmU and looked for the presence of DNA glycosylases in 

trypanosomes,, using both database search and biochemical assays with trypanosome extracts 

(Chapterr 5). 

Antigenicc variation in T. brucei 

Ass T. brucei lives freely in the bloodstream, it is constantly exposed to the immune system of the 

mammaliann host. To avoid destruction by antibodies the trypanosome repeatedly changes the 

antigenicc properties of its surface. Antibodies are produced against T. brucei and they kill most of 

thee parasites. However, the sub-population of trypanosomes with a new surface will escape 

destructionn (as it is not recognized by the antibodies) and guarantee that the infection persists 

untill  antibodies against the new surface appear. This survival strategy is called antigenic variation 

(Borstt and Ulbert, 2001; Vanhamme et al., 2001; Cross et al., 1997). The surface of T. brucei 

consistss of a dense coat of a single glycoprotein, named variant surface glycoprotein, or VSG 

(Crosss 1975). There are about one thousand different genes for VSGs present in the parasites 

genome,, but only one VSG gene is expressed at a given time. Transcription of the VSG gene 

occurss at one of 20 (the exact number might vary between different strains) highly homologous 

subtelomericc expression sites, and a VSG gene that is not located in such an expression site is not 

expressed.. The exclusive occurrence of one VSG on the surface is mediated by full transcription 

off  only one expression site, whereas the other 19 are transcriptionally silent. Therefore, antigenic 

variationn in T. brucei consists of two mechanisms: firstly, allelic exclusion, i.e. a mechanism that 

ensuress exclusive expression of one expression site and silencing of the others, and secondly, the 

VSGG switch, i.e. the ability to periodically change the VSG gene expressed. 

VSGG gene expression sites 

Telomericc VSG gene expression sites are large, polycistronic transcription units of about 40-60 

kbb length, shown schematically in Figure 7, under the control of a single promoter (Kooter et al., 

1987,, Pays et al., 1989). Transcription of expression sites is mediated by RNA polymerase I 
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(Kooterr and Borst, 1984; Navarroo and Gull, 2001) and the VSG gene is located at the 3'end of the 

unit.. Between the VSG gene and the promoter and depending on the expression site, a variable 

numberr of expression site associated genes (ESAGs) are present (Berriman et al, 2002; Pays et 

al.,, 2001; Cully et al., 1985). 

Thee function of all of these genes is not yet fully understood. However, two of them, ESAG 6 and 

7,, code for the heterodimeric transferrin receptor (Ligtenberg et al., 1994; Schell et al., 1991). 

Thee uptake of host transferrin is essential for T. brucei, and the ESAGs 6 and 7 of different 

expressionn sites are not identical but have different affinities for transferrin molecules of the 

variouss host species (Bitter et al., 1998). Experimental evidence suggests that these differences in 

affinitiess might enable the parasite to live in a large range of hosts and might reflect one reason 

forr having multiple expression sites (Bitter et al., 1998; Gerrits et al., 2002; Mussmann et al., 

2003). . 

SObprep.. ESAGs 70bprep. VSG telomeric rep. 
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Figuree 7. Schematic drawing of two VSG expression sites. The promoters are represented as black 
triangless and the dotted line is transcription. At the active expression site, high level transcription reaches 
untill  the end of the unit, inactive expression sites show limited transcription of promoter proximal 
sequencess (under conditions as described in Chapter 5). Abbreviations: ESAGs, expression site associated 
geness (numbered 1 to 8); 50 / 70 bp rep., conserved regions of repetitive sequences; white triangles, 
telomericc repeats; j , J residues; the expressed VSG gene is shown as a black box, the silent one as a white 
box. . 

Too gain insight into the mechanism behind allelic exclusion of expression sites, differences 

betweenn the one active and the 19 silent sites have been investigated. Evidence was obtained that 

silentt expression sites contain modified DNA (Bernards et al., 1984; Pays et al., 1984) and this 

findingg was confirmed by detecting J in the silent, but not in the active expression site (Figure 6; 

vann Leeuwen et al., 1997). This led to the model that J might be involved in mediating silencing 

off  expression sites, but recent data do not directly support this idea (Cross et al., 2002; van 

Leeuwenn et al, 1998b). In addition, no differences in chromatin structure or DNA sequences of 

thee promoter or other parts of the transcription unit could be detected (Navarro et al.,1999; 
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Zomerdijkk et al., 1990). Experimental evidence also argues against a mechanism comparable to 

telomericc silencing in yeast (Gottschling et al., 1990), as two expression sites cannot be stably 

activee at the same time (Chaves et al, 1999) and as expression sites seem to be randomly 

dispersedd in the nucleus of T. brucei, not preferentially localized to the nuclear periphery (Chaves 

ett al., 1998; Navarro and Gull, 2001). 

Nevertheless,, the nuclear localization seems to play a role in the control mechanism. By 

analysingg an intermediate in VSG switching, Chaves et al. (1999, see below) found that two 

transientlyy active expression sites were closer together in the nucleus than the two alleles of two 

housekeepingg genes. The search for a preferred location of the active expression site was 

intensifiedd by Navarro and Gull (2001) and resulted in the identification of an "expression site-

associatedd body" (ESB). The ESB contains large amounts of RNA polymerase I (but is distinct 

fromfrom the nucleolus) and the active expression site, whereas a silent site was found to be excluded. 

Otherr ESB components need to be identified in order to determine whether the ESB is a 

subnuclearr organelle or just an accumulation of RNA polymerase I at the active site. Despite 

thesee concerns, the ESB remains an attractive model for allelic exclusion in T. brucei, allowing 

onlyy one expression site to be fully transcribed and excluding all others. 

Switchingg of VSGs 

Inn order to alter its surface coat the trypanosome needs to exchange the VSG gene that is 

expressed.. The commonly used 427 strain of T. brucei (used in this thesis) does this at a 

frequencyy of 10"5 per cell and generation. This is much less than observed in strains that are less 

adaptedd to laboratory culture (Turner and Barry, 1989) and the reason for this difference is not 

known.. The VSG switch is executed by one of two distinct mechanisms: firstly, by replacing the 

VSGG gene in the active expression site and secondly, by inactivating one expression site and 

activatingg another. 

Thee first mechanism predominates and always involves DNA recombination events (Barry, 1997; 

Borst,, 2000). Proteins involved in DNA repair and recombination have been tested for a possible 

rolee in VSG switching by creating null mutants (McCulloch and Barry, 1999; Robinson et al., 

2002;; Conway et al., 2002; Bell and McCulloch, 2002). Interestingly, all of the proteins analyzed 

weree dispensable and none of the mutants was severely compromised in VSG switching. Thus, 

thee factors mediating recombination in VSG switching still need to be identified. 

Thee second mechanism, the in situ switch (Borst and Ulbert, 2001; Cross et al., 1998), does not 

involvee any detectable DNA rearrangements and is the subject of Chapter 6 of this thesis. During 

thiss switch, the trypanosome inactivates the promoter of one expression site and activates a new 
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one.. Chaves et al. (1999) studied the in situ switch by using trypanosomes with resistance marker 

geness inserted in two different expression sites. Selection with both drugs yielded trypanosomes 

thatt switched rapidly between the two marked expression sites, with a high switching frequency 

off  10"1 per cell and generation, leading to cells with two VSGs on the surface. However, this state 

wass unstable and disappeared after the cells were released from double selection, resulting in a 

populationn consisting of equal numbers of cells expressing only one of the two expression sites. 

Thesee results indicated that the unstable double resistant phenotype represented an intermediate in 

expressionn site switching. In order to become activated, an expression site first has to gain a state 

calledd pre-active, which allows a rapid activation coupled with inactivation of the other site (see 

Figuree 7 of Chapter 6). Normally, this transition is rapid, as having two VSGs on the surface 

representss a severe threat for the trypanosome's survival in the host, but under drug selection the 

intermediatee was trapped and made visible. 

Inn the study described in Chapter 6 the pre-active state was further investigated. Another 

expressionn site was tagged with a phleomycin resistance gene, generating a cell line with three 

markedd expression sites. The in situ switch as well as the transcriptional control of the expression 

sitess in this cell line was analyzed. 
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