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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). 

8 8 



Introduction Introduction 

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 

II  p . I  I 

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. 

13 3 
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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. 

14 4 
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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. 

ii j i j ] 
i i i i i i i i i i i i i 'n iwi i i 

active e 

jj  j j j j 

Lamm m m m m m""in m _ _ m ^ ^ j 
live e 

t/mmm ru Emm m ^mt^^r^l
l^^ IIIHHIIIIMIHI I 

inactive e 

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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Chapterr  2 

Expressionn of the human DNA glycosylase hSMUGl in Trypanosoma brucei causes 

DNAA damage and interferes with J-biosynthesis 

Abstract t 

Inn kinetoplastid flagellates such as Trypanosoma brucei, a small percentage of the thymine 

residuess in the nuclear DNA is replaced by the modified base (3-D-glucosyl-hydroxymethyluracil 

(J),, mostly in repetitive sequences like the telomeric GGGTTA repeats. In addition, traces of 5-

hydroxymethyluracill  (HOMeUra) are present. Previous work has suggested that J is synthesised 

inn two steps via HOMedU as an intermediate, but as J-synthesising enzymes have not yet been 

identified,, the biosynthetic pathway remains unclear. To test a model in which HOMeUra 

functionss as a precursor of J, we introduced an inducible gene for the human DNA glycosylase 

hSMUGll  into bloodstream form Trypanosoma brucei. In higher eukaryotes SMUG1 excises 

HOMeUraa as part of the base excision repair system. We show that expression of the gene in T. 

bruceibrucei leads to massive DNA damage in .(-modified sequences and results in cell cycle arrest and 

eventuallyy death. hSMUGl also reduces the J content of the trypanosome DNA. This work 

supportss the idea that HOMeUra is a precursor of J, freely accessible to a DNA glycosylase. 

Introductio n n 
Thee nuclear DNA of kinetoplastid flagellates such as Trypanosoma and Leishmania contains the 

hypermodifiedd base p-D-glucosyl-hydroxymethyluracil, called J (1,2). About 1% of the thymine 

(Thy)) residues are replaced by J. The modification is predominantly found in repetitive DNA (3), 

beingg most abundant in the telomeric GGGTTA repeats where about 50% of the total J is 

localisedd (4). J is absent from chromosome-internal and transcribed genes and the modification is 

aa target for a specific binding protein (5). The function of J is not known. 

Inn addition to J, trypanosome DNA contains a small amount of 5-hydroxymethyluracil 

(HOMeUra)) (less than 0.02% of total DNA) (6,7). In our current model for J biosynthesis (Figure 

1)) 5-hydroxymethyldeoxyuridine (HOMedU) is the precursor of J (7). At the DNA level, 

thymindinee (dT) is first converted to HOMedU which is then glucosylated. Support for this two-
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stepp pathway comes from the finding that exogenous HOMedU is randomly incorporated into the 

DNAA and converted into J (7). 

OHH * » " 0 H 

DNAA thymidine- (5-glucosyl-
dTT 7-hydroxyiase HOMed U transferase p-o-glucosyl-HOMedl l (dJ ) 

Figuree 1. Speculative two-step model for J-biosynthesis. At the DNA level, thymidine is first converted to 
HOMedUU by a putative thymidine-7-hydroxylase, and then HOMedU is converted into J by a putative p-
glucosyll  transferase. From (7). 

Despitee major efforts, the enzymes catalysing J-biosynthesis have not been identified thus far. 

Directt support for the two-step pathway is therefore still missing. It is also not known whether the 

twoo steps are normally separated or coupled events. In the latter case HOMedU might only be an 

intermediatee bound to the modifying machinery, not a "normal" component of the DNA. 

Too test the two-step model for J-biosynthesis, we introduced an enzyme into trypanosomes that 

excisess the base HOMeUra out of the DNA. The enzyme used was the human single-strand-

selectivee monofunctional uracil-DNA glycosylase, hSMUGl (8). hSMUGl is a component of the 

basee excision repair (BER) system (reviewed in 9, 10). It excises HOMeUra (11) and uracil (12) 

fromm single and double stranded DNA. The excision results in an abasic site, which is then further 

processedd by other BER-factors. hSMUGl homologs are found in several higher eukaryotes (12) 

andd its presence might be evolutionarily linked to DNA methylation (11, 13). We were unable to 

detectt homologous sequences in the trypanosome databases (S.U. and P.B., unpublished). In this 

paperr we present the devastating effects ofhSMUGl on T. brucei. 

Materialss and Methods 

Trypanosomes,, cultur e conditions and nucleoside feeding experiments 

Bloodstreamm form trypanosomes of strain 427 of Trypanosoma brucei brucei (14) were cultured 

ass described in (15). For the nucleoside feeding experiments (7) thymidine was omitted from the 

medium.. Tetracycline induction was performed with or without continuous nucleoside feeding for 

HOMedUU and 5-bromodeoxyuridine, respectively. Nucleosides were purchased from Sigma. 

31 1 



ChapterChapter 2 

Tetracyclinee (Roche) was used at 1 microg/ml or 5 ng/ml for high or low levels of induction, 

respectively.. Tetracycline free fetal calf serum was purchased from Clontech. 

Insertionn of the hSMUGl gene into T. brucei 

Thee coding sequence for hSMUG 1 was amplified using the polymerase chain reaction (PCR) on 

plasmidd pGEX6Pl, which contains the hSMUGl cDNA as a GST fusion (11). The primers used 

containn a HA epitope tag either at the 5' or at the 3' end. The gene was cloned into the vector 

pHD6155 PAC that is based on the plasmid pHD615 (16), but contains a puromycin acetyl 

transferasee resistance gene instead of a hygromycin resistance gene. The inducible promoter of 

thiss construct contains a tetracycline operator (Figure 2). The cell line used for transfection of the 

finalfinal construct (pHDhSMUGl) was HN TET. These cells have the tetracycline repressor gene 

fromm the construct pHD 449 (16) in the a/p tubulin gene array and a hygromycin 

phosphotransferasee resistance gene in the 221 VSG gene expression site as well as a neomycin 

resistancee gene in the V02 VSG gene expression site (17). HN TET cells were continuously 

grownn in phleomycin at 2 microg/ml to select for the tetracycline repressor gene. Bloodstream 

formm transfection was carried out as described in (18). Drug selection of the hSMUGl 

transfectantss was done using puromycin (Sigma) at 0.1 microg/ml and phleomycin at 2 microg/ml 

too select for the hSMUGl construct and for the tetracycline repressor gene, respectively. The HA 

tagg was either situated at the N- or at the C-terminus of the hSMUGl gene. Transfectants for both 

constructss were cloned out and further investigated. As the position of the HA tag did not seem to 

havee any influence on the behavior of the cells upon tetracycline induction, all the experiments 

reportedd here were done using trypanosomes expressing the N-terminally HA tagged hSMUGl. 

InIn vitro BER-assays 

Too prepare crude cell lysates, 3 x 108 trypanosomes were harvested from in vitro cultures and 

washedd in phosphate buffered saline (PBS). The pellet was resuspended in 500 mikrolkers lysis 

bufferr (10 mM HEPES pH 7.6, 1 mM EDTA, 50% glycerol, supplemented with the complete 

proteasee inhibitor mixture, EDTA free, from Roche) and left on ice for 30 minutes. Subsequently 

thee cells were disrupted by douncing with 10 strokes and 3 sonications using a Sonifier B-30 

celll  disrupter (output control 5, intensity 50%, 5 pulses). The crude cell lysate was frozen in small 

aliquots.. 0.1 to 1 microliters of the extracts were used for the in vitro assays. The oligonucleotides 

usedd in the BER assays were a 24mer containing four HOMeUra residues at position 5, 11,17 and 

233 (5) and a 26mer containing one uracil residue at position 14 (Sigma). The oligonucleotides 

weree 32P-labelled at the 5' end and annealed to a 5-fold molar excess of unlabelled 

32 2 



ExpressionExpression ofhSMUGl 

complementaryy strand containing a guanine residue opposite the modified base. One unit of the 

PBS11 uracil glycosylase inhibitor {New England Biolabs) was used to inhibit the endogenous 

uracil-DNAA glycosylase. 

Thee cell lysate was incubated with 100 fmoles of the labelled oligonucleotides in 50 mM HEPES, 

pHH 7.5, 20 mM NaCl, 1 mg/ml BSA, 1 mM EDTA and 1 mM DTT. The reaction (final volume 

155 microliters) was carried out at 37°C for one hour. To break abasic sites, NaOH was added to a 

finalfinal concentration of 0.1 M and the samples were incubated at 90°C for 10 minutes. Then an 

equall  volume of gel-loading buffer (95 % formamide, 20 mM EDTA, 0.05 % bromophenol blue) 

waswas added. An 18% polyacrylamide gel containing urea at 7 M was used to separate the reaction 

productss and an image was generated using the Fuji BAS reader. 

Celll  cycle analysis 

Trypanosomess were fixed in formaldehyde (19) and transferred to a microscope slide. The slides 

weree dehydrated using 70%, 90% and 100% ethanol and the DNA was stained with DAPI. The 

nucleii  and kinetoplasts of the trypanosomes were counted under a fluorescence microscope. 

Betweenn 3 and 5 countings were performed per cell type and at least 100 cells were analysed per 

counting.. The DNA measurement by flow-cytometry was performed as described in (20). 

DNAA analysis 

Trypanosomess were incorporated into low-melting-point agarose blocks (2.5 x 10 cells per 

block)) and digested with proteinase K (Merck) for 48h. The blocks were loaded on a standard 1% 

agarosee gel that was run overnight at 10 V. Alkaline gel electrophoresis, blotting and 

hybridisationn were done according to (21). Alkaline gels were run under the same conditions as 

neutrall  gels. The probe for the telomeric repeats was an oligonucleotide with the sequence 

(TAGGGT)44 and the a/p tubulin probe is described in (22). The anti-J-DNA immunoblot was 

carriedd out as described in (23). After stripping, the blot was re-hybridised with a probe for the 

a/pa/p tubulin genes and the J content of the cells was calculated based on DNA loading. 
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Results s 

1.. Construction of trypanosomes containing an inducibl e hSMUGl gene 

Too test whether HOMedU is an accessible intermediate in the biosynthesis of J we introduced a 

DNAA glycosylase that is able to remove HOMeUra from DNA (11) into bloodstream form T. 

brucei.brucei. As the expression of a DNA repair enzyme against HOMeUra could be harmful to a 

trypanosome,, we used the tetracycline system (24) to control the transcription of hSMUGl. The 

trypanosomee line HN TET contains the gene for the tetracyline repressor (see methods section). 

Thiss cell line was used to insert a copy of the human hSMUGl under the control of a tetracycline-

induciblee promoter (Figure 2). The site of integration was the rDNA array (16). HN TET 

trypanosomess are referred to as wild-type cells. 

ssJyFÜÜ hSMUG1 Ü v Ü PAC L // EZ2 
Figuree 2. Schematic drawing of the construct pHDhSMUGlused to yield inducible expression of 
hSMUGl.. The construct is based on pHD615 (16). TrP, tetracyclin inducible promoter; V, constitutive 
VSGG promoter; hSMUGl, human single-strand-selective monofUnctional uracil-DNA glycosylase; PAC, 
puromycinn acetyl transferase; black boxes, trypanosome specific RNA processing signals (see reference 16 
forr details); hatched boxes, flanks for integration into the non-transcribed rRNA spacer in opposite 
orientationn to the direction of endogenous transcription. The solid black line represents pGEM vector 
sequence.. The two open circles are tetracycline repressor molecules derived from transcription of the 
repressorr gene in the a/p tubulin arrays (not shown). Binding of the repressor is inhibited by tetracycline. 

2.. Functional hSMUGl is made in the transfectant upon tetracycline induction 

Too investigate the functionality of our constructs, we determined the hSMUGl activity in lysates 

preparedd from trypanosomes cultured with or without tetracycline. In vitro assays were performed 

usingg radiolabelled oligonucleotides with HOMedU at defined positions. Incubation with 

functionall  hSMUGl leads to the excision of the modified base and an abasic site. Treatment with 

NaOHH at 0.1 M and heat breaks the oligonucleotide at the abasic site and makes the glycosylase 

activityy detectable on a sequencing gel. As shown in Figure 3A no activity against HOMedU was 

detectablee in wild-type trypanosomes. In contrast, hSMUGl transfectants showed a high activity 

uponn tetracycline induction (Figure 3A). Even without induction the intensity of the signal 

correspondingg to the cut oligonucleotide was about 2 % of the samples from trypanosomes 

culturedd with tetracycline (calculated after testing a range of extract concentrations, not shown). 

Thee uninduced activity was still present when serum was used that contained no traces of 
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tetracyclinee (not shown) suggesting that this activity resulted from leaky background transcription 

independentt of tetracycline. 

B B 

hSMUGl++ wt 
1 22 3 4 5 

substrate e 

product t 

tetracycline e 

substrate e 

product t 

37 7 

25 5 
ii HA 

aldolase e 

00 3 9 

kDD hours after tet-induction 

Figuree 3. A, in vitro BER-assay using crude cell lysates on a duplex oligonucleotide containing HOMedU 
pairedd with G (the HOMedU:A basepair yielded similar results, not shown). The substrate band represents 
thee full length oligonucleotide, the product band is the cut oligonucleotide after excision of the HOMeUra 
residue.. The lane on the right (-) is the substrate without lysate. 
B,, in vitro BER assay using crude cell lysates on a duplex oligonucleotide containing uracil paired with G. 
Lanes:: 1, substrate without lysate; 2, wt cells; 3, hSMUGl transfectants with tetracycline; 4, wt cells with 
UGI;; 5, hSMUGl transfectants with tetracycline and with UGI. 
C,, Western blot analysis of the hSMUGl transfectants. The blot was incubated with an anti-HA tag 
antibody,, stripped, and incubated with an anti-aldolase antibody as a loading control. 3 x 10 cell 
equivalentss were loaded per lane. 

Besidess HOMeUra, hSMUGl also excises uracil, especially when mispaired with G. This activity 

iss insensitive to the uracil glycosylase inhibitor (UGI) of Bacillus subtilis bacteriophage PBS1, 

whichh inhibits the uracil DNA glycosylase of both bacterial and eukaryotic origins (25). Figure 

3BB shows that T. brucei contains an active uracil DNA glycosylase (lane 2), which is completely 

inhibitedd by UGI (lane 4). Extracts from trypanosomes expressing hSMUGl in contrast showed a 
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highh activity against uracil that was not inhibited by UGI (Figure 3B, lane 5). We conclude that 

thee HA-tagged hSMUGl that is produced in the transfected trypanosomes has both enzymatic 

activitiess characteristic of hSMUGl, excision of uracil and of HOMeUra. 

Wee measured the time course of hSMUGl expression after tetracycline induction on a protein 

blott using antibodies directed against the HA-tag. As shown in figure 3C, a band of the correct 

sizee (11) could be detected after 3 hours and a maximum signal was reached after 9 hours. 

3.. hSMUGl causes cell cycle arrest and cell death in T. brucei, dependent on the level of 

HOMedUU in the DNA 

Thee hSMUGl transfectants showed no significant difference in growth compared to wild type 

trypanosomess (not shown). However, addition of tetracycline to the medium killed the cells. After 

maximallyy 2 cell divisions the culture stopped growing and the cells started to die (Figure 4). 

10" " 

00 10 20 30 40 50 

hour ss after tet inductio n 

Figuree 4. Growth curve of hSMUGl transfectants with (triangles) and without (squares) tetracycline (1 
microg/ml). . 

Thee cells did not survive in tetracycline concentrations higher than 5 ng/ml (not shown). This 

indicatess that even slight induction above the leaky expression of hSMUG 1 is lethal to the 

trypanosome. . 

Too assess how the trypanosomes die, we investigated the influence of hSMUGl on the cell cycle 

pattern.. In T. brucei, progression through the cell cycle can be determined by counting the 

numberr of kinetoplasts (a structure containing mitochondrial DNA networks) and nuclei within 

onee cell. As the kinetoplast initiates S and G2 phases earlier than the nucleus (26), a cell with two 

kinetoplastss and one nucleus (2K/1N) is in the G2 phase of the cell cycle. In wild-type cells and 
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hSMUGll  transfectants without tetracycline the number of 2K/1N cells was about 10% (Figure 

5A),, whereas cultures expressing high levels of hSMUGl showed an increase in 2K/1N cells to 

aboutt 50%. Thus, a large part of the culture was stalled in the G2 phase of the cell cycle. To 

verifyy these results, we measured DNA content by flow cytometry. Figure 5B shows that the 

numberr of cells in the G2-M fraction increased relative to the Gl fraction. In addition, cells with 

lesss than the diploid amount of DNA (dying or dead) were present. 

Too test whether the lethal effect ofhSMUGl could be increased by raising the level of HOMedU 

inn the DNA, we grew the trypanosomes in medium containing the nucleoside HOMedU for about 

66 generations. This HOMedU is incorporated in the DNA and converted into J (7). Without 

tetracycline,, the hSMUGl transfectants showed no significant difference in growth in medium 

containingg HOMedU at 200 micro M compared to wild type cells (Figure 5C). This indicates that 

thee endogenous HOMedU is already in excess to the low amounts ofhSMUGl produced by leaky 

transcription.. However, when tetracycline was added, hSMUGl cells that were HOMedU-fed 

showedd a stronger growth defect (Figure 5C). They hardly doubled in numbers and started to die 

earlierr than the control (non-fed) hSMUGl trypanosomes. 

Wee also analysed the effect of 5-bromo-deoxyuridine (BrdU) feeding on trypanosome kil l by 

hSMUGlhSMUGl induction. Growing trypanosomes for 8-9 generations in BrdU at 100 micro M leads to 

aa replacement of 15-20% of the Thy residues. BrdU cannot be converted into HOMedU and 

growthh in BrdU decreases the J level about three-fold (7). Furthermore, BrdU is not removed 

fromm DNA by repair (G.W.T., unpublished observation). Figure 5D shows that induction of 

hSMUGll  in these cells had much less effect on cell growth than induction in trypanosomes that 

hadd not been pre-grown in BrdU. The BrdU-fed trypanosomes also reacted to hSMUGl but the 

damagee caused by the enzyme was less, allowing the cells to survive. The culture even continued 

growingg at low rate. Taken together these results indicate that the growth-inhibitory effect of 

hSMUGll  on trypanosomes is strictly dependent on the level of HOMedU in the trypanosome 

DNA. . 
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DNAA contan t 

Figuree 5. A, percentage of cells with two kinetoplasts and one nucleus in cultures of trypanosomes exposed 
too various levels of endogenous hSMUGl. B, measurement of the DNA content of trypanosomes using 
floww cytometry./, wt cells; 2, hSMUGl transfectants after 40h in tetracycline (lmicrog/ml). Sub Gl cells 
aree marked with an asterisk. C, growth curve of hSMUGl transfectants with (triangles) or without (squares) 
tetracyclinee (lmicrog/ml). The full lines represent trypanosomes that were fed with HOMedU (200 microM 
forr 48 hours). Dotted lines are non-fed control cells. D, growth curve of hSMUGl transfectants with 
(triangles)) or without (squares) tetracycline (lmicrog/ml). The full lines represent trypanosomes that were 
fedd with BrdU (100 microM for 72 hours). Dotted lines are non-fed control cells. 

4.. Expression of hSMUGl causes DNA damage in T. brucei 

Thee rapid decrease of trypanosome multiplication after hSMUGl induction suggested that the 

cellss were overwhelmed by DNA damage. To verify this, cells were incorporated into agarose 

blocks,, digested with proteinase K and loaded on a standard agarose gel run at low voltage. The 

gell  was transferred to a nitrocellulose membrane and probed for the telomeric GGGTTA repeats, 

whichh contain high amounts of J. As can be seen in Figure 6, the DNA of wild-type cells and 

uninducedd hSMUGl transfectants remained mostly in the slot. After tetracycline induction the 

DNAA of the hSMUGl transfectants was fragmented and migrated to a substantial extent into the 

gel.. The fraction of DNA migrating into the gel was further increased when an alkaline gel was 
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usedd (not shown). As abasic sites in the DNA are alkali-labile, DNA fragmentation increases 

underr alkaline conditions. We also investigated the chromosome-internal tubulin gene arrays 

whichh do not contain J (23) and found that the tubulin genes migrated only marginally into the gel 

comparedd to the telomeric repeats (Figure 6), even when an alkaline gel was used (not shown). 

24hh 42h tetracycline e 

telomericc repeats 

«ypp tubulin 
tt  9 * 

Figuree 6. Agarose gel electrophoresis on wt cells and hSMUGl transfectants cultured with and without 
tetracycline.. Whole cells were cast in agarose blocks, digested with proteinase K and subjected to 
electrophoresis.. The gel was run at a low voltage, blotted and hybridised with a telomeric repeat probe. 
Subsequently,, the membrane was stripped and hybridised with a probe for the a/(5 tubulin gene array. 

Itt was shown previously that excessive BER in mammalian cells leads to double-strand breaks 

(27).. As the number of abasic sites arising from the action ofhSMUGl exceeds the capacity of 

thee endogenous repair machinery, a fragmentation of sequences with a high HOMedU level is the 

consequence.. The massive abundance of double-strand breaks and alkali-labile sites in hSMUGl 

cellss after tetracycline induction correlates with the effect of hSMUGl on growth. Our 

interpretationn of these results is that high expression ofhSMUGl leads to excessive DNA repair. 

Thee result is a DNA damage response of the cells that leads to cell cycle arrest and eventually to 

death.. Our results also confirm that HOMedU is absent from transcribed, chromosome-internal 

geness as there is no DNA damage detectable in the a/p tubulin array. Interestingly, there was no 

significantt difference detectable between wild-type cells and hSMUGl transfectants without 

tetracyclinee (Figure 6), although these trypanosomes show a low level of functional hSMUGl 

(Figuree 3 A). This means that the endogenous BER system of the trypanosomes can cope with the 
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"extraa repair" due to hSMUGl (confirming the growth curve in Figure 4), until it exceeds a 

certainn limit . This limi t is presumably set by the endogenous BER factors of the trypanosome 

(suchh as AP endonucleases, DNA polymerase beta etc.) that become limiting after tetracycline 

induction. . 

5.. hSMUGl interferes with J-biosynthesis 

Ass HOMedU has been shown to be involved in J-biosynthesis (7), we analysed the influence of 

hSMUGll  on the J-level. The J content of the cells was determined by a dot-blot analysis using a 

polyclonall  anti-J antibody. 24 hours after tetracycline addition the hSMUGl trypanosomes had 

aboutt four times less J than non-induced or wil d type cells (Figure 7). As the trypanosomes can 

maximallyy complete two cell divisions in that period (Figure 4) we conclude that hSMUGl is 

removingg most of the available HOMedU made after DNA replication, thereby inhibiting de novo 

J-synthesis. . 

Figuree 7. J-measurement on genomic 
DNAA of wt trypanosomes and hSMUGl 
cellss cultured with and without 
tetracycline.. 50 ng of DNA was diluted 
inn 1:1 steps and spotted onto a 
membranee which was then incubated 
withh an anti-J antibody. The membrane 
wass stripped and hybridised with a probe 
forr the tubulin gene array to calculate the 
differencee in J-level corrected for DNA 
loadingg (not shown). 

Itt is unlikely that hSMUGl excises J directly, as we have shown by in vitro assays with purified, 

recombinantt hSMUGl that the enzyme does not excise J from duplex or single-stranded 

oligonucleotidess (S.U. et al., manuscript in preparation). We also investigated the effect of a low 

tetracyclinn induction over a longer period of time on J levels. Incubation of the hSMUGl 

transfectantss in tetracycline at 5 ng/ml for 5 days resulted in a 90% decrease of the J level and a 

slowerr growth of the cells (not shown). We have not succeeded in decreasing the J-level further 

forr technical reasons. Tetracycline is unstable in culture systems and we were unable to maintain 

lowerr tetracycline levels than 5 ng/ml over a long time span. Even with a daily refreshment of 

tetracyclinee the cells started to pick up normal growth after about 5 days and the J content was 

approximatingg wild-type levels again (not shown). 

WT.. nSMUb I + 
tetracycline e 

....... ....... 
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Discussion n 
TrypanosomaTrypanosoma brucei and related kinetoplastid flagellates contain the modified base J in their 

nuclearr DNA. Whereas the amount and distribution of J has been determined in detail, littl e is 

knownn as yet about its biosynthesis. We have previously shown by nucleoside-feeding 

experimentss that exogenous HOMedU is incorporated in trypanosome DNA and converted into J 

(7).. This suggests but does not prove that free HOMedU is an obligatory intermediate in J 

biosynthesis,, and led to the model shown in Figure 1. However, all attempts to find the glucosyl 

transferasee mediating the conversion of HOMedU into J have failed thus far and direct support 

forr the scheme in Figure 1 is therefore still lacking. To test whether HOMedU is an intermediate 

thatt is freely accessible to a DNA glycosylase able to take out the base we have introduced such a 

glycosylase,, hSMUGl, in T. brucei. 

Expressionn of hSMUGl in trypanosomes led to a dramatic loss of viability. This effect was 

dependentt on the level of HOMedU in the DNA. Raising the HOMedU content led to a stronger 

effect,, i.e. the cells died much earlier; lowering it by feeding BrdU reduced the sensitivity of the 

transfectants.. We conclude from these results that hSMUGl killed the cells by excising 

HOMeUra.. Analysis of the DNA in the trypanosomes expressing hSMUGl revealed severe DNA 

damagee due to an accumulation of double strand breaks and abasic sites. It has been shown 

previouslyy that overexpression of a DNA glycosylase can lead to DNA damage rather than 

increased,, complete BER (28). An increase in the initial step of BER, the excision of a base, 

needss to be accompanied by an increase in the levels of the other BER-factors. Otherwise the 

BERR system becomes imbalanced (29), leading to genome instability and decreased viability. In 

ourr case we introduce a DNA glycosylase which attacks a genome in which one of its substrates 

iss present in excess, as has been done by Kavli et al. (30) for E. coli and Mi et al. (27) for 

mammaliann cells. This should result in the accumulation of abasic sites that lead to single strand 

breaks.. Double strand breaks are then the consequence of two adjacent single strand breaks on 

bothh strands, as we detected in the telomeres of T. brucei. 

Itt is unlikely that the trypanosomes died because of the decrease in J level caused by hSMUGl, as 

wee know that bloodstream form T. brucei can tolerate much lower levels of J, as low as 5 % of 

thee wild-type (M.C. et al, in press). We rather think that hSMUGl kill s the trypanosomes by an 

overwhelmingg DNA damage resulting in cell cycle arrest and death. The cells can deal with the 

damagee as long as hSMUGl is limiting and not induced. This shows that the endogenous BER 

systemm can process the abasic sites produced by low-level excision of HOMedU. 

Itt is remarkable that a three-fold reduction of J in trypanosomes grown in BrdU prevents cell kil l 

byy hSMUGl induction. Under these conditions, less than 20 % of all dT in the DNA is replaced 
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byy BrdU, suggesting that the putative thymidine hydroxylase, which converts dT into HOMedU, 

couldd be inhibited by BrdU in DNA, resulting in a substantially decreased rate of HOMedU 

synthesiss and, hence, much less HOMeUra excision by hSMUG 1. 

Thee excision of HOMeUra by hSMUGl resulted in a substantial decrease in the level of J in 

trypanosomee DNA. In a parallel study we investigated the role of J as a potential target for 

differentt DNA glycosylases (S.U. et al., manuscript in preparation). We found that J is not 

recognisedd by hSMUGl and, therefore, conclude that the J level of the hSMUGJ transfectants 

decreasedd as a consequence of the excision of HOMeUra, supporting the role of HOMeUra as a 

precursorr of J. Because all our attempts to detect a glucosyl transferase in trypanosome extracts 

havee failed thusfar, alternative routes for the biosynthesis of J have been considered. 

Glucosylationn might be coupled to hydroxylation in a concerted reaction, and the possibility has 

evenn been raised that hydroxylation is energetically driven by the glucosylation reaction (S. 

Beverley,, personal communication). These schemes have become less attractive, as we have 

shownn that the HOMedU used for J synthesis appears to be freely accessible to hSMUGl. The 

two-stepp synthesis of J presented in Figure 1 remains therefore a plausible working hypothesis 

andd we are continuing our efforts to identify the enzymes involved. 
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Expressionn of h S M U Gl in procycl i c Trypanosoma brucei 

Ass shown in Chapter 2, the expression of hSMUGl in T. brucei led to less J in DNA and caused 

DNAA damage by excision of 5-HmU. However, the experiments described were exclusively done 

usingg bloodstream form T. brucei. In procyclic trypanosomes, no J is detectable, but 

incorporationn of exogenous 5-HmU in these cells leads to substantial amounts of J (up to 0.16 % 

off  total DNA; van Leeuwen et al., 1998), indicating that the limiting step for J biosynthesis in 

procyclicss is the formation of 5-HmU rather than the putative glucosyltransferase. The 

consequencess of the presence of hSMUGl, an enzyme that removes 5-HmU, should therefore be 

differentt in insect form trypanosomes compared to the bloodstream form. To investigate this, we 

transfectedd procyclic cells from the cell line TKN (Valdes et al., 1996) with the construct 

pHDhSMUGl,, the same construct as used in Chapter 2. These cells express a viral thymidine 

kinasee which was shown to facilitate incorporation of thymidine analogues into DNA (van 

Leeuwenn et al., 1998). As we did not expect hSMUGl to be toxic and constitutive expression of 

thee enzyme to be a problem, we decided not to introduce the gene for the tetracycline repressor. 

Indeed,, the transfectants grew normally and showed a clear band of the correct size of hSMUGl 

inn a western blot (Figure 1). Compared to the bloodstream form, the expression level of the 

enzymee was lower (Figure 1, compare lanes 3 and 4). 

Figuree 1. Western blot showing 
expressionn levels of hSMUGl, 
detectedd with an antibody against the 
HA-tagg of the protein. Equal amounts 

1 22 3 4 of protein were loaded, as verified by 
Ponceauu staining (not shown). Lanes: 
1,, PC wildtype; 2, BF hSMUGl 

noMUCjll  transfectants without tetracycline; 3, 
PCC hSMUGl transfectants; 4, BF 
hSMUGlhSMUGl transfectants with 
tetracyclinee (1 ug/ml). BF, 
bloodstreamm form; PC, procyclic 
cells. . 

Thiss is probably due to the construct that was used. In pHDhSMUGl, the hSMUGl gene is 

followedd by the VSG gene 3'-UTR (Figure 2, Biebinger et al., 1997). This sequence was shown to 

bee responsible for stage specific stabilization of mRNAs (Berberof et al., 1995). In procyclic cells 

(whichh do not express VSG), RNAs with the VSG 3'-UTR are less stable than in the bloodstream 
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form.. However, there was still substantially more hSMUGl present in the procyclic transfectants 

thann in the bloodstream form without tetracycline (Figure 1, compare lanes 2 and 3). 

Too test the functionality of the enzyme we fed the cells with the nucleoside precursor for 5-HmU 

inn DNA. As can be seen in Figure 3, the cells showed a severe defect in growth compared to 

wild-typee cells. This indicates that hSMUGl is excising the newly incorporated base, which leads 

too DNA damage affecting growth, as seen in bloodstream form cells expressing hSMUGl. We 

concludee that the DNA glycosylase is functional and that it does not have any deleterious effects 

onn trypanosomes besides excision of 5-HmU, which is an additional control for the experiments 

presentedd in Chapter 2. 

T,-P P hSMUGl hSMUGl wfyü" " PAC PAC W7K W7K 

Figuree 2. The construct pHDhSMUGl, as shown in Figure 2 of Chapter 3. The VSG-V UTR is indicated 
byy UTR. 

22 1.0(11 +or, 

hour ss of 5-HmU reedin g 

Figuree 3. Growth curve of procyclic trypanosomes in the presence (solid lines) or absence (dotted lines) of 
5-hydroxymethyldeoxyuridinee (at 500 \iM). Squares are cells expressing hSMUGl, triangles are wild-type 
TKNN cells. 

However,, in contrast to the bloodstream form trypanosomes upon hSMUGl induction, the 

procyclicc cells did not all die upon 5-HmU feeding but continued a slow growth. This indicates 

thatt the damage caused was less than in the bloodstream form. Several explanations for this result 

mightt be envisaged. The lower level of hSMUGl could be responsible for the survival, but we 
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findd this unlikely, as minimal induction (which is not detectable on a western blot; not shown) of 

thee enzyme in the bloodstream form already led to cell killing. Alternatively, the abasic sites 

producedd by hSMUGl might be more efficiently repaired in the procyclic form. We have no 

evidencee for an increased activity of AP endonucleases in insect form trypanosomes, but cannot 

excludee this possibility. The third and most probable explanation would be that the sites of 

damagee are less in number than in the bloodstream form. In the procyclic form expressing 

hSMUGl,, the exogenous 5-HmU that gets incorporated during replication is excised. The 

survivall  of the cells indicates that the endogenous downstream BER-factors like AP 

endonucleasess manage to process the damage, and due to the lack of endogenous 5-HmU 

synthesis,, there is no further DNA repair required. Hence the procyclic cells show a delay in the 

celll  cycle but survive. Conversely, in the bloodstream form endogenous 5-HmU is synthesized by 

thee putative thymine hydroxylase. Therefore, hSMUGl does not only excise the 5-HmU residues 

itt encounters directly after induction, but also the ones that are being produced over time, and the 

downstreamm BER factors become limiting as the number of lesions they have to process 

accumulates.. This leads to the lethal effects of the DNA glycosylase, even without incorporation 

off  exogenous 5-HmU, as presented in Chapter 2. The fact that procyclic trypanosomes expressing 

hSMUGll  were sensitive to incorporation of 5-HmU makes these transfectants comparable to 

mammaliann cells where incorporation of 5-HmU is also toxic, presumably due to excessive BER 

(Boorsteinn et al., 1987). As our results show that hSMUGl can lead to toxicity of 5-HmU by 

over-repair,, they support the idea that it is the enzyme responsible for the excessive BER of 5-

HmUU observed in mammalian cells. 

References s 

Berberoff  M, Vanhamme L, Tebabi P, Pays A, Jefferies D, Welbum S, Pays E. (1995) The 3'-terminal 
regionn of the mRNAs for VSG and procyclin can confer stage specificity to gene expression in 
Trypanosomaa brucei. EMBO J. 14:2925-34. 

Biebingerr S, Wirtz LE, Lorenz P, Clayton C. (1997) Vectors for inducible expression of toxic gene 
productss in bloodstream and procyclic Trypanosoma brucei. Mol Biochem Parasitol. 85:99-112. 

Boorsteinn RJ, Levy DD, Teebor GW. (1987) 5-Hydroxymethyluracil-DNA glycosylase activity 
mayy be a differentiated mammalian function. Mutat Res. 183:257-63. 

Cross,, M., Kieft, R., Sabatini, R., Dirks-Mulder, A., Chaves, I., Borst, P. (2002) J-binding protein increases 
thee level and retention of the unusual base J in trypanosome DNA. Mol. Microbiol. 46:37-47. 

Valdess J, Taylor MC, Cross MA, Ligtenberg MJ, Rudenko G, Borst P. (1996) The viral thymidine kinase 
genee as a tool for the study of mutagenesis in Trypanosoma brucei. Nucleic Acids Res. 24:1809-15. 

vann Leeuwen F, Kieft R, Cross M, Borst P.{  1998) Biosynthesis and Function of the Modified DNA Base (3-
D-Glucosyl-Hydroxymethyluracill  in Trypanosoma brucei. Mol Cell Biol 18:5643-5651. 

48 8 



Chapterr  4 

Searchh for  J-synthesizing enzymes 

Sebastiann Ulbert and Piet Borst 

49 9 



ChapterChapter 4 

Chapterr  4 

Searchh for  J-synthesizing enzymes 

Thee results obtained with nucleoside feeding experiments (van Leeuwen et al 1998b) and with the 

hSMUGll  transfectants strongly support the two-step model for J-biosynthesis. A consequence of 

thiss model is that there must be a P-glucosyltransferase mediating the conversion of 5-HmU into 

J.. Over the past years, a lot of effort has been made to find this enzyme, without success. The 

experimentall  approaches to detect such an activity in trypanosomes were mostly based on the 

incubationn of DNA substrates (DNA of the phage <t>E, containing 5-HmU) with cell lysates of 

bloodstreamm form T. brucei (Borst et al, unpublished) in the presence of a sugar donor. The 

detectionn method was either radioactive (if [14C] labelled UDP-glucose was used as sugar donor) 

orr by an anti-J antiserum. Both approaches have their disadvantages, however. The first one only 

workss if UDP-glucose is indeed the sugar donor for J-biosynthesis, for which there is no evidence 

yet.. The latter one is complicated by the fact that there is J-containing DNA present in the cell 

lysatee that leads to a considerable background (M.Cross, H.v.Luenen, unpublished). This 

backgroundd problem should be abolished by using procyclic lysates. Insect form trypanosomes do 

notnot have J in detectable amounts, but it has been shown that they contain the glycosyltransferase 

activityy (van Leeuwen et al. 1998b), although it is lower than in bloodstream forms. 

Material ss and Methods 

Forr the in vitro assays oligonucleotides (20-100 pmoles) containing four 5-HmU residues and a 

biotinn at the 5' end (Sigma) were incubated with a crude cell lysate (ca. lu.g of total protein) for 

300 minutes at 37°C in a final volume of 20 ul of reaction buffer (10 mM HEPES pH 7.9, 5 raM 

KC1,, 2 mM MnCl2, 1 mM MgCl2). In addition, a mix of different sugar donors was added (UDP-, 

ADP-,, CDP-, GDP-, TDG-glucose, UDP-mannose, UDP-galactose, GDP-mannose), each at a 

finalfinal concentration of 5uM. The incubation was stopped by adding NaCl to 1M. Subsequently the 

reactionn mixture was incubated with 5ul of a streptavidin magnetic beads solution (Dynal™) for 

11 hour at RT on a rotation wheel. The beads were caught with a magnet, washed twice with TE 

bufferr (containing NaCl at 1M) and transferred to a nitrocellulose membrane. The anti-J antibody 

assayy was performed as described in van Leeuwen et al. (1997). The lysates were prepared as 

describedd in Ulbert et al. (2002). For lysate 2 in figure 3 the cells were only lysed by douncing, 

thee mixture was centrifuged at 10000g for 20 minutes (at 4°C) and the supernatant was used for 
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thee band-shift assay. 32P-nucleotide postlabelling combined with two-dimensional thin layer 

chromatographyy was done as described in van Leeuwen et al. (1998a) with minor modifications 

(seee below). Electrophoretic mobility shift assays were done as described in Cross et al. (1999). 

Resultss and Discussion 

Wee used a crude cell lysate of insect form trypanosomes to look for a p-glucosyltransferase 

activity.. The lysate alone did not show any reaction with the J-antiserum (not shown). Incubation 

off  the lysate with 5HmU-containing oligonucleotides led to a positive signal. This signal was not 

dependentt on the presence of the sugar donor-mix. Figure 1 shows the results obtained on single 

strandedd oligonucleotides. The J signal was strongest when the reaction was carried out at 37°C, 

butbut was absent at 0°C and 65°C, or when the lysate was boiled before use. The maximum signal 

waswas reached after 15 minutes. When an oligonucleotide was used that contained dT in place of 5-

HmU,, a signal was detected too (dT). However, no signal was detectable with an oligonucleotide 

thatt consisted only of dC, dG and dA (no dT), indicating that the signal was at least depending on 

dT.. The signal was still present when the reaction mixture was digested with proteinase K and 

extractedd with phenol/chloroform after the incubation and prior to adding of the beads. The 

findingg that the signal was also there without 5-HmU, the precursor of J, was unexpected. 

Procyclicc trypanosomes were only shown to make J when exogenous 5-HmU was incorporated, 

indicatingg that they lack a Thy-hydroxylase activity. However, the signal obtained with Thy was 

usuallyy weaker than the one with 5-HmU, and, in contrast to the 5-HmU-derived signal, it could 

bee further reduced by the addition of the reducing agent DTT (to 2 or 5 mM, not shown). This 

indicatess that an oxidation of some kind was taking place. Thy can be converted to 5-HmU by 

oxygenn radicals (Rusmintratip and Sowers, 2001) and we can not exclude the possibility that this 

happenedd to a small extend during (or before) the in vitro assay. The resulting 5-HmU might then 

havee served as a substrate for J-synthesis.To get an idea of the amount of J we detected with our 

antiserum,, we compared the signal to defined amounts of J-oligonucleotides. We found that the 5-

HmU-oligoo showed a signal corresponding to 3.6 pmoles J. Taken into account the number of 5-

HmUU residues that were spotted on the filter after the incubation (312 pmoles) we conclude that 

aboutt 1% of the 5-HmU bases were converted into J. The antibody signal also corresponded to 40 

ngg of bloodstream form DNA. However, a direct comparison is complicated by the possibility 

thatt the oligonucleotides on the beads probably have another accessibility to antibodies than total 

DNAA spotted on a filter. 
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Figuree 1. Antibody signals using the anti-J antiserum on DNA oligonucleotides after incubation with a 
procyclicc cell lysate. Incubation was done at various temperatures and for different time spans. The oligos 
containn either 5-HmU (5-HmU), deoxy-thymidine instead of 5-HmU (dT), or only dC, dG and dA (no dT). 

Afterr having detected a signal using the anti-J antibody, we wanted to verify the result with 32P-

nucleotidee postlabelling as an independent approach. This method uses nucleases to digest DNA 

intoo single nucleotides. On a two-dimensional thin layer chromatography (TLC) all the different 

componentss of the DNA substrate can then be visualised. Thereby J can be detected on the 

nucelotidee level (van Leeuwen et al. 1998a). Postlabelling is usually done using isolated total 

DNAA and therefore, the methodology had to be slightly adapted. After incubation with the lysate, 

thee oligonucleotides were phenol/chloroform extracted and cleaned using the streptavidin-beads. 

Attachedd to the magnetic beads, they were subsequently treated with nucleases, resulting in the 

releasee of free nucleotides. The beads were then caught with the magnet and the supernatant was 

furtherr processed. 

Ass can be seen in figure 2 (panel C and D) the oligonucleotides were efficiently digested to single 

nucleotidess which could be visualised on the TLC plate, similar to total bloodstream form DNA 

(panell  B). An oligo containing four J-residues resulted in a strong J-specific signal (panel D). 

However,, the 5-HmU oligo treated with the procyclic lysate showed no signal for J (Panel C). 

Again,, we used a J-oligonucleotide as a control. To keep the amount of input substrate constant 

wee "diluted" the J-oligo in a normal oligo with no base modifications and chose the preparation 

thatt gave a comparable antibody signal to the 5-HmU samples. This control assay was performed 
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Figuree 2. TLC patterns of DNA 
oligonucleotidess and total DNA 
afterr 32P-nucleotide postlabelling. 
A,, scheme showing the migration 
positionss of the various 
nucleotides.. B, total bloodstream 
formm DNA digest (5 ng). C, Digest 
off  a 5-HmU oligo after incubation 
withh a procyclic lysate. The 
sequencee of the oligo is 
(GGGTXAVV X stands for 5-HmU. 
D,, Digest of a J-oligonucleotide 
withh the sequence (ACCCJA)4. 

twice.. Once, we could detect a J-specific signal and once we could not (not shown). In none of 

thesee assays we detected a signal with the 5-HmU substrate. We conclude from these result that 

thee amount of J that might have been made by the procyclic lysate is at the detection limit for P 

nucleotidee postlabelling, which has been shown previously to be not the most sensitive method to 

detectt low amounts of J (van Leeuwen et al.,1998a). Therefore, another, more sensitive approach 

iss needed to unambiguously answer the question whether there was really J made in our in vitro 

assays. . 

Ass we have shown that 5-HmU is a free intermediate in J biosynthesis (Ulbert et al., 2002) the 

glycosylatingg enzyme probably binds this base. We therefore performed electrophoretic mobility 

shiftt assays (band shift assays) with trypanosome lysates and 5-HmU-oligonucleotides (Figure 3). 

Usingg various T. brucei extracts we identified a shifted band that was specific for 5-HmU (lane 

H)) as it was not present with the control oligo (T instead of 5-HmU, lane T). However, the shifted 

bandd was still present when we co-incubated the reaction with an unlabelled 5-HmU-oligo in 3 to 

277 times molar excess (Figure 3 B). Although the control oligo and E. coli DNA could not 

competee out the shifted band, this result strongly argues against a specific binding of a protein in 

thee lysate to 5-HmU. 

Inn summary, we detected a positive J-antibody signal on 5-HmU-containing oligonucleotides 

afterr incubation with a procyclic lysate. The signal was both time and temperature dependent, and 

comparablee to very low amounts of J. However, this result still needs to be confirmed by another, 

independentt method. We tried 32P-nucleotide postlabelling, but failed to detect J in the samples 
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thatt gave the J-antibody signal. As 32P-nucleotide postlabelling is a rather insensitive approach, 

otherr experimental procedures have to be considered. 

B B 
extractt 1 2 

comm pentor 0 
probee H T H T 

,, *>• * *  m 

-- » 

Figuree 3. Band shift assay using crude T.brucei lysates on DNA oligonucleotides. A, Two lysates showing 
aa 5-HmU-specific shift without competitor. B, Competition assay. The competitors were in 3x, 9x, 27x 
molarr excess to the probe. Double stranded E. coli DNA was in 30x and lOOx weight-excess. H is the 5-
HmU-oligo,, T is the control oligo. Extract 1 is the standard extract used in the J-synthesis assays, extract 2, 
seee text. The arrowhead represents the shifted band. 
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DNAA modification and base excision repair  in Trypanosoma brucei 

Abstract t 

Basee excision repair (BER) is an evolutionarily conserved system which removes altered bases 

fromfrom DNA. The initial step in BER is carried out by DNA glycosylases which recognize altered 

basess and cut the N-glycosidic bond between the base and the DNA backbone. In kinetoplastid 

flagellates,, such as Trypanosoma brucei, the modified base p-D-glucosyl-hydroxymethyluracil 

(J)) replaces a small percentage of thymine residues, predominantly in repetitive telomeric 

sequences.. Base J is synthesized at the DNA level via the precursor 5-hydroxymethyluracil (5-

HmU).. We have investigated whether J in DNA can be recognized by DNA glycosylases from 

non-kinetoplastidd origin, and whether the presence of J and 5-HmU in DNA has required 

modificationss of the trypanosome BER system. We tested the ability of 16 different DNA 

glycosylasess from various origins to excise J or 5-HmU paired to A from duplex 

oligonucleotides.. No excision of J was found, but 5-HmU was excised by AlkA and Mug from 

EscherichiaEscherichia coli and by human SMUG1 and TDG, confirming previous reports. In a combination 

off  database searches and biochemical assays we identified several DNA glycosylases in T. brucei, 

butt in trypanosome extracts we detected no excision activity towards 5-HmU or ethenocytosine, a 

productt of oxidative DNA damage and a substrate for Mug, TDG and SMUG1. Our results 

indicatee that trypanosomes have a BER system similar to that of other organisms, but might be 

unablee to excise certain forms of oxidatively damaged bases. The presence of J in DNA does not 

requiree a specific modification of the BER system, as this base is not recognized by any known 

DNAA glycosylase. 

Introductio n n 

DNAA is constantly damaged by endogenous as well as exogenous processes, leading to 

potentiallyy mutagenic or cytotoxic base modifications, strand breaks, or distortions of the DNA 

structure.. To repair this DNA damage, nature has developed highly sophisticated systems. One of 

thesee systems, base excision repair (BER), removes damaged bases from the DNA. Damaged 

basess can arise in several ways, most importantly by oxidation, methylation and deamination [1]. 

Manyy modifications change the pairing properties of the base, which can lead to mutations if the 
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modifiedd base is not removed. BER is initiated by one of a set of DNA glycosylases that 

recognizess the modification and cleaves the bond between the base and the phosphate-sugar 

backbonee of the DNA, recently reviewed in [2]. The resulting abasic site is then further processed 

byy other BER factors like AP-endonucleases and DNA polymerases. BER is an evolutionarily 

conservedd system. It is present in all living cells and its major components show high sequence 

similarityy in various organisms [3,4]. Some of the DNA glycosylases show a narrow substrate 

specificityy whereas others are capable of removing a large set of bases [5,2]. 

Inn addition to DNA damage giving rise to base alterations, modified bases are also synthesized 

enzymaticallyy in many organisms, where they fulfil l a variety of functions, reviewed in [6]. In 

kinetoplastidd flagellates, such as the unicellular parasite Trypanosoma brucei, about one percent 

off  the thymine residues in nuclear DNA is replaced by the hypermodified base (3-D-glucosyl-

hydroxymethyluracill  (Figure 1), called J [7,8]. The modification is predominantly found in 

repetitivee telomeric sequences [8] and its function is not known yet. In addition to J, small 

amountss of 5-hydroxymethyluracil (5-HmU, Figure 1) are present [9], which is the precursor in J 

biosynthesiss [10,11]. The presence in trypanosome DNA of J and of 5-HmU prompted us to 

investigatee whether T. brucei has adapted its BER system to tolerate these modifications in its 

DNA.. 5-HmU is known to be target for BER in higher eukaryotes [12]; whether J is recognized 

byy any DNA glycosylase is not known. To analyse the significance of J for BER, we tested 

severall  DNA glycosylases from various organisms for their ability to excise J and 5-HmU. In 

addition,, we looked for the presence of evolutionarily conserved DNA glycosylases in T. brucei. 

HOHO~~\~~\ o o o 

1 1 

H O - ^ ^ 

O O 

1 1 

5-HmU U 

Figuree 1. Structure of the bases J and 5-HmU 
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Material ss and Methods 

Trypanosomes,, culture conditions and extract preparations 

Trypanosomess of strain 427 of Trypanosoma brucei brucei [13] were cultured as described in 

[14].. The cell lines used were wild-type and TKN [15] insect form and 221 HI [16] bloodstream 

formm trypanosomes. Crude cellular extracts were prepared according to [11] except that 

bloodstreamm form trypanosomes cultured in rats were used. In addition to the crude lysates, 

nuclearr extracts were prepared as described in [17] and tested for DNA glycosylase activity. 

Thesee nuclear extracts did not differ in BER activities compared to the crude lysates (data not 

shown).. The E. colt lysate of the XI1 blue strain was prepared as described in [18] and the murine 

testiss nuclear extract according to [19] 

DNAA oligonucleotides 

Thee sequences of the DNA oligonucleotides used in this study were as follows: The J-containing 

oligonucleotidee [20], 5'-CAGAAGGCAGGJGCAACAAG; the 5-HmU oligo [21], 5'-

GGGTHAGGGTHAGGGTHH AGGGTHA (H = 5-HmU); the uracil-containing oligonucleotide 

(Sigma),, 5'-GACTGGCTGCT ACUAGGCGAAGTGCC (U = uracil); the 3,N4-ethenocytosine 

substratee (Trevigen), 5'-CCTGCCCTGAGEAGCTGTGGG (E = ethenoC) and thel,N6-

ethenoadeninee oligonucleotide (Eurogentech), 5'-CGAGTA CGGCGGeGGGCGCATGAGC (e = 

ethenoA).. The oligonucleotide used as a competitor in Figure 6 without a base modification (lane 

T:A)) had the same sequence as the uracil containing substrate except that uracil was replaced by 

thymine.. The oligonucleotides were 32P labelled at the 5'-end using T4 polynucleotide kinase and 

annealedd to a 5 fold molar excess of unlabelled complementary strand (in 50 mM HEPES pH 7.5, 

11 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT) by heating the mixture to 90°C and allowing it to 

cooll  to room temperature for several hours. The full length duplex oligonucleotides were purified 

byy cutting them out of native 20% polyacrylamide (PAA) gel. 

Recombinantt  enzymes and in vitro BER assays 

Thee following recombinant and purified DNA glycosylases were used in this study (prepared 

essentiallyy as described in the corresponding references). From E. colt. Ung (NEB), Mug 

(Trevigen),, AlkA [22], Fpg [23], Tag [24], EndoIII [25]. From S. cerevisiae: MAG [26], OGG1 

[27],, NTG1 and NTG2 [28]. From humans: hMPG [29], hOGGl [30], hNTHl [31], hSMUGl 

[12],, hNEILl [55], hTDG (kind gift from J. Jiricny, Zurich). The human AP endonuclease 
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(APE1)) was purchased from Trevigen and the yeast APN1 enzyme purified as described [32]. 

Endonucleasee V from E. colt was purified as a His-tagged fusion protein according to the 

Novagenn protocol. 

Forr testing BER activities, between 5 and 200 ng of enzyme was incubated with 100 fmoles of 

DNAA oligonucleotides in standard reaction buffer (50 mM MOPS, pH 7.5, 0.1mg/ml BSA, 50 

mMM KC1, ImM EDTA, 1 mM DTT, 5% glycerol). For the cellular extracts (between 1 and 10 

micrograms)) and the DNA glycosylases hTDG, hSMUGl, Ung and Mug, another buffer was 

usedd (20 mM Tris-Cl, pH 8, 0.1mg/ml BSA, 1 mM DTT). Coincubations with AP-endonucleases 

weree performed in the presence of Mg2+ (at 2 mM). Incubation was carried out at 37°C for lhr (or 

longer,, as indicated in the result section) in a final volume of 15 microliters. Subsequently, an 

equall  volume of formamide buffer (95% formamide, 20 mM EDTA, pH 8, 0.5% bromophenol 

blue)) was added and the samples were incubated for 5 minutes at 90°C. Reaction products were 

size-fractionatedd on a 18% denaturing PAA-gel containing urea at 7 M and visualised on X-ray 

filmss and using a Fuji BAS reader. In the case of Mug or hTDG, which have been shown to stick 

too abasic sites [33], the reaction products were incubated in NaOH at 0.1 M, phenol/chloroform-

extractedd and ethanol-precipitated prior to adding the formamide buffer. For the ethenoC 

substratee the NaOH treatment was omitted (the substrate degrades spontaneously in heat and 

NaOH).. All enzymes and extracts were incubated with a proper control substrate to verify 

functionalityy and negative results on J, 5-HmU and ethenoC were reproduced under several 

incubationn conditions (varying incubation time and buffers), also using cellular extracts prepared 

fromfrom Leishmanial tarantolae (data not shown). 

Identificatio nn of DNA glycosylase genes in trypanosomes 

Sequencess of DNA glycosylases from various organisms were used to perform BLAST searches 

inn the genome databases for T. brucei (http://www.sanger.ac.uk/Projects/T_bruceiy and 

http://www.tigr.org/tdb/mdb/tbdb/index.shtml)) and Leishmania major (http://www.sanger. 

ac.uk/Projects/L_major/).. The genes identified were assigned with the following EMBL accession 

numberss (as third party annotations): MYH, BN000100; NTH1, BN000049; UDG, BN000101; 

Tag,, BN000109 . The sequence of the OGG1 gene (EMBL accession number AJ536611) was 

obtainedd by performing a polymerase chain reaction (PCR) on reversely transcribed poly-A+ 

RNAA from bloodstream form T. brucei (kind gift from Rudo Kieft). The primers used 

correspondedd to the spliced leader sequence (5'-GCATCGCGGCCGC 

GCTATTATTAGAACAGTTTCTG)) and to the 3' end of the OGG1 gene, as identified in the 

genomee databases (5'-TCATGCTGTTGCTTCCTTGTTCC). The PCR product was purified and 
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sequenced.. It completely matched the sequence found in the genome database (AC079933: 

104398-105847). . 

Results s 

Too look for BER activities against J and 5-HmU we performed in vitro assays using radioactively 

labelledd oligonucleotides containing a modified base at a defined position. Incubation with a 

DNAA glycosylase that is active against the base modification leads to an abasic site. This abasic 

sitee in the DNA is unstable at high temperature, and heating the reaction mixture leads to 

formationn of a shorter oligonucleotide which can be visualized on a denaturing sequencing gel. 

JJ is not excised by cell lysates of several different organisms 

Too get an idea whether J serves as a target for BER, we performed in vitro BER assays using 

lysatess prepared from E. coli, murine testis nuclei and bloodstream as well as procyclic (insect 

form)) trypanosomes. Al l different lysates were shown to contain active DNA glycosylases as they 

readilyy excised uracil (Figure 2 A). In contrast, when J was used as substrate, no activity was 

detectedd (Figure 2 B) even after increasing incubation time and protein (not shown). 

A A 
1 22 3 4 

gÊÊÊÊkgÊÊÊÊk  &ÊÊËk JÊÊÊÊL .^ÊÊk. 

"Pl̂ ^ *Bf W/m ^ ^ 

IÜ II i H *** ff f f 

B B 
1 22 3 4 

U:A A J:A A 

Figuree 2. In vitro BER assay using cell lysates on oligonucleotides containing uracil (panel A) or J (panel 
B)) opposite adenine. The left lane represents the substrate without lysate. The full length substrate is 
markedd with s, the product size is marked with p. Lanes: 1, T. bracei bloodstream form (2.5 microgram 
cellularr extract); 2, T. brucei procyclic form (2.5 microgram); 3, E. coli (1.4 microgram); 4, murine testis 
nucleii  (1 microgram). 

Figuree 2 B shows a J:A basepair, but similar results were obtained using J paired with G or a 

singlee stranded J-containing oligonucleotide (not shown). The finding that procyclic 

trypanosomess do not have a BER activity against J agrees with our previous observation that J is 
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nott actively removed from the DNA when the parasite differentiates from the bloodstream to the 

insectt form [34]. 

JJ is not a target for  the major  DNA glycosylases 

Too analyse excision of J in a more sensitive way we checked several purified recombinant DNA 

glycosylasesglycosylases for their ability to remove J. Table 1 gives an overview of all the different DNA-

glycosylasess tested. As examples, the results obtained with recombinant hSMUGl and Ung from 

E.E. coli are shown in Figure 3A. Both enzymes showed a high activity against uracil (left panel) 

butbut no J-excising activities were detected, independent of the basepair (results for a single 

strandedd J-substrate and a J:G mispair are not shown). hSMUG 1 was reported to be stimulated by 

thee AP-endonuclease [35], but even coincubation with the human APE1 enzyme did not result in 

aa detectable J excision (not shown). The Mug protein from E. coli was inactive against J paired 

withh A but showed a weak activity against a J:G mispair (Figure 3B). Mug is specialised in U:G 

mismatchess and the low activity observed against J:G is most likely due to recognition of the 

mismatch.. We quantified J:G repair by Mug and calculated the activity to be 0.12 fmoles/min/unit 

off  enzyme. The maximal activity of the same enzyme against a U:G mispair was calculated to be 

566 fmoles/min/unit. Therefore, Mug excises J from a mispair with G about 450 times less 

efficientlyy than U. As J is synthesised at the DNA level [10], the chance of a J:G mispair being 

presentt in trypanosome DNA is extremely low. Only if the J synthesising machinery would 

modifyy a thymine paired with a guanine such a mispair could arise. As T. brucei has an active 

DNAA mismatch repair system [36] and lacks detectable cytosine methylation (another source for 

aa T:G mismatch), we conclude that the activity of Mug against J:G is unlikely to have any 

consequencess for the BER system of trypanosomes. 

Nonee of the other DNA glycosylases tested recognized J (Table 1). By titrating enzyme 

concentrationss of several DNA glycosylases we found that the detection limit using this in vitro 

assayy was around 3 frnoles of product (not shown). Based on this and on the amounts of the 

enzymess used, we conclude that any J excising activity would be lower than 0.04 

fmoles/min/lOOngg for Mug, 0.11 frnoI/min/lOOng for hTDG, 0.03 fmoles/min/lOOng for Ung and 

0.033 fmoles/min/lOOng for hSMUGl. In addition to DNA glycosylases we also tested the AP-

endonucleasee from yeast, APE1 from humans and endonuclease V from E. coli on J, all with 

negativee results. 
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U:G G J:G G 

Figuree 3. A. In vitro BER assay using 200 ng of recombinant Ung (lane 1) and hSMUGl (lane 2) on 
oligonucleotidess containing uracil (single stranded substrate) and J opposite adenine. B. Same assay as in A 
butt using recombinant Mug protein on uracil and J. Left panel: excision of uracil paired with guanine using 
0.55 units (150 ng) of recombinant Mug enzyme, incubated for 30 minutes. Middle panel: J:G excision 
usingg 0.5 units of recombinant Mug for several time spans (the left lane shows 120 minutes without 
enzyme).. Right panel: Result of incubating 0.5 or 1.5 units of Mug for 120 minutes with a substrate 
containingg J paired with adenine. The full length substrate is marked with s, the product size is marked with 
P--

5-hydroxymethyluracil ,, the precursor  of J, is excised by several DNA giycosylases. 

Wee also tested 5-HmU, the precursor of J, using the same set of DNA giycosylases as against J 

(Tablee 1). In contrast to J, 5-HmU was excised by Mug, AlkA , hSMUGl and hTDG (Figure 4), 

althoughh with a strong dependence on the pairing base for TDG and Mug. Both enzymes showed 

aa much higher activity against 5-HmU paired with G (panel B) than paired with A (panel A), 

confirmingg that they are more active against mispaired bases [37, 38]. Similar to the J:G mispair, 

itt is unlikely that a 5-HmU:G mispair would be present in the trypanosome DNA. Previous work 

hass demonstrated 5-HmU excision by SMUG1 [11,12] and AlkA [22]. It has been reported that 

cell-freee extracts from E. coli lack a detectable activity against 5-HmU paired with A [39], and 

thiss finding was confirmed by us (S.U. and P.B., not shown). Therefore, the weak activity of 

AlkA ,, Mug and hTDG shown in Figure 4 against 5-HmU:A might not be high enough to play a 

significantt role in vivo. 
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DNAA glycosylase 
Endoo III (E. coli) 

Tagg (E. coli) 

AlkAA  {E. coli) 

Ungg (E. coli) 

Fpgg (E. coli) 

Mugg (E. coli) 

MAGG (S. cerevisiae) 

APNlfS.. cerevisiae) 

0GG11 (S. cerevisiae) 

NTG1,22 (5. cerevisiae) 

hMPG G 

hOGGl l 

hNEILl l 

hNTHl l 

hSMUGl l 

hTDG G 

APE1 1 

Majorr substrates 
Tg,, oxidised pyrimidines 

3-MeA A 

3-MeA,, Hx 

U U 

8-oxoG,, fapy 

U:G,, eC 

3-MeA,, Hx 

AP-sites s 

8-oxoG,, fapy 

Tg,, oxidised pyrimidines 

3-MeA,, Hx, eA 

8-oxoG,, fapy 

8-oxoG,, fapy 

Tg,, oxidised pyrimidines 

U,, eC, 5-HmU 

U:G,, T:G, eC 

AP-sites s 

J J 
--
--
--
--
--
+ + 
--
--
--
--
--
--
--
--
--
--
--

5-HmU U 
--
--
+ + 
--
--
+ + 
--
--
--
--
--
--
--
--
+ + 
+ + 

--

Tablee 1. DNA glycosylases and endonucleases used in this study, their major substrates (as published 
thusfar)) and their activity against oligonucleotides containing J or 5-HmU. Abbreviations for DNA 
modifications:: AP-sites, apurinic/apyrimidinic sites; eA, ethenoadenine; eC, ethenocytosine; fapy, 
formamidopyrimidine;; 8-oxoG, 8-oxoguanine; Hx, hypoxanthine; 3-MeA, 3-methyladenine; Tg, thymine 
glycol. . 

AA B 

1 22 3 4 - 1 2 3 4 

s s 

p p 

VHPP :*  wKto 

• # < • • • 

5-HmU:A A 5-HmU:G G 

Figuree 4. In vitro BER assay using 200 ng of recombinant enzymes on 5-HmU paired with A (panel A) or 
GG (panel B). The substrate contains four 5-HmU residues, only the full length substrate (s) and the major 
productt (four bases, p) on the same PAA-gel and X-ray film is shown. Lanes: 1, Mug; 2, hTDG; 3, 
hSMUGl;4,, AlkA . 
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Thee genome of trypanosomes contains genes for  most of the conserved DNA glycosylases 

Manyy human DNA glycosylases have been cloned and analysed in detail thus far. These are the 

uracill  DNA glycosylase (UDG), the single-strand-selective monofunctional DNA glycosylase 

(SMUG1),, the mismatch-specific thymine DNA glycosylase (TDG), the methylated DNA-

bindingg domain protein 4 (MBD4), the 8-oxoguanine DNA glycosylase (OGG1), the MutY 

homologg (MYH), the endonuclease III homolog 1 (NTH1), endonuclease VII I homologues 

(NEILL 1-3) and the 3-methyladenine DNA glycosylase (MPG). Homologs of these enzymes are 

foundd in several other organisms [2]. To look for the presence of DNA glycosylases in the 

genomee of T. brucei we used the corresponding sequences of several organisms to perform 

BLASTT searches in genome databases of kinetoplastid parasites. Although none of the genomes 

iss completely sequenced yet, we were able to identify several genes of interest. The presence of a 

UDGG gene was already described in Trypanosoma cruzi [40], and we identified a highly similar 

sequencee in T. brucei. In addition, we have shown previously that the major uracil excising 

activityy from T, brucei, like that of other organisms, can be inhibited by the UDG inhibitor peptide 

fromm the phage PBS1 [11], underlining its evolutionarily conserved structure. Sequences with a 

typicall  helix-hairpin-helix motif [41] were found, most similar to OGG1, MYH and NTH1, but 

notnot to MBD4 or AlkA , the 3-methyladenine DNA glycosylase from E. coli. We tested whether 

thee OGG1 gene was expressed in bloodstream form T. brucei and detected the corresponding 

mRNAmRNA by RT-PCR on polyA* RNA. We did not identify a homolog for TDG and MPG in T. 

brucei,brucei, but found similar sequences in Leishmania major, a relative of T, brucei. Although the 3-

methyladeninee glycosylases AlkA and MPG process the same substrates, they are unrelated in 

sequence.. Whereas E. coli and yeast possess enzymes similar to AlkA , other bacteria and several 

eukaryotess have a MPG homolog [4]. In addition, we identified a homolog of the E. coli Tag 3-

methyladeninee DNA glycosylase in L. major. The absence of sequences homologous to SMUG1 

andd MBD4 was predictable as those enzymes were found to be evolutionarily linked to DNA 

methylationn [35,42,43]. In summary, we found that the trypanosome genome contains genes for 

mostt of the conserved DNA glycosylases. 

Thee presence of a homolog for TDG and MPG was further investigated by using in vitro BER 

assays.. We tested trypanosome lysates for their ability to excise typical substrates for both 

enzymes,, 3,N4-ethenocytosine (ethenoC) for TDG and 1 ,N6-ethenoadenine (ethenoA) for MPG 

[38,44],, Etheno adducts to exocyclic aminogroups of DNA bases are formed by lipid 

peroxidationn or chemical mutagens like vinyl chloride. If unrepaired, ethenoC and ethenoA can 

leadd to transition mutations and deletions [45]. Beside excision by TDG, ethenoC is also excised 

byy MBD4 and SMUG1 [46], whereas ethenoA is exclusively excised by a 3-methyladenine 
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glycosylasee [47]. Figure 5 shows the results for ethenoA. Lysates of both bloodstream form and 

procyclicc T. brucei created a specific excision product, indicating that there is a functional DNA 

glycosylasee against ethenoA present in these organisms. As we detected a MPG sequence 

homologg in L. major we tentatively conclude that the excision of ethenoA in T. brucei is mediated 

byy a MPG homolog. 

BF F PC C 

ethenoA:T T 

Figuree 5. In vitro BER assay using trypanosome lysates on a double stranded oligonucleotide containing 
ethenoA.. BF, bloodstream form trypanosomes; PC, procyclic trypanosomes. 3, 6 and 12 microg of crude 
extractss were used. The full length substrate is marked with s, the product size is marked with p. 

T.T. brucei EE coli 

competitor r E:GG U:G T:A E:GG U:G T:A 

Figuree 6. In vitro BER assay using lysates prepared from E. coli (1.4 microgram of extract) and 
trypanosomess (3 microgram) on a double stranded oligonucleotide containing ethenoC (E) with or without 
unlabelledd competitor oligonucleotides (in 50 fold molar excess). The full length substrate is marked with s, 
thee specific product size is marked with p. 

Figuree 6 shows that an E. coli lysate contains a high activity against ethenoC, whereas incubation 

off  the same oligonucleotide with the T. brucei lysate resulted only in a marginal product band, not 

onlyy under the conditions used in Figure 6, but also under several other incubation conditions (not 

65 5 



ChapterChapter 5 

shown).. To test whether the product observed with wild-type trypanosomes was due to the action 

off  a DNA glycosylase similar to TDG or SMUG1, we performed the assay in the presence of a 50 

foldd molar excess of different unlabelled double-stranded oligonucleotides. The product band 

formedd by the E.coli lysate was completely competed out by the competitor substrate containing 

ethenoCC (Figure 6, lane E:G), whereas an unmodified oligonucleotide as competitor had no 

significantt effect (lane T:A). In addition, co-incubation with an oligonucleotide containing a U:G 

mismatchh also led to the disappearance of the product band (Figure 6, lane U:G). This indicates 

thatt ethenoC is excised by Mug (the bacterial TDG homolog), as uracil paired with guanine is 

alsoo a known substrate for this enzyme. 

Inn contrast, none of the competitors had an effect on the result obtained with the T. brucei lysates. 

Thee weak band remained unaltered (Figure 6, lanes T. brucei U:G, E:G and T:A). We conclude 

thatt this weak band is an artefact and that there was no TDG-like activity against ethenoC in T. 

bruceibrucei wild type extracts. Similar to MPG, we found a TDG sequence homolog in Leishmania, 

andd we expect such a sequence homolog to be present in T. brucei as well. In view of the absence 

off  activity against ethenoC in our T. brucei extracts we tentatively conclude that the ethenoC 

excisingg activity mediated by a possible TDG homolog in the trypanosome is not high enough to 

bee detected by our BER assays or that this homolog has no activity against ethenoC. 

Thesee results prompted us to study the effect of ethenoC formation in T. brucei by specifically 

inducingg this base damage. However, chloroacetaldehyde, a compount known to induce etheno 

adductss to DNA [48], was too toxic to the parasites (most likely through side effects different 

fromm ethenoC formation) to allow an in vivo investigation of repair and mutagenesis caused by 

ethenoCC in trypanosome DNA [49]. 

Discussion n 

Thee hypermodified base J (P-D-glucosyl-hydroxymethyluracil) replaces one percent of the 

thyminee residues in nuclear DNA of Trypanosoma brucei and related kinetoplastid parasites. We 

investigatedd the consequences of J and its precursor in biosynthesis, 5-HmU, for the BER system 

off  T. brucei. DNA glycosylases, the enzymes initiating BER, have been shown to remove large 

setss of modified bases, including a variety of modified thymines (thymine glycol, formyluracil, 5-

HmU,, formamidiopyrimidine etc.). The presence and sequences of DNA glycosylases are 

evolutionarilyy highly conserved. As basic knowledge about BER in T. brucei was lacking until 

now,, we set out to investigate whether the BER system of trypanosomes is modified to 

accommodatee base J and 5-HmU in their DNA. The most likely BER adaptation would be the 
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lackk of an activity that excises the modified base resulting from the loss of a conserved DNA 

glycosylasee found in other organisms. Alternatively, an interfering DNA glycosylase might be 

activelyy inhibited, similar to the inhibition of host UDG by the bacteriophage PBS2 [50], but this 

wouldd be a rather cumbersome solution for an entire family of kinetoplastid flagellates. 

Wee investigated whether J serves as a substrate for several DNA glycosylases and found no 

significantt excision by any of the DNA glycosylases tested. In addition, J was not recognized by 

celll  lysates either from mammals or bacteria, indicating that there is no major BER activity 

presentt in these cells due to an enzyme not yet characterized. 

AA possible reason for this lack of excision could be the size of J. Most of the modifications that 

aree recognised by DNA glycosylases are smaller than J and many enzymes might not be able to 

fitt J into their active site. For example, hSMUGl excises 5-HmU, which has a hydroxylated 5-

methylgroup.. In contrast, no activity of the same enzyme is detectable if the 5-

hydroxymethylgroupp is glucosylated (Figure 1 and 2A). However, some bulky modifications like 

etheno-adductss are removed by BER, indicating that size is not the only criterion. In fact, the 

Mugg protein was able to excise J in a J:G mispair, although at low rate. 

Anotherr common feature of substrates of some DNA glycosylases is a weakened N-glycosidic 

bondd to the DNA backbone [51], a mispair or a minor perturbation of the DNA helix [52]. We 

havee no evidence that J interferes with base pairing or DNA structure [20,53], and we consider it 

mostt unlikely that a base causing such interference would be maintained in an organism. 

However,, the fact that J does not mispair does not exclude the possibility that it could be a target 

forr BER. Some DNA glycosylases excise bases even though they have no mutagenic properties. 

Forr example, uracil and 5-HmU are both excised when paired with A [2,12], although they still 

functionn like thymine in DNA replication and do not affect DNA structure substantially. 

Thus,, it is difficult to say for each individual DNA glycosylase why it does not excise J. It may be 

aa combination of structural and other factors also reflected in the general substrate specificity of 

thee known enzymes. The fact that J is not a target for DNA glycosylases suggests that 

trypanosomess do not need an adapted BER system to tolerate this modified base in their DNA. 

Furthermore,, the results indicate that DNA glycosylases, even those with a broad substrate range, 

aree highly specific for base modifications that they normally encounter in the cell and that they 

mayy be unable to deal with odd newcomers, such as base J. J does not meet any of the general 

criteriaa for recognizable DNA damage, such as aberrant base pairing or DNA structure. Base J 

mightt therefore represent a niche in the repertoire of base modifications which is overlooked by 

thee evolutionarily conserved DNA glycosylases. 
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Inn contrast to base J, 5-HmU is a target for several DNA glycosylases, as summarized in Table 1. 

Thee only enzyme with high activity against 5-HmU present in a 5-HmU:A base pair (the only 

basee pair relevant in trypanosomes) is hSMUGl [12]. This enzyme excises 5-HmU almost as 

efficientlyy as uracil [46]. In evolution, the presence of SMUG1 correlates with cytosine 

methylationn and it is absent in unicellular eukaryotes and in bacteria [35,42]. One would not 

expectt such an enzyme to be present in trypanosomes and we have not found it. Indeed, we have 

shownn previously that expression of hSMUGl in bloodstream form T. brucei leads to cell death 

duee to massive excision of 5-HmU [11]. In contrast to hSMUGl, the other DNA glycosylases that 

recognizee 5-HmU in DNA have a relatively low activity against a 5-HmU:A base pair, as 

observedd by us (Figure 4) and others [22,37] and this probably represents a side activity of 

enzymess that preferentially recognize other substrates. In a search for homologs of these enzymes 

inn the (incomplete) genomic databases of T. brucei and other kinetoplastid flagellates, we found a 

TDGG homolog in Leishmania, but we did not detect any activity against 5-HmU in our T. brucei 

extractss [11]. It is possible that T. brucei lacks TDG, or that the kinetoplastid TDG has evolved to 

avoidd taking out 5-HmU. Alternatively, but less likely, a low rate of 5-HmU removal may be 

acceptablee in trypanosomes, if this 5-HmU is rapidly converted into J. Indeed, a low level 

expressionn of hSMUGl in bloodstream form trypanosomes, resulting in a significant activity 

againstt 5-HmU in extracts, did not affect trypanosome growth [11]. 

Thee absence of an enzyme that takes out 5-HmU from DNA might make trypanosomes more 

vulnerablee to oxidative damage of DNA, as 5-HmU is itself a product of oxidative damage and as 

thee enzymes known to remove other oxidatively damaged bases, such as ethenoC, also recognize 

5-HmU.. We have tried to test this for ethenoC with inconclusive results [49]. Hence, we were 

unablee to deduce whether the 5-HmU in trypanosome DNA has resulted in a modification of the 

BERR system that makes the organism more vulnerable to oxidative damage. 

Inn conclusion, our results show that the presence of J in DNA does not require a major 

modificationn of the BER system of organisms that contain this modified base. For the precursor 

off  J, 5-HmU, the situation is less clear. We have shown that trypanosome extracts contain no 

detectablee DNA glycosylase activity against 5-HmU or ethenoC, products of oxidative damage. 

Ass trypanosomes are parasites living freely in the bloodstream, whereas other kinetoplastids, such 

ass Leishmania and T. cruzi, even multiply inside macrophages, they are under constant attack by 

reactivee oxygen species produced by the host and their own rapid metabolism. Oxidative damage 

off  DNA bases is bound to occur [54] and trypanosomatids can cope with that. It remains to be 

seenn whether these organisms have managed to evolve novel DNA glycosylases which can deal 

withh oxidatively damaged bases without touching 5-HmU. 
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Appendixx to Chapter  5 

Attemptss to study consequences of ethenocytosine formation in vivo 

Thee results presented in Chapter 5 indicate that trypanosomes lack a detectable BER activity 

againstt etheno cytosine (ethenoC). Etheno adducts to DNA bases (mainly ethenoC and ethenoA) 

aree formed in cells by lipid peroxidation. In addition, ethenoA and ethenoC are formed by the 

chemicalss vinyl chloride, urethan (ethyl carbamate) and others. Vinyl chloride is a potent 

mutagenn with cytotoxic effects. In humans, it is metabolised by the liver P 450 system, which 

resultss in the reactive compound chloroacetaldehyde, CAA (Tudek et al., 1999). CAA binds 

directlyy to adenine and cytosine residues in DNA to almost equal amounts, forming ethenoC and 

ethenoA.. To analyse whether an impaired capability to excise ethenoC would have biological 

consequencess for T. brucei, we tested the effects of ethenoC inducing agents on the parasite. To 

havee a suitable control, we used the procyclic TKN trypanosomes transfected with the gene for 

hSMUGll  (Chapter 3), an enzyme able to remove ethenoC. Expression of the DNA glycosylase 

ledd to a detectable activity against ethenoC in trypanosome extracts (Figure 1, lanes hSMUGl+). 

Figuree 1. BER assay using cell-free extracts on 
aa duplex oligonucleotide containing ethenoC. 
Lanes:: 1, E. coli lysate plus an excess of 
unlabelledd competitor oligonucleotide 
(representss full length, s); 2, E. coli without 
specificc competitor (represents product, p). 3 
andd 4, 1 and 3 micrograms of a T. brucei lysate 
preparedd from procyclic cells expressing 
hSMUGl. . 

Urethann did not have any toxic effects on T. brucei, even in the millimolar range. We interpret 

thiss result to mean that trypanosomes lack a system activating urethan metabolically. CAA, that 

directlyy modifies DNA, does not need to be metabolically activated and we therefore continued 

thee experiments using CAA. To induce ethenoC, TKN cells (see Methods), either transfected with 

hSMUGll  or not, were incubated in CAA. The IC50 was determined to be around 10 microM, 

regardlesss whether hSMUGl was expressed or not. This IC50 is similar to the value found in 

humann cells (Briiggemann et al., 1997). As the susceptibility of the trypanosomes was not 

influencedd by the expression of hSMUGl, we had no evidence that significant amounts of 

ethenoCC were actually formed during the CAA treatment. We therefore investigated whether 

CAAA led to an increase in mutation frequencies. The trypanosomes used in these experiments, the 

E.colii hSMUGl + 

1 22 3 4 

ethenoC:G G 
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TKNN cells, express a viral thymidine kinase, which can be used to determine mutation 

frequenciess by selecting for cells that inactivated the gene (Valdes et al., 1996, see Methods 

section).. As shown in Table 1, no increase in mutation frequency was observed after CAA 

incubation,, and the result was not influenced by expression of hSMUGl. We conclude that the 

toxicityy of CAA observed in T. brucei is probably due to other damage caused in the cell, not to 

modificationn of DNA. Hence, we have been unable to induce sufficient ethenoC formation in 

intactt trypanosomes to see a clear effect of an enzyme removing this base (hSMUGl) on survival 

orr mutagenesis (Table 1). As the CAA-concentration used was already extremely toxic to the 

trypanosomes,, we conclude that increasing the concentration would not be feasible. 

CellCell line 
TKN N 
TKN N 
TKN/hSMUGl l 
TKN/hSMUGl l 

CAACAA treatment 
No o 
Yes s 
No o 
Yes s 

mutantsmutants /10 cells* 
60/29 9 
40/22 2 
27/29 9 
33// 19 

Tablee 1. Mutation frequencies in T. brucei expressing a viral thymidine kinase (TK), with or without 
incubationn in CAA. The numbers represent cells that inactivated the TK gene and therefore survived 
incubationn with the nucleoside analog ganciclovir. TKN/hSMUGl are TKN cells expressing the human 
DNAA glycosylase hSMUGl. * values of 2 independent experiments 

Methods: : 

Incubationn in chloroacetaldehyde (CAA, purchased from Fluka) was performed for four hours in 

normall  culture medium. Subsequently the CAA-containing medium was washed off and growth 

off  the cells was monitored for several days to measure the IC50. Mutation frequencies in TKN 

cellss were determined in principle as described in Valdes et al. (1996). TKN trypanosomes 

expresss a viral thymidine kinase that makes them sensitive to the nucleoside analog ganciclovir. 

Cellss were treated with CAA (at lOmicroM) and allowed to recover for 1-2 cell divisions. Then 

ganciclovirr (Roche) was added to 150 microM and 1.5 x 105 to 1.5 x 106 cells were spread over 

96-welll  plates. Two weeks later, reversion rates to ganciclovir resistance (corresponding to 

inactivationn of the TK gene) were determined by counting the wells with dividing trypanosomes. 

References: : 

Brüggemann,, S.K., Kisro, J., Wagner, T. (1997) Ifosfamide cytotoxicity on human tumor and renal cells: 
rolee of chloroacetaldehyde in comparison to 4-hydroxyifosfamide. Cancer Res. 57:2676-2680. 

Tudek,, B., Kowalczyk, P., Ciesla, J.M. (1999) Localization of chloroacetaldehyde-induced DNA damage in 
humann p53 gene by DNA polymerase fingerprint analysis. 1ARC Sci Publ. 150:279-293. 

Valdes,, J., Taylor, M.C., Cross, M.A., Ligtenberg, M.J., Rudenko, G., Borst, P. (1996) The viral thymidine 
kinasee gene as a tool for the study of mutagenesis in Trypanosoma brucei. Nucleic Acids Res. 24:1809-15 
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Expressionn site activation in Trypanosoma brucei with three marked 

variantt  surface glycoprotein gene expression sites 

Abstract t 

Thee genes for the Variant Surface Glycoprotein (VSG) of Trypanosoma brucei are transcribed in 

telomericc expression sites (ESs). There are about 20 different ESs per trypanosome nucleus. 

Usually,, only one is active at a time, but trypanosomes can switch the ES that is active at a low 

ratee (<105 per cell per generation). To study activation and silencing of ESs, we have generated a 

linee of T. brucei All with three ESs marked with a different drug resistance gene. We show that 

aa selection with any combination of two of these drugs leads to an unstable double-resistant 

phenotypee in which the two ESs containing the corresponding marker genes switch backward and 

forwardd at a very high rate (> 10" per cell per generation). Unstable triple-resistant trypanosomes 

weree not obtained. We conclude that the unstable rapid-switching state is a natural intermediate in 

ESS switching. It only involves two ESs, whereas the other ESs are not expressed. Furthermore we 

showw that "inactive" ESs can exist at several different stable levels of activation. Whereas a 

"silent""  ES shows a low level of expression of promoter proximal sequences, the level of 

activationn can be reversibly increased, leading to partially activated ESs. 

Introductio n n 
Thee protozoan parasite Trypanosoma brucei lives freely in the bloodstream of its mammalian 

host.. In order to escape total destruction by the immune system of the host the trypanosome 

repeatedlyy changes its surface coat, a phenomenon called antigenic variation [1,2]. The major 

surfacee coat component is the Variant Surface Glycoprotein (VSG) [3] and the parasite has 

aroundaround 10" different VSG genes at its disposal. In order to be transcribed a VSG gene has to be 

locatedd in a telomeric VSG gene expression site (ES). ESs are large polycistronic transcription 

unitss under the control of a single promoter [4], There are about 20 ESs per nucleus and these are 

highlyy homologous. Usually only one is fully transcribed at a time, resulting in the exclusive 

expressionn of one VSG. Silent ESs are not completely silent, as they yield some RNA from 

promoter-proximall  genes [5,6], as discussed in [7] and [8]. Since the transcription of these ESs 
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doess not result in detectable VSG mRNA, we call these ESs here silent or inactive for 

convenience.. The trypanosome can change its surface coat by either replacing the VSG gene in 

thee active expression site [9, 10] or by inactivating the old ES and activating a new one [7]. This 

expressionn site switch does not involve detectable DNA rearrangements in the promoter region 

[11,, 12, 13] and occurs stochastically at very low frequencies in laboratory strains of T. brucei 

(<10"55 events per cell per generation). How the trypanosome keeps 19 ESs silent and one ES 

activee is one of the central questions in antigenic variation. Recent data imply that there is cross 

talkk between ESs, as an ES can only be activated when another ES is inactivated at the same time 

[14,, 15, 16]. Experiments using trypanosomes with marker genes inserted into two different ESs 

showedd that cells expressing two ESs are not a stable intermediate in switching [17]. 

Trypanosomess expressing both marker genes arose rarely (10"T per cell per generation) and were 

foundd to switch rapidly between the two ESs, with a switching frequency of up to 10"1 switches 

perr generation. After release from drug selection rapid switching was lost. To explain this rapid 

switchingg phenotype Chaves et al. [17] postulated a pre-active state in which an ES is inactive, 

butt activated with a greatly increased frequency compared to the other ESs. 

Too further investigate the cross-talk between ESs as well as the pre-active state of an ES we have 

insertedd a phleomycin resistance gene into a third ES, the 1.8 ES. This has allowed us to 

demonstratee that rapid switching is not restricted to the two ESs studied by Chaves et al. [17] and 

too study the behavior of those ESs, that do not take part in the rapid switching. From our 

experimentss we conclude that the rapid switching state is a natural intermediate in ES switching, 

thatt it only involves two ESs, leaving the other ES in the inactive state. In addition, we present 

experimentss that characterize various forms of partial activation of ESs, showing that there are a 

varietyy of states between silent and active. 

Material ss and Methods 

Trypanosomes,, culture conditions and in vitro switching experiments 

Wee use the 427 strain of Trypanosoma brucei brucei [3]. Bloodstream form trypanosomes were 

culturedd as described by Hirumi et al. [18]. To select for ES switchers, trypanosomes were grown 

too a density of about 2 x 106 cells per ml and up to 1 x 107 cells were put on agarose plates [19] 

containingg the drug at the appropriate concentration. After 6-7 days colonies arose. The cells were 

transferredd into liquid medium and analysed. Switching experiments were also performed by 

selectionn in liquid medium [20]. 1.5 x 106 or less cells were spread over a 96-well plate in 15 ml 

mediumm (including the drug). Positive wells were identified 6-7 days later. The drug 
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concentrationss used to select for trypanosomes with an activated expression site containing the 

correspondingg marker gene were G418 (Gibco) at 10 ng/ml, hygromycin B (Roche) at 20 |ig/ml 

andd phleomycin (Sigma) at 40 ug/ml (see the results section for the concentrations used in double 

orr triple selection experiments). Growth curves were made starting in a 2 ml volume at a density 

off  2.5 x 104 cells/ml in two or three parallel cultures. Trypanosomes were counted every 24 

hours.. IC5t) concentrations were determined in two parallel cultures starting with 2 x 104 cells per 

ml. . 

Generatingg trypanosomes with three expression sites containing selectable marker  genes 

HNN cells [15, 17] have a neomycin resistance gene in the V02 expression site (240 bp 

downstreamm of the promoter) and a hygromycin resistance gene in the 221 expression site (272 bp 

downstreamm of the promoter). HN 221 cells (HN trypanosomes with the 221 ES active) were 

injectedd into mice previously immunized against the 221 and the V02 VSG. This resulted in a 

populationn of switch variants that were subsequently screened by IFA for clones expressing the 

1.81.8 VSG in the active 1.8 ES, called HN 1.8 cells. A transcript covering 1,3 kb of the 1.8 ES 

promoterr region was cloned by a reverse transcription-polymerase chain reaction (RT-PCR) on 

RNAA from VSG 1.8 expressing cells. The sequence (GenBank AF429431) showed a high 

homologyy with the corresponding sequence of other ESs, e.g. 93 % identity with the 221 ES [11] 

andd 92 % identity with the DES ES [21] but was not identical to any ES previously published. A 

uniquee /4varl-site was used to insert the phleomycin resistance gene (derived from the Tn5 

transposon),, flanked by a/p-tubulin splicing signals, into the 1.8 ES promoter region DNA 

segment.. By transfection of this clone, the marker gene was inserted by homologous 

recombinationn into the 1.8 ES, as verified by PCR, pulsed field gel electrophoresis (PFGE) [15] 

andd restriction digest analysis. The 1.8 ES is located in a chromosomal band consisting of 

chromosomess VIb, VII ab and Vill a [22], as verified by PFGE (not shown). The resulting 

transformantt had a phleomycin resistance gene 550 bp downstream of the active 1.8 expression 

sitee promoter, in addition to the other two resistance genes in the silent V02 and the 221 

expressionn sites. 

Expressionn analysis 

Trypanosomess were grown under drug selection in 100 ml HMI-9 to a density of approx. 2 x 106 

/ml.. Poly A+ RNA was isolated using oligo-dT beads (Dynal™ ). The RNA was eluted off the 

beadss into RNA gel-loading buffer. 1 x 107 to 5 x 107 cell-equivalents were loaded per lane on a 1 
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%% agarose gel containing 6 % formaldehyde in 1 x MOPS buffer [23]. The gel was run at 70 V 

forr 1 hour and the RNA subsequently transferred overnight onto a nitro-cellulose membrane. 

Hybridisationn was performed at 42°C according to Sambrook et al. [23]. Quantification was done 

usingg a Fuji BAS2000 Phosphorlmager. For RT-PCR to detect resistance gene transcripts the 

Polyy A+ RNA was eluted off the beads in water and amplified using primers for the mini-exon 

andd the gene of interest (hygromycin or neomycin resistance gene) [15]. To clone the 1.8 ES 

promoterr region, total RNA of 1 x 108 wild type trypanosomes expressing the 1.8 VSG was 

preparedd using RNAzol (Campro) according to the manufacturer's instructions. 

Thee hygromycin probe contained the 1200 bp ORF of the hygro gene [24]. The neomycin probe 

hadd the upstream 600 bp 5' of the Ncol site of the neo gene [15]. As the phleomycin resistance 

genee we use [25] shares large sequence homology with our neomycin resistance gene (both are 

derivedd from the Tn5 transposon) we could only use the 200 bp Nrul -Nar\ fragment of the 

constructt pUT333 to get a probe that did not show cross-hybridisation. The tubulin probe was a 

29000 bp EcoRI-Hindlll fragment of one a/p repeat unit cloned into pGEM4. The other probes 

usedd were VSG 221 [26], VSG 1.8 [27] and VSG V02 [28]. Probes were radioactively labelled 

usingg random primers. 

Chemicall  mutagenesis 

Wee followed basically the protocol developed by King and Turco [29], A 50 ml culture of 

trypanosomess at a density of 2 x 106 per ml was treated with N-methyl-3-nitro-l-nitrosoguanidine 

(Sigma)) at a concentration of 0.6 ug/ml for 4 hours at 37° C. This treatment killed about 95% of 

thee cells. Afterwards the cells were washed with fresh medium and allowed to recover for 3 to 4 

days.. Then 1 x 108 cells were put on agarose plates containing the drugs used for selection. 

Results s 
HNN cells [15,17] were used to generate trypanosomes with three marked ESs, as described in 

Materialss and Methods. These cells are called HNPh 1.8 trypanosomes. A schematic picture 

showingg the three marked ESs in these cells is given in figure lAi . To test the functionality of 

thee phleomycin resistance gene and the 1.8 expression site [27] containing this gene, we 

performedd switching experiments using drugs to select for in situ switchers between the three 

markedd expression sites. The trypanosomes switched from the 1.8 ES to the 221 ES with a 

frequencyy of 1.3 x 10"5 and to the V02 ES at 6.8 x 10"6 per cell and generation (average values 
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fromfrom 4 switching experiments). The 1.8 ES wass reactivated from the 221 ES and from the V02 

ESS at a frequency of 2.9 x 10"6 per cell per generation. These frequencies are similar to those 

reportedd for the 427 T. brucei stock [15, 30]. 

Cellss with an active 1.8 ES had an IC50 for phleomycin of 165 ug/ml, similar to the IC50 of 175 

ug/mll  reported for the phleomycin gene in the active 221 ES [31]. When the 1.8 ES became silent 

thee resistance to phleomycin dropped 1000-fold to an IC5o of about 0.14 pg/ml regardless of 

whetherr the 221 ES or the V02 ES was the active ES. In contrast, the IC50 for wild type 

trypanosomess is 0.05 ug phleomycin per ml (data not shown). Thus, the resistance level of cells 

withh the gene in a silent ES is still about three times above the wild-type level. 

AA phleomycin concentration of 40 pg/ml was used to select for cells that reactivated the 1.8 ES. 

Thesee cells all wore a 1.8 VSG coat detectable by an antibody directed against VSG 1.8. To 

checkk for possible DNA rearrangements, three switched clones per experiment were analyzed 

usingg PCR and pulsed field gel electrophoresis. Two of the three clones that switched from the 

V022 ES had lost this ES, a phenomenon we have observed before [15, 32] whereas the third had 

undergonee an in situ switch. Al l the switchers from the 221 ES had merely inactivated this ES 

resultingg in an in situ switch. 

Thee switching frequency between the 221 and the V02 ES in the HNPh line was the same as in 

thee parental HN line, with an average frequency of 5.7 x 10"6per cell per generation. The loss of 

thee 221 ES was observed once in a HNPh clone switching from the 221 ES to the V02 ES. 

Selectionn with two drugs selects for  an unstable double resistant phenotype 

Wee have previously shown that a combination of two drugs can select for cells that had activated 

twoo ESs, called double resistant (DR) cells [17]. DR cells rapidly switch between two ESs, one 

ESS is fully active whereas the other one is in a state we call pre-active. From this state the ESs 

cann be activated at extremely high frequencies (10"1 per cell per generation). The nature of this 

statee is unknown, but we have speculated that the two drugs used in the initial double selection 

experimentss [17], hygromycin and G418, could stabilize the rapid switching state by partially 

inhibitingg protein synthesis [7]. As the cells only transcribe each ES intermittently, the level of 

resistancee is relatively low. Hence, the double selection experiments have to be carried out at 

minimall  drug concentrations. To determine whether the 1.8 ES is also able to assume a pre-active 

state,, we tested a range of double drug selection regimens. The drug concentrations finally used 

weree H40/Ph2 to get DR cells with the 221 ES and the 1.8 ES active, G5/Ph2 to get cells with the 

V022 ES and the 1.8 ES active and G4/H10 for cells with active 221 ES and V02 ES (all drug 

concentrationss in (ig/ml). The first two selection experiments were started with HNPh 1.8 cells, 
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thee latter one with HNPh 221 trypanosomes. Clones arose at low frequency (about 1 x 10'7) and 

weree subsequently checked for the DR phenotype. 

Immunofluorescencee assays using directly labelled anti-VSG antibodies showed that about 60-

70%% of the DR trypanosomes displayed both VSGs on the surface, the remainder only one of the 

two.. Pulsed field gel electrophoresis was used to exclude that the cells had undergone DNA 

rearrangements,, and this was not the case (data not shown). 

A, , 

r~i i 

JJ m / /_ll  m ÜL 

HNPhh 1.6 

B B 

phleomycin n 
resistance e 
gene e 

v-Jv-J Gl_ 

_ _ 

 o/p tubulin 

1BB 221 18/V02 18/221 22W02 act ive ES 

DRV02/1 .88 cells 

Figuree 1. A. Scheme showing the three marked ESs in the HNPh trypanosomes. The open triangle is the 
ESS promoter and the black arrows represent transcription. The squares are either resistance genes (H: 
hygromycin;; N: neomycin; Ph: phleomycin) or VSG genes (italic). A|, cells expressing the 1.8 VSG (HNPh 
1.88 cells). A2, double resistant DR trypanosomes; the dotted lines with arrow represent rapid switching 
betweenn the two ESs. B. Northern blot analysis of single and double resistant HNPh trypanosomes, 
respectively.. mRNA of about 5 x 107 cells was loaded per lane. The blot was probed for the phleomycin 
resistancee gene and for the a/p tubulin array as a loading control. On the bottom of each lane the active ES 
orr ESs (in the DR cells) is indicated. 

Thee mRNA from the resistance genes was quantified in a northern blot (figure 1, the analysis of 

thee expression of the phleomycin gene is shown). The DR trypanosomes contained about half the 

mRNAA level for each of the resistance genes involved in the double selection compared to the 

correspondingg single expressors. This supports the idea that the trypanosomes are rapidly 
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switchingg between two ESs and that each ES is transcribed to the same extent. RNA of the third 

resistancee gene not taking part in the rapid switching was below the detection limit. 

Too check the stability of this double-resistant phenotype, cells were grown in the absence of 

selectionn for increasing periods of time, after which drugs were added back to the medium. The 

longerr the trypanosomes were off drug selection the longer it took them to grow normally again 

inn medium containing both drugs. After 11-18 days off selection (depending on the resistance 

geness involved), no double resistant cells were left. Immunofluorescence assays showed that the 

proportionn of cells with a mixed VSG coat decreased over time and that the culture resolved in a 

mixturee of trypanosomes expressing only one VSG. The percentages determined in three 

independentt experiments using released DR 1.8/221 cells were 70%:30%, 37%:63% and 

48%:52%% (about 150 cells analysed in each experiment). Thus, the double-resistant phenotype is 

symmetricc and disappears in the absence of drug selection. This is in line with the finding that the 

DRR cells grow slightly slower in the presence of drugs than without selection (figure 2). 
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Figuree 2. Growth of DR trypanosomes (HNPh cells) without selection (-A-), under double selection ) 
orr on double selection after a period of 18 days without selection (-#-). 
Dottedd lines, DR V02 / 1.8 selected with G418 and phleomycin; solid lines, DR 221 / 1.8 selected with 
hygromycinn and phleomycin. 

Thesee results generalise our previous analysis of the 221 ES and V02 ES double-resistant 

phenotypee [17] and show that the DR state can also be obtained with a marker gene such as the 

phleomycinn resistance gene that does not target protein synthesis. 
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DRR trypanosomes can still perform an in situ switch to another  expression site 

Wee wondered whether DR cells would still be able to switch to another expression site. As the 

DRR cells rapidly turn into single VSG expressors upon drug-release, we plated them immediately 

fromfrom medium containing two antibiotics (or one for the control cells) on agarose plates containing 

thee drug for selecting the third ES. The resulting switching frequencies were 3.4 x 10"7 for the 

switchh from DR 1.8/V02 to 221, 6 x 10"7 for the switch from DR 1.8/221 to V02 and 7.5 x 107 

forr the switch from DR 221/V02 to 1.8. Single VSG expressors without previous release from 

drugg switched at a frequency of 5.5 x 10"6 between the 1.8 and the 221 ES and 1.2 x 10"6 between 

thee 221 and V02 ES. All these frequencies (events per cell and generation) were obtained in two 

too seven independent experiments. These data suggest that DR trypanosomes activate a new ES at 

aa somewhat lower frequency than single VSG expressors. That could mean that only the sub-

fractionfraction in the DR population, which has lost the DR property, is able to switch, whereas the real 

DRR cells can not activate a third ES. Hence, the amount of cells available to perform a switch 

wouldd be decreased in DR cells compared to single VSG expressors. This speculative 

interpretationn cannot be tested with the methods now available. 

Selectionn of cells resistant to all three antibiotics 

Ass an in situ switch to a third ES was still observed in DR cell populations, we tried to select for 

cellss that showed rapid switching between three ESs and therefore resistance to all three 

antibioticss at the same time. We did the selection experiments starting from single VSG gene 

expressingg cells as well as from all three types of DR cells. 

Aboutt 1 x 108 cells per experiment were put on plates containing all three drugs in several 

combinations.. The concentrations tested included those that selected for the DR phenotype of all 

ESs,, as well as lower drug levels for either the two resistance genes in the pre-active state or the 

previouslyy inactive resistance gene (or both combined). No clones arose until the concentration of 

hygromycinn (selecting for the previously silent 221 ES) was lowered to S îg/ml together with low 

concentrationss of the other two drugs (G418 at 3 ug/ml and phleomycin at 1 pg/ml) using DR 

1.8/V022 cells. Colonies arose at frequencies ranging from 9.8 x 10"7 to 1.1 x 10"7. In 

immunofluorescencee assays the triple resistant cells (TR cells) showed the same VSG coat as the 

"parental""  DR cells, i.e. V02 and 1.8 VSGs. No VSG 221 was detected, either by 

immunofluorescence,, or by protein analysis on a western blot. No DNA rearrangements were 

detectablee in TR cell DNA using pulsed field gel electrophoresis (data not shown). 
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Figuree 3. Analysis of mRNA levels for the hygromycin resistance gene and the VSG 221 gene in HNPh 
trypanosomess selected for triple resistance. 
A.. Northern blot of RNA from four different variants of the HNPh trypanosomes. The blot was hybridized 
withh the hygro probe, stripped and rehybridized with the VSG 221 gene probe, stripped and finally 
hybridizedd with the a / p tubulin gene array probe as a loading control. The active ES is indicated under 
eachh lane. TR1 and TR2 are two independent triple resistant clones. 
B.. Schematic diagram showing our interpretation of the results with the TR clones: rapid switching 
betweenn the V02 and the 1.8 ESs and partial activation of the promoter-proximal part of the 221 ES. 

Whereass both neomycin and phleomycin genes were highly expressed (not shown), mRNA for 

thee hygromycin resistance gene (situated in the 221 expression site) was only detected as a weak 

bandd in a northern blot and no mRNA for the 221 VSG was detected (figure 3, lanes TR1 and 

TR2).. Thus, the transcription of the 221 ES is up-regulated near the ES promoter but does not 

reachh the VSG gene. The cells were able to grow in hygromycin at a concentration of 20 ng/ml 

butt started to die at 40 |ig/ml. After release from drugs they also lost the resistance to G418 and 

too phleomycin (figure 4A) and the culture resolved into a mix of single expressors, like the DR 
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1.88 / V02 trypanosomes. However, the TR cells stayed resistant to hygromycin at 5 ug/ml after 

beingg released from drug for 11 days (figure 4B). 

hours s 

B B 

Ü Ü 

Figuree 4. Growth of HNPh TR trypanosomes with or without drug selection. The cells were released from 
drugg selection and put back in selective medium after the indicated times. 
A:: double resistance to phleomycin at lug/ml and G418 at 3 ug/ml. Constant drug selection , no drugs 
(-A-),, double selection after 5 days off drug ) and 12 days off drug . 
B:: resistance to hygromycin at 5 ug/ml. No drugs (-A-), selection after 5 days off drug ) and 11 days 
offf  drug (-#-). 

Wee wondered whether the 221 ES would be fully activated upon release from G418 and from 

phleomycin,, but continuing hygromycin selection, but no VSG 221 was detected on the cells 

(dataa not shown). Even after 2 weeks of culturing in the presence of 5 ^g hygromycin per ml the 

cellss remained 1.8 or V02 single expressors. The partial activation of the 221 ES seems to be 

independentt of the rapid switching between two other ESs as it can also be detected in 

trypanosomess expressing only one VSG (see below). We conclude that the putative TR variant 
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selectedd is not really switching between three ESs, but instead switches between two ESs with a 

partiall  promoter-proximal activation of the third ES (Figure 3B). 

Characterisationn of trypanosomes with a partiall y activated expression site 

Whenn HN V02 trypanosomes (V02 ES with neo marker active, 221 ES with hygro marker 

silent)) were selected with G418 (5ug/ml) plus a relatively low concentration of hygromycin (10 

ug/ml),, double-resistant colonies arose at a frequency of approximately 10" per trypanosome 

(rangingg from 8 x 10"6 to 3 x 10"5, in a total of 11 experiments). These DR clones are similar to 

thee TR clones described in the preceding paragraph. Analysis by RT-PCR showed that the V02 

ESS is fully transcribed and that the 221 ES is only partially transcribed and at a low level (data 

notnot shown). No 221 VSG mRNA was detected. After staining with anti-VSG antibodies, all the 

cellss were V02 positive and 221 negative (data not shown), confirming the RT-PCR data. These 

resultss show that these double-resistant clones have a maximally activated V02 ES and a very 

partiall  activation of the 221 ES. Indeed, they were not resistant to more than 10 u.g hygromycin 

perr ml. This resistance was stable, however. After 16 days of growth without selection, the cells 

(calledd sDR V02 trypanosomes) were still double-resistant, like the TR cells in figure 4B (data 

nott shown for the sDR V02 cells). 

Too check whether the sDR V02 cells had undergone an irreversible alteration (e.g. a mutation), 

wee tested whether complete activation of the 221 ES would erase the stable activation, as outlined 

inn the flow diagram in figure 5. Selection of sDR V02 cells on agarose plates containing 200 ug 

hygromycinn per ml gave rise to colonies at a frequency of approximately 10"s (HN 221'), the 

samee frequency as we found in this series of experiments for naive HN V02 trypanosomes. The 

cloness obtained are 221 expressors and they could be selected to become G418 resistant 

(HNV02')) or double resistant at the same frequency as naive HN 221 cells (10~6 and 10"7, 

respectivelyy [17]). Once these clones had switched back to the V02 ES, they lost their resistance 

too hygromycin at 10ug/ml showing that the elevated transcription of the "silent" 221 ES, present 

inn the original sDR V02 trypanosomes, had been lost. However, they gave rise to stable DR cells 

att the same frequency as HN V02 trypanosomes, 105. 

Wee conclude that, in becoming double-resistant, sDR V02 cells acquire a stable but reversible 

epigeneticc alteration of the transcription regulation of the 221 ES. This alteration is stable when 

thee cells are grown in the absence of selection, but is erased once maximal activity of the ES is 

required.. Whereas stable double-resistant clones were consistently obtained starting with HN 

V02,, hardly any stable double resistant clones were obtained starting with HN 221 [33]. The 

reasonn is probably trivial: our particular neomycin phosphotransferase gene present in the V02 
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ESS confers relatively low levels of resistance to G418. Hence, it is likely that clones with a low 

activationn of the V02 ES do arise, but that we do not pick them up because they are not resistant 

too the G418 concentrations used. 

HNV02 2 
10 10 

sDRR V02 

10 10 

HN221' ' 
10 10 

HNN V02' 
10 10 

sDRR V02' 

Figuree 5. Flow chart illustrating the partial activation and subsequent inactivation of the hygromycin drug 
resistancee gene in the 221 ES. Hygromycin is represented by an H and G418 by a G. The number after H 
andd G corresponds to the drug concentration, in ug/ml. The frequencies of obtaining clones under these 
conditionss are in italics. 

Treatmentt  of HNPh trypanosomes with the methylating agent MNNG 

AA trypanosome line with three marked ESs provides a strong selection system for mutants with 

alteredd ES regulation. As chemical mutagenesis has already been used to generate interesting 

mutantss in T. brucei [34] and Leishmania [29], we chose this approach to generate mutants and 

usedd the tagged ESs to screen for changes in ES control. 1 x 10s HNPh trypanosomes expressing 

thee 1.8 ES were treated with N-mefhyl-3-nitro-l-nitrosoguanidine (MNNG). After a period of 

recoveryy (3 to 4 days) the cells were put on drug selection. As a control we used the same number 

off  cells without MNNG treatment. The selection conditions were the same as for selection of the 

DRR 221/1.8 cells (i.e. hygromycin at 40 ug/ml and phleomycin at 2 ug/ml). Most of the colonies 

thatt appeared about one week after plating showed the DR phenotype with rapid switching 

betweenn the 221 and the 1.8 ES. Also clones with an exclusive 221 coat (and slower growth) 
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weree observed. These cells probably switched to the 221 ES, low transcription of the 1.8 ES 

presumablyy allowing growth at low rate at the phleomycin concentration used. Both types of 

cloness also appeared in the control experiments without MNNG treatment (not shown). In two 

experimentss clones were found with only a 1.8 coat (data not shown, frequencies 5 x 10s and 6 x 

10""  per trypanosome per generation). This phenotype did not appear in the control experiments or 

inn any previous double selection experiment (in total four independent double selection 

experimentss for HNPh 1.8 trypanosomes using phleomycin at 2 ug/ml and hygromycin at 40 

jig/ml).. The cells did not show any detectable DNA rearrangement, the hygromycin resistance 

genee was still only present in the 221 ES (southern mapping), but its activity was clearly elevated 

too about 8 % of the fully active state (figure 6), explaining the increased hygromycin resistance. 

Too check whether activity of other ESs would be increased as well, we analyzed the V02 ES. 

Indeedd we found partial upregulation of this ES (figure 6). The level of RNA for the neomycin 

resistancee gene was about 10 % compared to the fully active state. Even a low signal for V02 

VSGVSG mRNA was found (less than 1% compared to the HNPh V02 cells), but no V02 VSG was 

detectedd on the cell surface using IFA. The cells were able to grow in medium containing all three 

drugss at the same time. As we had no other ESs tagged with resistance genes, we could only 

checkk for transcription of other telomeric VSGs. We tested for the V07 and the 121 VSG mRNA 

butbut did not detect these RNAs on blots. The elevated activity of the 221 ES and the V02 ES was 

stablee and still present after a period of two weeks without selection. The cells could still perform 

switchess to other ESs: they fully activated the 221 ES with normal frequencies (10"5 per cell per 

generation)) but in two independent switching experiments we did not get any switchers to the 

V022 ES. The mutagenized trypanosomes that had switched to the 221 ES had lost the partial 

upregulationn of the V02 ES (figure 6). In conclusion, the MNNG treatment has yielded a new 

typee of clone not observed before. These stable DR clones fully transcribe only the 1.8 ES, 

resultingg in an exclusively 1.8 VSG coat, but have activated the promoter-proximall  part of at least 

twoo other "silent" ESs at relatively high rate, resulting in substantial hygromycin resistance (at 

leastt 40 ug/ml). The activity of the "silent" V02 ES is stable, but is lost when the cells switch 

fromm the 1.8 ES to the 221 ES. Nevertheless we think that the MNNG treatment has contributed 

too the generation of these clones. The resistance to all three drugs (including hygromycin at 

higherr concentrations) distinguishes them clearly from all other cell types that we have seen in 

ourr standard selection for DR or TR cells and such clones were never obtained in any selection 

before. . 

88 8 



ControlControl of VSG expression sites 

mm m w hy9ro 

mm * ne

" 

V02 2 

a/pp tubulin 

1.88 221 A B c A.221 trypanosome variant 

HNPhh m u t a n t 

Figuree 6. RNA analysis of cells derived via MNNG-treatment of HNPh 1.8 cells. mRNA of about 2 x 107 

cellss was loaded per lane. The blot was probed for the hygromycin and neomycin resistance genes, the V02 
VSGVSG and for the a/p tubulin array as a loading control. A, B and C are three variant clones, expressing the 
1.88 VSG. A and B derived from the same mutagenesis, C was isolated after an independent MNNG 
treatment.. In the right lane a clone is shown that derived from A but switched to the 221 ES. 

Discussion n 

Thee 427 lab strain of T. brucei normally switches to another ES at a rate of 10"5 to 10"6 per cell per 

generation.. We have previously selected an unusual DR phenotype, in which the switching 

frequencyy is dramatically increased to 10"1 per cell per generation [17]. To exclude that this DR 

phenotypee is restricted to the ESs tested by Chaves et al. [17], the 221 and V02 ESs, or to the 

markerr genes involved (both neomycin and hygromycin inhibit protein synthesis), we have 

constructedd a T. brucei line with an additional marked ES, the 1.8 ES, marked with a phleomycin 

resistancee gene. 

Wee have shown here that this 1.8 ES can enter into a rapid switching DR state with either the 221 

orr the V02 ES. Frequency of appearance, proportions of mixed versus single VSG coats, 

instabilityy of the double resistance, and expression level of the marker genes are comparable for 

alll  three ES combinations. The nature of the resistance gene used for selection does not seem to 

bee important, either. We infer that any VSG ES can enter into the DR state, even though this state 

cann only be detected using drug selection. As there is no increased message detectable for the 

markedd ES that does not take part in the rapid switching (figure 1, lane 221/V02), we conclude 
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thatt the rapid switching only involves two ESs whereas the other ones remain in a state where 

theyy do not produce functional mRNAs. 

Wee think that our results provide strong support for the "pre-active state model" proposed by 

Chavess et al. [17] and reproduced in figure 7. According to this model an ES that is inactivated 

duringg the switching process remains in a pre-active state from which it can be reactivated at very 

highh rate. Once the pre-active state is lost, the ES can only be activated at the usual low rate of 

10"55 10"6. 

activee A 
inactivee B 

_ _ 

activee A 

activee B 
inactivee A 

activee B 
^ ^ 

Figuree 7. Pre-active state model for VSG expression site switching. The boxes represent trypanosomes. A 
andd B represent two expression sites. The active expression site is shown in bold. From Chaves et al. [17]. 

Wee have tried to determine whether more than one ES could be in the pre-active state at a time by 

performingg triple selection experiments, but failed to obtain cells that rapidly switch between 

threee ESs. This failure might be due to technical problems, however. For selection of ES 

activationn the drug concentrations used are critical. If they are too low, partial activation of an ES 

iss already sufficient to give resistance; if they are too high, the trypanosomes can not make 

enoughh resistance protein to preserve resistance before they switch again. The frequency of 

gettingg double resistant cells is already very low (107), it might therefore be impossible to get 

triplee resistant cells. We can therefore not exclude that more than one pre-active ES might co-

exist,, but that this event would happen at extremely low frequencies, undetectable by our system. 

Wee have also tried to determine, whether the DR state affects the rate of switching to a third ES. 

Theree is evidence that disabling an ES can lead to an immediate switch to a new ES [14, 15, 32, 

35].. If the rapid switching would interfere with ES function, one would expect increased 

switchingg frequencies to a third ES. However, we find the DR trypanosomes to switch to a third 

ESS at somewhat lower frequencies than single VSG expressors, indicating that the rapid 

switchingg does not interfere with optimal ES function. Whether the lower frequency observed is 

activee A 
pre-activee B 

pre-activee A 

activee B 
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duee to a lower amount of cells being able to switch (i.e. only the cells that have lost the DR state) 

iss difficult to assess. However, our results are compatible with the idea that real DR cells cannot 

switchh to a third ES. 

Wee have previously proposed that the DR state is a normal intermediate in switching of ESs [17], 

butt it remained possible that the conditions used for selection of DR cells would have trapped the 

trypanosomess in an abnormal state. In fact, we have speculated that interference with protein 

synthesiss by hygromycin/G418 could induce rapid switching [7, 17]. There are now several 

argumentss against this induction: First, as noted above, there is no increased rate of switching by 

DRR cells to a third ES; secondly, the DR state cannot only be obtained with inhibitors of protein 

synthesis,, but also with phleomycin, a drug that targets DNA; and thirdly, we have found that the 

DRR state cannot be induced by inflicting a non-specific stress on trypanosomes. Exposing 

trypanosomess to 42 °C for various times did not increase the rate of ES switching (unpublished 

data). . 

Wee therefore tentatively conclude that the DR state is not induced by our drug selection, but that 

thiss state is a natural intermediate in ES switching made visible by drug selection. The unusual 

ESS in the DR state is the "pre-active" ES, the ES that has just switched off. It is silent, but differs 

fromm all the other 18 silent ESs, because it is the ES that can be activated at very high rate. It is 

remarkablee that the DR state resolves in a 50:50 mixture of single expressors when drug selection 

iss terminated. This must mean that both ESs are taking part in the DR state to the same extent and 

thee chance that the intermediate will lead to a switch is therefore also 50%. This implies that only 

halff  of the switches initiated will be completed. The ability of the trypanosome to reactivate the 

previouss ES immediately after a switch at high frequencies was also demonstrated by Horn and 

Crosss [12]. 

Couldd there be an advantage to the trypanosome in keeping the switched off ES at hand in a pre-

activee state and completing only half of the switches initiated? One possibility is that it would 

makee an ES switch readily reversible. If the newly selected ES is defective, the trypanosome 

mightt survive with its old ES and try a new switch. It is also possible, however, that 

backswitchingg is an unavoidable consequence of the switching mechanism and that it is not 

advantageouss at all. 

Whatt makes the pre-active ES special and able to preferentially compete with the active ES 

remainss unknown. We have shown that the two ESs involved in RNA synthesis are close together 

inn the nucleus [17] which may facilitate competition for limiting factors, but what keeps them 

togetherr is unclear (see discussion in [7]). 
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state state 

fullyfully active 
(stable) (stable) 

"silent" "silent" 

PartiallyPartially active 
(low(low level) 

PartiallyPartially active 
(high(high level) 

fullyfully active 
(unstable) (unstable) 

levellevel of activity 

highh level 
transcriptionn of the 
entiree ES 
residuall  expression 
off  promoter 
proximall  sequences 

elevatedd activity of 
promoterr proximal 
sequences s 
activityy reaching 
10%% of the fully 
activee state near the 
promoterr of several 
ESs s 
highh level 
transcriptionn of the 
entiree ES 

cells cells 

normall  situation 
inn cells expressing 
onee VSG 
normall  situation 
att all ESs except 
thee fully active 
one e 

sDRR V02 

TR R 
MNNG-treated d 
HNPhh cells 

switching g 
intermediatee (DR 
cells) ) 

stability stability 

stable e 

stable e 

stable,, but erased after full 
activationn of the ES and 
subsequentt switch 
stable,, but erased after a 
switch h 

unstable e 

Tablee 1. Summary of the different activation states of ESs described in this paper. All stages except "fully 
active""  and "silent" were investigated using drug selection. 

Ourr experiments also provide additional information on the control of "silent" ESs. Previous 

workk (reviewed in [7, 8]) has shown that "silent" ESs are not completely silent, because the 

promoter-proximall  part is transcribed [5] and can even yield functional mRNAs for ESAG6 and 7 

[6].. Indeed, we find that the resistance of trypanosome lines with a resistance gene in a "silent" 

ESS is somewhat higher than the resistance of wild-type trypanosomes. We show here that one can 

selectt for increased resistance by partially activating an ES. This activation results in elevated 

mRNAmRNA levels (about 1.5 % of the fully active state, figure 3), the activation is stable, and it arises 

att low rates, about 10'5 per cell per generation. Nevertheless, this partial activation is not due to a 

mutation,, but to infrequent epigenetic events, as it can be erased by taking the 221 ES through 

completee activation and subsequent silencing (figure 5). It is remarkable that the partial activation 

off  a "silent" ES does not affect the frequency at which this ES is fully activated. Our sDR V02 

trypanosomess did not switch at higher rate to the 221 ES than the parental HN V02 cells. Similar 

resultss were obtained by Navarro and Cross [16]. This shows that epigenetic partial activation of 

ESss and complete activation are not directly coupled mechanisms. Table 1 summarises the 

differentt states of ES activation found during our study. Treatment of trypanosomes with the 

chemicall  mutagen MNNG yielded a new stable phenotype. The cell lines obtained have a fully 
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activatedd 1.8 ES, they only have VSG 1.8 in their coat, but they also contain high levels of 

transcriptt from other ESs, at the V02 ES even down to the VSG. It is difficult to assess whether a 

mutationn is responsible for this phenotype as it is not possible to simply perform genetic crosses 

inn T. brucei. This upregulation of "silent" ESs could also be a consequence of the chemical 

treatmentt itself. MNNG modifies the DNA by methylation. We have observed previously that 

modifyingg the DNA by incorporation of bromodeoxyuridine leads to increased transcription of 

inactivee ESs [36] to a similar extent as in the present study. Other examples of trypanosome 

variantss with a very incompletely shut off ES have been reported by Navarro and Cross [16] and 

Chavess [33]. 

Thee enormous range in the degree of silencing of "inactive" ESs, observed by us and other 

laboratories,, raises fundamental questions about ES control [7]. It is likely that nuclear 

compartmentationn plays some role, but attempts to demonstrate a specific location of "inactive" 

ESss have given negative results thusfar: The 50 bp repeats upstream of all ESs appear to be 

randomlyy distributed in trypanosome nuclei [33]. Probably, some form of labeling of ESs in 

livingg trypanosomes will be required to solve the problem. 
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InIn vivo tagging of DNA sequences using the GFP-lac system 

Introductio n n 

Earlierr results with the double resistant (DR) cells suggested that the active VSG gene expression 

sitee shows a specific nuclear localisation (Chaves et al., 1999). A specific nuclear environment 

couldd provide factors that ensure the exclusive activation of one ES. However, all experiments to 

investigatee this question were done with fixed cells that went through the entire process of an in 

s/7w-hybridisation.. We can not exclude that the nuclear architecture is severely damaged by this 

procedure.. Therefore, we aimed to investigate ES-localisation in living cells. 

Wee decided to use a system for the in v/Vo-staining of DNA sequences that was developed in the 

laboratoryy of Andrew Belmont (Robinett et al. 1996). This system is based on the specific 

interactionn of the bacterial lac-repressor protein with the lac-operator sequences. If a lac-repressor 

iss used, which is fused to the green fluorescent protein (GFP or its improved version EGFP), the 

lac-operatorr can be visualised within the nucleus. The aim of the project was to insert the lac-

operatorr into DNA sequences adjacent to an ES and then study the EGFP-localisation. 

Resultss and Discussion 

First,, the EGFP-lac-repressor fusion gene was inserted into the tubulin gene array of bloodstream 

formm T. brucei. Several independently transfected clones were analysed and all showed a clearly 

EGFP-stainedd nucleus. Thus, the nuclear localisation signal of the gene and the EGFP were 

shownn to work in trypanosomes. Further analysis of the cells in a CHEF-gel revealed that the 

constructt had indeed integrated into the tubulin locus. 

Too target the operator-repeats close to a VSG expression site we decided to insert them into the 

JV02JV02 region. This J (accession number AF193 542) sequence is part of the repetitive region 

upstreamm of the 50 bp repeats of several ESs (Berriman et al., 2002). The J region we used is 

situatedd upstream of the V02 ES. We chose this area because we thought that insertion of a 10 kb 

fragmentt too close to the ES promoter might disable the ES. The targeting construct is shown in 

Figuree 1. The cells used for transfection were the ones that were previously transfected with the 

repressor/EGFPP fusion. The transfection efficiency was very low, only two hygro-resistant clones 

arose.. This could be due to impaired insertion of the operator-construct because the repeats get 

immediatelyy bound by the repressor which has a high affinity for its target sequence (Belmont 

andd Straight, 1998). The chromosomes of both clones were separated in a CHEF-gel, which was 
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probedd for the hygromycin resistance gene (the selectable marker of the operator-construct) and 

thee lac-operator repeats. As can be seen in Figure 2, the cells showed multiple insertions of the 

targetingg construct. Release from drug-selection resulted in a rapid loss of the operator-construct 

(whereass the repressor/EGFP fusion was retained). We used hygromycin at 20ug/ml for selection 

off  the transfectants, which might have been too much and might have led to an amplification of 

thee construct in order to get enough resistance protein. However, also after re-cloning of the cells 

andd lowering drug selection (to 2ug/ml) we were not able to get clones that showed a single dot 

inn the nucleus and a single insertion of the operator repeats. 

-- ii IJ^TMIIIMIII 1 n n n r~i n n n r~i n r~i > M 

JV02JV02 50bprep ESAGs 70 bp rep. VSG Tel 

PP hygro lac-operator rep . 10 kb 

Figuree 1. Schematic drawing of the construct used for targeting of the lac-operator into the jV02 region 
(nott to scale). Hatched boxes, repetitive DNA sequences; black boxes, jV02 targeting sequences; white 
boxes,, expression site associated genes (ESAGs) and VSG; Tel, telomeric repeats; black triangle, VSG-ES 
promoter;; hygro, hygromycin resistance gene. 

Ass the presence of the lac-repressor molecule might have complicated the proper insertion of our 

lac-operatorr construct we decided to continue by inserting the operator repeats first. Wild type 

bloodstreamm form trypanosomes were used for transfection and selection was done using 

hygromycinn at 2|ig/ml. Figure 2B shows that we were indeed able to get single insertions of the 

repeats,, most of them in intermediate and mini-chromosomes. However, no clone had an insertion 

inn the V02 chromosome (not shown). Two of the clones were chosen for transfection of the lac-

repressor/EGFPP construct. Transfectants arose but did not show any interaction of the lac-

repressorr with the operator repeats. They all had a completely EGFP-stained nucleus. 

Althoughh the EGFP/repressor and the lac-operator repeats interacted in some of the cells the 

overalll  results of this project were unsatisfactory. Two major problems were encountered; First, it 

wass not possible to get a single, targeted insertion of the operator repeats. The occurrence of 

multiplee insertions in the first round of transfections (Figure 2 A) might have been a consequence 
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off  the high levels of drug used for selection. Upon release from drug the cells lost the constructs 

veryy fast, so it was not possible to get trypanosomes with less insertions that way. In addition, the 

flankss used in our operator construct are present in several locations in the genome which 

probablyy complicated the targeting to the V 02 ES. Although we were able to obtain single 

insertionss by transfecting wild type cells and using a low drug selection (Figure 2B), these were 

nott in the V02 chromosome. 

B B 

I I 
m m 
IBP P 

Figuree 2. CHEF-analysis of trypanosomes transfected with lac-operator constructs. A, cells that expressed 
thee EGFP/lac-repressor fusion prior to transfection of the lac-operator construct. Left panel: Ethidium 
bromidee staining; right panel: blot of the gel, hybridised with a probe for the hygromycin resistance gene. 
Lanes:: 1,2, two independent clones; 3, untransfected controls. B, wild-type cells that were transfected with 
thee lac-operator construct. Four independent clones are shown (lanes 1-4). Left panel: Ethidium bromide 
staining;; right panel: blot of the gel, hybridised with a probe for the hygromycin resistance gene. For both 
gels,, hybridisation with the lac-operator sequences gave similar results (not shown). 

Thee second problem was that the transfectants did not all show one clear nuclear dot, a 

considerablee fraction of the cells had multiple signals or (in the case of the clones in Figure 2B) 

noo visible interaction at all. One explanation for the absence of a detectable interaction could be 

thatt the level of repressor-expression was too high. Free EGFP/repressor could have covered the 

specificc signal that derives from ca. 500 repressor molecules bound to 256 operator repeats 

(Belmontt and Straight, 1998). Similar problems were reported by Navarro and Gull (2001) who 

successfullyy used this system in trypanosomes. The major difference was that they used a 

tetracyclinee inducible expression system for the EGFP/repressor. Thereby they obtained clones 

showingg a greater variation in repressor expression level. Still, only 10% of the cells in each clone 

showedd a clear dot (Navarro and Gull, 2001). In addition, another target region for the operator 
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repeats,, much closer to the ES promoter, was used. Alternatively, the operator repeats might not 

havee been capable of binding enough repressor. The majority of the cells from the first round of 

transfectionn had clearly less dots in the nucleus than they had repeats in their DNA (judged from 

thee number of bands in the CHEF-gel, Figure 2A). This might indicate that there were factors 

inhibitingg repressor binding. One of those factors could be DNA modification. As the operator 

repeatss consist of 10 kilobases of repetitive DNA sequences this DNA could get modified with P-

D-glucosyl-hydroxymethyluracill  (J). J has been shown to be present in repetitive DNA arrays 

(vann Leeuwen et al., 1999) and, as a bulky DNA modification, it might have disturbed repressor 

binding. . 
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Conclusionss and perspectives 

Biosynthesiss of J 

Basee J replaces 1% of the thymine residues in the nuclear DNA of Trypanosoma, brucei, mainly 

inn repetitive telomeric sequences. Previous results led to a model in which J is synthesized in two 

stepss via the intermediate 5-HmU (van Leeuwen et al., 1998). In Chapter 2, this two-step model 

wass tested by excision of 5-HmU at the DNA level, mediated by expression of the human DNA 

glycosylasee hSMUG 1 in bloodstream form T. brucei. hSMUG 1 was found to cause DNA damage 

duee to massive and specific removal of 5-HmU. Trypanosomes expressing the enzyme showed a 

decreasee in J level, indicating that 5-HmU in DNA is a precursor in J-biosynthesis (base J itself is 

notnot excised by hSMUGl). The fact that 5-HmU in DNA is freely accessible to a DNA 

glycosylasee suggests that the two steps in J biosynthesis are separated events and that 5-HmU is a 

normall  component of trypanosome DNA. Expression of hSMUGl in insect form trypanosomes 

hadd no effect, except that it rendered the cells sensitive to incorporation of exogenous 5-HmU 

(Chapterr 3). This shows that, like J, 5-HmU is normally absent in procyclic trypanosomes. 

Thee DNA damage caused by hSMUGl was sequence-specific, only sequences that were J-

modifiedd were fragmented. We conclude that 5-HmU colocalizes with J, is present in the 

telomericc repeats but is absent in chromosome-internal genes. Together with the previous 

observationn that random incorporation of exogenous 5-HmU leads to J distributed over the whole 

genomee (van Leeuwen et al., 1998), the results strongly support the idea that the formation of 5-

HmUU normally occurs in a sequence-dependent manner and restricts the bulk part of J to 

repetitivee telomeric DNA. It should be noted that 5-HmU can also arise through oxidative DNA 

damage.. However, this is likely to happen independently from sequence context and hence we 

believee that the 5-HmU generated by oxidative attack on thymine does not contribute 

significantlyy to the level of J in the genome. Taken together, the results obtained with hSMUGl 

inn trypanosomes confirm the two step model for J-biosynthesis, with 5-HmU as an intermediate. 

Chapterr 2 presents evidence that the formation of 5-HmU can be inhibited by incorporation of the 

nucleosidee analog BrdU, as trypanosomes fed with BrdU became less sensitive to expression of 

hSMUGl,, although the DNA glycosylase remained functional (S.U. and P.B., unpublished). 

Inhibitionn of 5-HmU synthesis also explains that the decrease in J level upon BrdU-incorporation 

iss higher than expected by loss of thymine (as substrate for J) from DNA (van Leeuwen et al., 
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1998).. This inhibition could be due to binding of the enzyme which cannot convert the substrate 

too the product 5-HmU but remains bound to the base analog, similar to the inhibition of the 

mammaliann DNA methyltransferase by 5-azacytosine (Juttermann et al., 1994). Thus, BrdU 

mightt be used as a tool to find the putative thymine hydroxylase by incubating a BrdU-containing 

oligonucleotidee in trypanosome extracts and analyzing the proteins binding to it. 

JJ and BER 

BERR is a system to remove damaged bases from DNA and its major components are DNA 

glycosylasess that excise a variety of modified bases. Although J is a bulky base modification, it is 

nott recognized to a significant extent by any of the DNA glycosylases from various organisms 

(Chapterr 5). This indicates that evolutionarily conserved DNA glycosylases are highly specific 

forr the basee modifications they encounter in a cell. A base that is never seen in DNA and does not 

significantlyy harm DNA integrity does not fit into the recognition pattern of the BER machinery. 

Similarly,, BrdU does not seem to be a target for BER (G.W. Teebor, personal communication). 

Thiss suggests that J alone is not a reason for T. brucei to lack evolutionarily conserved BER 

factors.. Indeed, we found that trypanosomes have a BER system similar to other organisms as 

theyy contain genes for the major conserved DNA glycosylases and have BER activities detectable 

byy in vitro assays. 

Thee situation is less clear for 5-HmU, the precursor of J. We found weak activities of the DNA 

glycosylasess AlkA , Mug and its human homolog hTDG, against 5-HmU paired to A. Mug and 

hTDGG showed a much higher activity against 5-HmU when paired to G, but such a mispair is 

unlikelyy to occur in trypanosome DNA. Only hSMUGl excised 5-HmU efficiently, independent 

off  the base pair. The expression of hSMUGl was lethal to trypanosomes resulting from excision 

off  5-HmU (Chapter 2), suggesting that a BER activity against this base would be disadvantageous 

forr T. brucei. Taking into account the phylogenetic distribution of the DNA glycosylases 

removingg 5-HmU, the lack of homologs for AlkA and hSMUGl in the (incomplete) trypanosome 

genomee databases does not necessarily represent an adaptation to 5-HmU. Nevertheless, a 

sequencee similar to hTDG and its bacterial homolog Mug was found in Leishmania. The lack of a 

detectablee activity against ethenocytosine in trypanosomes, another TDG substrate, might suggest 

thatt the kinetoplastid enzyme has evolved differently from its homologues in other organisms in 

orderr to tolerate 5-HmU. However, no in vivo excision of 5-HmU has yet been found in nature, 

exceptt in higher eukaryotes containing SMUG1 (Boorstein et al., 1987 and 2001), hence the role 

off  TDG in this context remains unclear, and further work is required to address this question. 
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Chapterr 5 shows that the presence of J is unlikely to result in the absence of certain DNA 

glycosylases.. Nevertheless, it still might be the reason for having extra DNA glycosylases. In 

higherr eukaryotes that methylate cytosine, deamination of 5-MeC creates a T:G mispair, which 

cann be repaired by the excision of mispaired T by BER, an activity absent in other organisms. 

Similarly,, trypanosomes might contain enzymes that specifically repair lesions arising through a 

damagedd J. It would be interesting to synthesize an oxidatively damaged J and to test whether it is 

excisedd by trypanosome extracts, and whether DNA glycosylases from other sources recognize it. 

Thee negative results on J and BER raise the question whether J might have led to adaptations in 

otherr DNA repair systems or in nuclear processes such as transcription or DNA replication. 

BERR is the major pathway responsible for removing damaged bases from DNA, but other 

pathwayss exist, for example bulky base lesions that interfere with DNA structure are removed by 

NERR (Friedberg, 2001). There is no evidence, however, that J distorts the DNA helix. Earlier 

workk has suggested that 5-HmU is not detected by the NER system, as cells with an active NER 

system,, but lacking a DNA glycosylase able to remove 5-HmU, do not touch this base (Mi et al., 

1997).. The addition of a glucose does not distort the DNA structure either, as models of fully 

glucosylatedd d(J-A)n and d(J)n.d(A)n duplexes have shown that the glucose can be accommodated 

inn the major groove of B-DNA without steric hindrance (Gao et al., 1997). Hence, we consider it 

unlikelyy that NER would recognize and remove base J. DNA repair enzymes acting by direct 

damagee reversal are highly specific and those analyzed to date act on methyl groups arising 

throughh alkylation of bases (Falnes et al., 2002; Rydberg et al., 1990), making it unlikely that 

theyy would recognize J. Trypanosomes are also endowed with MMR and double strand break 

repairr systems very homologous to other organisms (Bell and McCulloch, 2002; McCulloch and 

Barry,, 1999; Robinson et al., 2002; Conway et al., 2002), and our finding that T. brucei has a 

functionall  BER fits into the overall picture that mechanisms repairing DNA damage are as 

conservedd as the DNA itself. 

Itt is not yet known whether J interferes with transcription or DNA replication in other organisms. 

Itt is not likely to do so in trypanosomes, as it would be very disadvantageous if the replication 

machineryy was stalled at every J residue, and experimental evidence argues against a direct role 

off  J in transcriptional silencing (van Leeuwen et al., 1998). Furthermore, several modifications at 

thee 5-position of pyrimidines in DNA, such as 5-MeC and 5-HmU (but not 5-formyluracil, which 

iss target for BER), do not interfere with replication or basepairing properties (Heinemann and 

Hahn,, 1992; Zhang et al., 1999; Bjelland et al., 2001), in line with structural data on J-containing 

DNAA (Gao et al., 1997). However, it would be interesting to test whether prokaryotic or other 
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eukaryoticc RNA and DNA polymerases recognize J as a normal thymine residue. If not, this 

wouldd indicate specific adaptations of these proteins in trypanosomes. 

Too conclude, J might add epigenetic information to the primary DNA sequence, which is used by 

thee trypanosome in a way that is not yet understood. It is interesting to ask how this base could 

evolvee in the presence of DNA repair. The available data on the (lack of) interaction between J 

andd BER suggest that evolution has generated a base modification that is not recognized by DNA 

repair.. This was favored over adapting a conserved pathway such as BER to a modified base, 

whichh might even have been impossible: a novel modified base representing a target to an 

intrinsicc DNA glycosylase would have been excised before it could have given any advantage to 

ann organism, maybe even causing DNA damage due to excessive BER. This evolutionary model 

iss analogous to methylated cytosine and adenine in other organisms, which are also not removed 

byy DNA repair. In essence, DNA repair can be seen as a limiting factor for the evolution of 

enzymaticallyy modified bases, and those known to date seem to have evolved without disturbing 

DNAA repair. 

Alternatively,, J might have been present before the invention of some of the conserved DNA 

glycosylases,, hence the overall BER system evolved with a genome that contained J and therefore 

doess not recognize it as damage. We find this unlikely and favor the model that the evolution of J 

representss a specific phenomenon of a common ancestor of kinetoplastids, euglenoids and 

DiplonemaDiplonema (see also Chapter 1). However, the phylogenetic distribution of J might yet be wider 

thann expected, and the situation might be similar to cytosine methylation in Drosophila. that was 

onlyy discovered after finding the genes for DNA methyl transferases in its genome (Lyko, 2001). 

Oncee the genes for enzymes making J are identified, it will be of interest to search for similar 

sequencess in other organisms to get more insight into the origin and evolution of this modified 

base. . 

Activatio nn of VSG gene expression sites 

Too survive the exposure to the host immune system, T. brucei has developed a sophisticated 

systemm of antigenic variation. Chapter 6 investigates the key feature in this system, the control of 

VSGG expression sites. These highly homologous polycistronic transcription units harbor VSG 

geness and display allelic exclusion, i.e. only one of them is fully transcribed at a time. The 

trypanosomee is able to change the VSG expressed by replacing the VSG gene in the active 

expressionn site or by switching off one expression site and activating another one {in situ switch). 

Inn a previous study, a putative intermediate of the in situ switch was identified that was rapidly 
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switchingg between two expression sites marked with drug resistance genes (Chaves et al., 1999). 

Thiss has led to the model of a pre-active expression site, which differs from a silent site in its 

abilityy to be readily activated. Chapter 6 further investigates the pre-active state, after we 

generatedd trypanosomes with three marked expression sites, and the results show that expression 

sitess are not regulated independently, but that there is a form of cross-talk between them, 

couplingg activation of one expression site to inactivation of the previously active expression site 

(Chavess et al., 1999; Borst and Ulbert, 2001). 

Thee newly tagged expression site entered the rapid switching phenotype at the same frequency as 

thee expression sites previously analyzed, suggesting that the pre-active state is a general feature 

off  an intermediate in expression site switching. The results showed that maximally two 

expressionn sites entered the pre-active state, whereas the third one did not participate in the rapid 

switchingg and remained inactive. This finding fits with a model of limiting factors that are 

exclusivelyy accessible for the active expression site. During the process of switching, a second 

expressionn site gets access to these factors and becomes pre-active. This happens at low 

frequency,, and is most likely a stochastic event. The consequence is a short-lived competition of 

thee two sites, which does not involve the other expression sites and rapidly results in only one 

beingg active (although this state can be trapped using drug selection). Although the limiting 

factorss for expression site activation remain to be found, the model is compatible with a nuclear 

structuree such as the expression site-associated body (ESB), identified by Navarro and Gull 

(2001,, see also Chapter 1). Whether the two expression sites involved in the switching 

intermediatee both localize to the ESB requires further study. 

Inn the current model of allelic exclusion only one expression site is expressed at a given time. 

However,, the inactive expression sites are not necessarily completely silent, as discussed in 

Chapterr 6 (with similar observations also made by others; Navarro and Cross, 1998; Ansorge et 

al.,, 1999; Vanhamme et al., 2000). The degree of transcriptional silencing can be altered, leading 

too partially activated expression sites. This state affects sequences close to the promoter, is stable 

andd erased by full activation of the site and subsequent shut-down after a VSG switch. 

Transcriptss from promoter proximal sequences of several silent expression sites have been 

detectedd in the nucleus of wild type T. brucei (Vanhamme et al., 2000). However, they were not 

fullyy processed and exported into the cytoplasm. Hence, the partial activation described in 

Chapterr 6 and by Navarro and Cross (1998) is a distinct phenomenon, as it leads to functional 

mRNAA and appears at low frequencies. What distinguishes a partially activated expression site 

fromm a fully active one, besides the level of transcription, is not known as yet. If the elevated 
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transcriptionn at a partially activated expression site in Chapter 6 is mediated by RNA Polymerase 

II  {although this has not been tested), it could be that a silent expression site gets limited access to 

thee ESB or is able to recruit RNA Polymerase I outside the ESB. Alternatively, the partially 

activatedd expression site could be located in the nucleolus, where the majority of RNA 

polymerasee I is found in the cell. As possible ESB-specific transcription and RNA processing 

factorss might be lacking outside the ESB, the level of expression would be low and limited to 

promoterr proximal sequences. 

Althoughh silent expression sites are randomly distributed in the nucleus (Chaves, 2000; Navarro 

andd Gull, 2001), the nuclear localization of a partially activated expression site has not yet been 

studied,, and these models therefore require further analysis. The marker genes inserted in the 

expressionn sites of the HNPh cell line used in Chapter 5 are quite short in sequence (0.4 - 1 kb), 

andd this makes it difficult to perform in situ hybridizations to detect these individual expression 

sitess in the nucleus of T. brucei (S.U. and P.B., unpublished; Chaves, 2000). Nevertheless, as it is 

possiblee to insert much larger marker sequences close to expression sites and to perform 

antibody-stainingg of DNA sequences (Navarro and Gull, 2001), it would be feasible to localize 

expressionn sites in all stages identified so far (silent, active, pre-active and partially activated). 
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Summary y 

DNAA modification is a common phenomenon in nature, it occurs in prokaryotes and eukaryotes. 

Modifiedd DNA bases have various functions, ranging from protection mechanisms against 

foreignn DNA to complex roles in the control of gene expression. In Trypanosoma brucei, a 

unicellularr eukaryotic parasite that shuttles between mammals and insects, 1 % of the thymine 

residuess in nuclear DNA is replaced by the modified base P-D-glucosyl-hydroxymethyluracil (J), 

mostlyy in repetitive telomeric sequences. J is only detectable in the bloodstream form of the 

parasite,, and the function of this DNA modification is not known yet. In addition to J, T. brucei 

DNAA contains small amounts of 5-hydroxymethyluracil (5-HmU). Previous results suggested a 

modell  in which J is synthesized in two steps at the DNA level, with 5-HmU as an intermediate. 

However,, no J-synthesizing enzymes have been identified to date. To gain further insight into J-

biosynthesiss and the role of 5-HmU, we established a system to specifically remove 5-HmU from 

DNAA by integrating the gene for the human DNA glycosylase hSMUGl into T. brucei (Chapter 

2).. hSMUGl functions in the base excision repair (BER) system and excises 5-HmU, generating 

ann abasic site in DNA, which is further processed by other BER factors. The expression of the 

genee in T. brucei led to a decrease in J-content of the cells. Furthermore, hSMUGl caused an 

accumulationn of abasic sites and double strand breaks in DNA due to excessive removal of 5-

HmU,, leading to an arrest in cell cycle and eventually death of the trypanosomes. This DNA 

damagee was specific to J-modified sequences indicating that 5-HmU colocalizes with J. 

Expressionn of hSMUGl in insect form T. brucei had no effect on the cells. This showed that, 

similarr to J, 5-HmU is only present in the bloodstream form of the parasite (Chapter 3). These 

resultss are consistent with the idea that 5-HmU is a precursor of J and confirm the two-step model 

forr J-biosynthesis. We also looked directly for J-synthesizing enzymes by performing in viiro J-

biosynthesiss assays with trypanosome extracts (Chapter 4). These experiments yielded 

inconclusivee results, as the activity identified could not be confirmed by using another, 

independentt approach. 

Thee data obtained with hSMUGl indicated that a BER activity against 5-HmU would be harmful 

too trypanosomes. We addressed this question further by investigating whether the presence of J in 

T.T. brucei has led to adaptations in the BER system of the parasite (Chapter 5). DNA glycosylases, 

thee major components of BER, are extremely conserved in evolution, and it was not known 

whetherr some of these enzymes would excise J. Hence, T. brucei might lack some DNA 

glycosylasess in order to tolerate J in its DNA. By performing biochemical BER assays, we tested 
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thee ability of several different DNA glycosylases from various origins to excise J or 5-HmU from 

DNA.. No excision of J was found, but 5-HmU was excised by AlkA and Mug from Escherichia 

colicoli and by human SMUG1 and TDG. In a combination of database searches and biochemical 

assays,, we identified several DNA glycosylases in T. brucei, but we detected no excision activity 

inn trypanosome extracts towards 5-HmU or ethenocytosine, a product of oxidative DNA damage 

andd a substrate for Mug, TDG and SMUG1. These results indicate that trypanosomes have a BER 

systemm similar to that of other organisms, but might be unable to excise certain forms of 

oxidativelyy damaged bases. The presence of J in DNA does not require a specific modification of 

thee BER system, as this base is not recognized by any known DNA glycosylase. These results 

suggestt that J evolved without disturbing BER and are analogous to data obtained with other 

DNAA modifications such as 5-methylcytosine, which is also not removed by DNA repair. 

Inn an independent line of experiments, we investigated the phenomenon of antigenic variation in 

T.T. brucei. In order to escape total destruction by the mammalian immune system, the parasite 

repeatedlyy changes its surface coat, which consists of a dense coat of a single protein, the variant 

surfacee glycoprotein (VSG). There are about a thousand different VSG genes and in order to be 

transcribedd they have to be located in one out of twenty highly homologous VSG gene expression 

sites.. Expression sites are subject to allelic exclusion, resulting in only one expression site being 

activee at a given time. One mechanism to change the expressed VSG gene is to inactivate one 

expressionn site and to activate another one (in situ switch). We generated trypanosomes with 

threee expression sites tagged with three different drug resistance genes (Chapter 6). By 

performingg drug selection experiments with this cell line, we investigated a previously identified, 

putativee intermediate state of the in situ switch. The results showed that during the in situ switch, 

twoo expression sites enter a short-lived state termed "pre-active", which leads to a transient 

activationn of both expression sites, whereas the others remain transcriptionally silent. All three 

expressionn sites analyzed entered the pre-active state at similar frequencies suggesting that it is a 

generall  feature of the in situ VSG switch. We also used the cell line containing three marked 

expressionn sites to investigate the transcriptional silencing of inactive VSG expression sites and 

couldd show that expression site regulation is a dynamic process and that the level of transcription 

att inactive sites can be altered, leading to partially activated expression sites. In addition, we tried 

too localize the active expression site in nuclei of living trypanosomes by inserting a system for in 

vivovivo GFP-labelling of DNA into T. brucei (Chapter 7). This approach was complicated by the fact 

thatt the repetitive sequences necessary for the in vivo labelling were unstable in the trypanosomes 

andd were rapidly lost from the DNA. 
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Samenvatting g 

DNAA modificatie is een veel voorkomend verschijnsel in de natuur, zowel in prokaryoten als in 

eukaryoten.. Gemodificeerde DNA basen hebben verschillene functies, variërend van 

beschermingsmechanismenn tegen niet-eigen DNA tot een belangrijke rol in de regulatie van gen 

expressie.. In de eencellige parasiet Trypanosoma brucei, die in zoogdieren leeft en verspreid 

wordtt via insecten, is 1% van de thymine basen in hun nucleair DNA vervangen door de 

gemodificeerdee base p-D-glucosyl-hydroxymethyluracil (J). J wordt vooral gevonden in 

repetitievee telomeer-sequenties. Verder is J alleen gedetecteerd in de parasiet als deze zich in de 

bloedbaann bevindt. De functie van deze gemodificeerde base is niet bekend. Behalve J bezit T. 

bruceibrucei ook nog een kleine hoeveelheid 5-hydroxymethyluraci! (5-HmU). Op grond van eerdere 

studiess is een model voorgesteld waarin J wordt gemaakt in twee stappen met 5-HmU als 

tussenproduct.. Helaas zijn er nog geen enzymen geïdentificeerd die betrokken zijn bij de synthese 

vann J. 

Omm meer inzicht te verkrijgen in de biosynthese van J, hebben we een systeem opgezet waarin 

specifiekk 5-HmU uit DNA wordt weggehaald. Hiervoor hebben we het gen voor humaan DNA 

glycosylase,, hSMUGl, in het T. brucei genoom geïntegreerd {hoofstuk 2). hSMUGl is een 

onderdeell  van een DNA reparatie systeem dat de foute base verwijdert (BER, Base Excision 

Repair).. 5-HmU wordt weggeknipt door hSMUGl, resulterend in een base-loze plek in het DNA. 

Dezee plek wordt herkend en het defect wordt hersteld door andere BER enzymen. De expressie 

vann het hSMUGl heeft tot gevolg dat de hoeveelheid J in de cellen sterk is verminderd. Verder 

leidtt de expressie van hSMUGl tot een ophoping van base-loze plekken en dubbelstrengs 

breukenn in het DNA resulterend in de stagnerend groei van trypanosomen en uiteindelijk celdood. 

Dezee DNA schade is specifiek voor sequenties die J bevatten. Dit duidt er op dat 5-HmU op 

dezelfdee plekken zit als J. Het tot expressie komen van hSMUGl in de insectvorm van de 

trypanosomen,, die geen J bevatten in hun DNA, heeft geen effect op de cellen. Deze gegevens 

latenn zien dat 5-HmU, net als J, alleen aanwezig is in de bloedbaanvorm van de parasiet (hoofstuk 

3).. Deze resultaten ondersteunen het model van J synthese: J wordt in twee stappen gemaakt uit 

thyminee met 5-HmU als tussenproduct. We hebben ook direct gekeken naar J-synthetiserende 

enzymenn in experimenten met trypanosoom extracten (hoofstuk 4). Deze experimenten gaven 

geenn eenduidige resultaten, aangezien zij niet reproduceerbaar waren in een andere, 

onafhankelijkee proef. 
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Dee resultaten verkregen door de studies met hSMUGl laten zien dat een BER activiteit gericht 

tegenn 5-HmU schadelijk is voor de trypanosomen. Dit leidde tot de vraag of het BER systeem in 

T.T. brucei is aangepast aan de aanwezigheid van J. DNA glycosylasen, de belangrijkste 

componentenn van het BER system, zijn zeer geconserveerd in de evolutie. Het was niet bekend of 

dezee enzymen in staat zijn om J uit DNA te knippen. T. brucei zou misschien een paar 

glycosylasenn missen, zodat trypanosomen J kunnen toleren in hun DNA. In biochemische 

experimentenn hebben we verscheidene glycosylases van diverse organismen getest op hun 

capaciteitt om J of 5-HmU te knippen. Wij vonden geen enkele excisie van J, maar 5-HmU kon 

doorr AlkA en Mug (Escherichia coli) en door humane SMUG1 and TDG verwijderd worden. We 

hebbenn verschillende DNA glycosylasen in T. brucei geïdentificeerd door databases te screenen 

enn met biochemische experimenten. We hebben echter geen BER activiteit gevonden tegen 5-

HmUU en ethenocytosine, een product van oxidatieve DNA schade en het substraat voor de DNA 

glycosylasenn MUG, TDG en SMUG1. Deze resultaten doen de vraag rijzen of trypanosomen, 

hoewell  ze over een BER systeem beschikken dat vergelijkbaar is met dat van andere organismen, 

sommigee vormen van oxidatieve schade aan de basen niet kunnen verwijderen. We hebben echter 

gevondenn dat de aanwezigheid van J in het DNA geen aangepast BER systeem vergt, aangezien J 

doorr geen enkele glycosylase wordt herkend (hoofdtuk 5). Dit toont aan dat de evolutie van J is 

verlopenn zonder de verstoring van het BER systeem en dat J vergelijkbaar zou kunnen zijn met 

DNAA modificaties zoals 5-methylcytosine, dat ook niet wordt herkend door het DNA reparatie 

systeem. . 

Inn een onafhankelijk project hebben we het fenomeen antigene variatie in T. brucei onderzocht. 

Omm het immuunsysteem van zoogdieren te ontwijken, veranderen de parasieten herhaaldelijk hun 

oppervlaktee mantel. Deze mantel bestaat uit één soort eiwitten, het variant surface glycoproteine 

(VSG),, die zeer dicht opeen gepakt zijn. Er zijn ongeveer duizend verschillende VSG genen en 

omm één van die genen tot expressie te laten komen, moeten de VSG genen in één van de 20 VSG 

expressie-plaatsenn zitten. Op één bepaald moment kan maar één expressie-plaats afgelezen 

wordenn door een DNA polymerase resulterend in één soort VSG eiwit in de mantel. Een 

mechanismee om VSG eiwitten te variëren is om een expressie-plaats te inactiveren en een andere 

tee activeren (in situ switch). We hebben trypanosomen gemaakt met 3 expressie-plaatsen waarin 

elkee plaats met een verschillende antibioticum-gen is gemarkeerd (hoofdstuk 6). Door 

antibioticumm selectie konden we een eerder geïdentificeerde tussenfase van de in situ switchers 

onderzoeken.. Een eerder artikel uit ons lab toonde aan dat, tijdens het switchen, twee expressie-

plaatsenn in een zogenaamde "pre-actieve" staat komen, resulterend in een tijdelijk activatie van 
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beidee expressie-plaatsen terwijl de anderen inactief blijven. Ook de drie onderzochte expressie-

plaatsenn kwamen in de "pre-actieve" staat met vergelijkbare frequenties, suggererend dat dit een 

gemeenschappelijkee eigenschap van het in situ VSG switchen is. Deze cellijn met de drie 

gemarkeerdee expressie-plaatsen is ook gebruikt om de inactieve VSG expressie-plaatsen te 

onderzoeken.. We hebben aan kunnen tonen dat de regulatie van de expressie-plaatsen een 

dynamischee proces is en dat de transcriptie van de inactieve plaatsen veranderd kan worden, 

resulterendd in gedeeltelijk geactiveerde expressie-plaatsen. Ook hebben we getracht de actieve 

expressie-plaatss te lokaliseren in de kern. Hierbij werd gebruik gemaakt van in vivo GFP labellen 

vann DNA in T. brucei (hoofstuk 7). Deze benadering werd gecompliceerd door het feit dat er 

gebruikk gemaakt moest worden van repetitieve sequenties. Deze sequenties zijn echter onstabiel 

inn trypanosomen hetgeen resulteerde in verlies uit het DNA. 
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