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Chapterr  6 

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). 

7 7 
10 0 

10 0 

SiSi IF= 

o o 
4 4 

10 0 

00 24 48 

hours s 

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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DPP a/ ^tubulin 

HNPhh HNPh TR1 TR2 Trypanosome variant 
2211 V02 

2211 V02 1.8 18 active ES 
++ + 

V022 V02 

triplee resistant cells 

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. . 
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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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