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Resumo 

 

Trypanosomas são organismos eucariotas unicelulares que pertencem ao grupo dos 

Kinetoplastida e são parasitas de insectos, plantas, aves, peixes, anfíbios e mamíferos 

(Haag, O'HUigin et al. 1998). Em África, na região correspondente à chamada “faixa da 

tsetse”, que corresponde a uma área de 8 milhões de Km2 e que inclui trinta e seis países, 

é uma ameaça à saúde pública e à economia do país. Este parasita provoca em 

mamíferos domésticos e em humanos uma doença denominada Trypanosomíase Africana 

cujos sintomas são semelhantes em ambos os hospedeiros e que culmina na sua morte 

caso este não seja tratado (Steverding 2008). Neste momento, não existe qualquer vacina 

contra Trypanosomas, apenas tratamentos profiláticos que se têm demonstrado ineficazes 

devido ao custo elevado, efeitos secundários que advêm da sua toxicidade e à emergência 

de resistência às drogas por parte do parasita (Belli 2000). Ao contrário dos animais 

selvagens que são resistentes à infecção por Trypanosomas como T. congolense, T. vivax 

e T. brucei, os animais domésticos padecem dentro de poucas semanas com “N‟gana”, 

nome dado à doença nestes mamíferos. A trypanosomíase em humanos, conhecida como 

doença do sono, é provocada por duas sub-especies de Trypanosoma brucei. Esta, 

caracteriza-se por uma fase hemolinfática, na qual os parasitas replicam no sangue e linfa 

do hospedeiro provocando sintomas típicos de inflamação, e uma fase neurológica 

caracterizada pela presença do parasita no cérebro e fluido cefaloraquidiano que leva a 

uma desregulação dos períodos de sono e vigília e ao estado de coma, seguido de morte 

(http://www.who.int/en/).  

Uma das características mais particulares deste organismo é o facto de ter evoluído 

um mecanismo denominado variação antigénica que lhe permite escapar ao sistema imune 

do mamífero que infecta. Cada população inoculada no sangue apresenta apenas uma 

glicoproteína de superfície que é variável ao longo do tempo (Variant Surface 

Glycoproteins) (Horn and McCulloch 2010). Estas moléculas produzem uma densa camada 

na superfície do parasita e são altamente imunogénicas. Numa frequencia muito baixa (1 

em cada 105 in vitro), os parasitas alteram a proteína de superfície e são indetectáveis pelo 

sistema imune do hospedeiro, dando origem a uma nova população de parasitas que 

expressam outro VSG. Este mecanismo é possível porque dos dois mil genes VSG 

existentes no genoma, apenas um é transcrito de cada vez (Pays 2005). A expressão do 

http://www.who.int/en/


VSG gene ocorre num locus sub-telomérico específico denominado Bloodstream 

Expression Site (BES). Dos quinze que existem, apenas um está transcricionalmente 

activo de cada vez (Hertz-Fowler, Figueiredo et al. 2008). Curiosamente, o BES é transcrito  

pela RNA Polimerase I, normalmente associada a transcrição de DNA ribossomal (Pays 

2005). A mudança de VSG transcrito pode ocorrer por dois mecanismos distintos: 

transcriptional switching e recombinação homóloga. O primeiro refere-se à alteração 

epigenética que assenta na mudança da estrutura da cromatina que torna o BES activo em 

silenciado ou vice versa. O mecanismo de recombinação permite posicionar genes VSG no 

BES activo o que é potenciado pela elevada taxa de recombinação nas regiões 

subteloméricas. Neste estudo, pretendemos estudar a regulação epigenética que conduz à 

variação antigénica em T.brucei. Recentemente, foi descrito que a estrutura da cromatina 

de um BES é diferente quando este está activo ou silenciado. Segundo estes estudos, a 

cromatina do BES activo está descondensada, apresentando poucos nucleossomas, 

enquanto que a cromatina de uma BES silenciado apresenta uma conformação fechada, 

com os nucleosomas espaçados regularmente (Figueiredo and Cross 2010; Stanne and 

Rudenko 2010).  

Sabe-se que cromatina é uma estrutura dinâmica e que esta propriedade é 

catalizada por enzimas que, na presença de ATP, alteram a ligação entre as histonas e o 

DNA. Estas, denominadas enzimas remodeladoras da cromatina, alteram dramaticamente 

a estrutura da cromatina pelo movimento de nucleossomas ao longo da cadeia de DNA, 

excisão de histonas dos nucleossomas, troca de histonas “canónicas” pelas suas 

variantes, entre outros (Ho and Crabtree 2010). As enzimas remodeladoras são em geral 

complexos proteicos, cuja subunidade catalítica pertence à família SNF2 de ATPases. Esta 

família inclui quatro sub-famílias de complexos remodeladores: SWI/SNF, ISWI, INO80 and 

Mi-2/CHD/NURD (Vignali, Hassan et al. 2000). Considerando o número de proteinas nesta 

família, a diversidade de funções das proteinas anotadas e o enorme número de proteínas 

ainda sem função conhecida, novos estudos podem surgir e novas perspectivas podem 

ajudar a entender este importante e inexplorado campo da biologia. Nesta tese, pretendeu-

se testar se as enzimas remodeladoras podem ser responsáveis por alterar a estrutura da 

cromatina nos BES e desse modo influenciar o processo de variação antigénica em 

Trypanosoma brucei. 

A técnica de RNA de interferência (RNAi) é uma das mais utilizadas para estudar 

expressão génica em T.brucei. Este parasita possui a maquinaria endógena de RNAi, que 

leva à degradação de moléculas de RNA de cadeia dupla (Ngô, Tschudi et al. 1998). Este 



mecanismo é utilizado como uma ferramenta de estudo porque permite utilizar RNAi para 

especificamente depletar determinados genes, podendo assim analisar o fenótipo de 

knock-down. Neste estudo, a técnica de RNAi permitiu estudar o papel das enzimas 

remodeladoras na estrutura da cromatina nos BES. Com o uso de duas técnicas distintas 

de clonagem, foi criado um conjunto de constructs indutíveis de RNAi que seriam 

posteriormente transfectados em T.brucei para estudar o efeito da deplecção das proteínas 

em estudo, quer na fitness dos indivíduos, quer na manutenção da estrutura da cromatina 

nos BES. Tentámos numa primeira fase, implementar um novo sistema de clonagem para 

produzir vectores de RNAi em T. brucei denominado Golden Gate. Dado o insucesso deste 

estudo, optámos por utilizar os vectores de RNAi convencionais para efetuar o knock-down 

de três enzimas remodeladoras putativas (codificadas pelos genes Tb11.02.3400, 

Tb11.01.0530 e Tb11.03.0400). O fenótipo destes mutantes foi estudado em termos de 

fitness da população e dos níveis de transcrição de BES activo e/ou silenciado. A técnica 

de quantitative real-time PCR mostrou que uma efieciente da depleção dos mRNAs para 

os genes em estudo. Para estudar o efeito do depleção na transcrição dos BESs, 

utilizámos duas linhas celulares repórteres: PL1S e PL1A. A principal diferença entre elas é 

que possuem uma cassete de luciferase num BES silenciado e num BES activo, 

respectivamente. A depleção dos genes Tb11.01.0530 e Tb11.03.0400 não mostrou 

qualquer efeito na fitness, nem nos níveis de transcrição do BES silenciado (efeito na 

transcrição do BES activo não foi testado). Já em dois clones resultantes da transfecção do 

gene Tb11.02.3400, observámos um decréscimo de fitness, o BES silenciado manteve-se 

reprimido, mas os níveis de transcrição do BES activo baixaram 50%. Estes resultados 

sugerem que os genes Tb11.01.0530 e Tb11.03.0400 não são essenciais, enquanto que o 

gene Tb11.02.3400 é necessário para um crescimento normal. Este gene é necessário à 

manutenção da transcrição do BES activo, o que sugere um papel na manutenção da 

cromatina aberta do BES activo.  

Com a identificação cumulativa dos vários complexos proteicos envolvidos na 

manutenção/alteração da estrutura da cromatina nos loci onde se expressam os VSG, 

encontramo-nos um passo mais perto da compreensão do mecanismo de variação 

antigénica e da erradicação de doenças provocadas por este e outros organismos que 

seleccionaram positivamente este mecanismo no decurso da evolução.   

  



Sumário  

 

O Trypanosoma brucei é um eucariota unicelular, parasita de mamíferos que 

provoca uma doença denominada Tripanosomíase Africana (Brun, Blum et al. 2010). Este 

protozoário escapa à detecção por parte do sistema imune através de um mecanismo 

conhecido como variação antigénica que consiste na mudança rápida e periódica das 

proteínas membranares, as glicoproteínas variáveis de superfície (VSGs). Estes genes só 

são transcritos se estiverem localizados num locus subtelomérico denominado 

Bloodstream Expression Site (BES) (Horn and McCulloch 2010). No genoma, existem 

aproximadamente vinte BES mas apenas um está transcripcionalmente activo de cada vez. 

O silenciamento de um BES activo e activação de um silencioso é um dos mecanismos por 

detrás da mudança de VSGs na superfície do T.brucei e parece estar sob controlo 

epigenético (Figueiredo, Cross et al. 2009). Estudos anteriores revelaram que a cromatina 

nos BES activos está desprovida de nucleossomas, ao contrário da cromatina nos BES 

silenciosos (Figueiredo and Cross 2010). A nossa hipótese é que as enzimas 

remodeladoras da cromatina podem ser responsáveis pela condensação e 

descondensação da cromatina nos BES influenciando a transcrição nestes loci e a 

variação antigénica nestes parasitas. Para testar esta hipótese, foram criados constructs 

de RNAi utilizando dois métodos de clonagem: Golden Gate e TA cloning. A expressão dos 

genes candidatos  foi diminuida por indução do RNAi. Ao contrário do que se esperava, a 

delecção de alguns remodeladores resultou apenas numa pequena alteração da 

condensação da cromatina nos BES. Este estudo permite abrir portas para o estudo da 

cromatina no contexto da variação antigénica. 

Palavras-chave: Trypanosoma brucei, variação antigénica, cromatina, RNAi, clonagem. 

Abstract  

 

Organisms from the species Trypanosoma brucei are microscopic unicellular 

protozoa that appeared for more than 300 million years (Steverding 2008). T.brucei causes 

Trypanosomiasis, also known as Sleeping Sickness in Humans and Nagana in cattle 

(Poltera 1985). One of the important features of this parasite is the mechanism used to 

evade the mammalian hostʼs immune system, known as antigenic variation, which consists 

of periodically and rapidly changing the surface coat of variant surface glycoproteins 



(VSGs). The VSG genes are only expressed at specific subtelomeric loci, and from the 

fifteen that exist, only one is transcriptionally active at the time (Figueiredo, Cross et al. 

2009). Previous studies have shown that the chromatin structure at these loci depends on 

their active/inactive state and is important for the regulation of VSG transcription 

(Figueiredo and Cross 2010). The aim of this study was to understand the role of the 

chromatin remodeling enzymes in the dynamics of chromatin condensation and, 

consequently, in the control of antigenic variation in T.brucei.To thest this hypothesis, an 

RNAi library was created using two different cloning methods; Golden Gate and TA cloning. 

Three of the thirteen putative chromatin remodelers were knocked-down by RNAi induction. 

Despite the fact that a decrease in expression levels at BES was expected, the RNAi 

induction resulted only in a mild effect on transcription. This study provides new insights on 

the antigenic variation mechanism in T. brucei, and this knowledge could be applied to 

other pathogenic protozoa that undergo this complex process. 

Key words: Trypanosoma brucei, antigenic variation, chromatin, RNAi, cloning. 

  

  



Introduction   

Evolution of Trypanosomes  

 

Trypanosomes are a group of kinetoplastid protozoa found in insects, plants, birds, 

fish, amphibians and mammals. Phylogenetic studies suggested that Salivarian 

Trypanosomes (the ones transmitted by the mouthparts of an insect vector, to which African 

Trypanosomes belong) have separated from ancestral Trypanosomes approximately 300 

million years ago (Haag, O'HUigin et al. 1998). Probably soon after their emergence, these 

parasites became gut parasites or commensals of early insects, which arose around 380 

million years ago. With the appearance of the Tsetse (genus Glossina) 35 million years 

ago, Trypanosomes were transmitted to mammals by these flies. The long coexistence of 

both Tsetse and wild animals may explain why most African wildlife species are tolerant to 

Trypanosomiasis. In contrast, domestic animals have been unable to survive to 

Trypanosome infections within the 13.000 years of their breeding (Brun, Blum et al. 2010). 

It is also likely that Trypanosomiasis has played an important role in early hominid 

evolution.  

Although studying the disease can have major economical and social implications, 

discovering clues about the evolutionary history of Trypanosomes could help us understand 

the resistance mechanisms underlying host-pathogen interactions.  

African Trypanosomiasis: a threat to public health and socio-cultural 

development in Central Africa 

Trypanosoma brucei causes a disease called African Trypanosomiasis that infects 

cattle and humans. “N‟gana”, the Zulu word that means “powerless/useless”, is applied to 

the disease caused by T. congolense, T. vivax and T. brucei species that infects cattle 

(Steverding 2008). Due to the fact that all domestic animals can be affected by N‟gana, 

stock farming is very difficult within the tsetse belt which currently comprises an area of 8 

million km2 what corresponds to 36 countries (Brun, Blum et al. 2010) (Figure 1). Sleeping 

Sickness or Human African Trypanosomiasis is caused by T. brucei gambiense, 

responsible for the chronic form of sleeping sickness in West and Central Africa, and T. b. 

rhodesiense that gives rise to the acute form of the disease in East and Southern Africa. In 



2008 and 2009 only the Democratic Republic of Congo and Central African Republic 

declared over 1000 new cases per year (http://www.who.int/en/).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prophylactic treatments for Trypanosomiasis are available, but have been proven 

unsatisfactory due to cost, side effects related to toxicity and the emergence of drug 

resistance. Currently, there are no vaccines for this disease although this would be a 

suitable alternative to chemotherapy (Belli 2000).  

 

  

Figure 1.  

Distribution of African Trypanosomiasis.  

Coloured areas correspond to endemic regions of T. brucei 

parasites. The different colours correspond to the impact of the 

disease in the population. The black line divides the areas in which 

T. b. gambiense and T. b. rhodesiense prevails 

(http://www.medicalecology.org). 

 

http://www.who.int/en/
http://www.medicalecology.org/diseases/d_african_trypano.htm


Life cycle of Trypanosoma brucei  

 

Trypanosomes are digenetic organisms, which means that it has two hosts during its 

life cycle: a mammalian host and an insect vector, the Tsetse (Horn and McCulloch 2010). 

During a blood meal on the mammalian host, an infected fly injects metacyclic 

trypomastigotes (extracellular non-replicative form in the mammal) into skin tissue. Inside 

the host, they transform into bloodstream trypomastigotes and are carried to other sites 

throughout the body, reaching other bodily fluids (e.g., lymph, spinal fluid) and continue to 

replicate by binary fission. Parasitaemias are generally pleomorphic and consist of rapidly 

dividing cells called slender forms, which are gradually replaced by a shorter, broader and 

non-dividing form of the cell, termed stumpy. When the infected mammal is again bitted by 

a Tsetse, the insect becomes infected with parasites. In the fly‟s midgut, the stumpy forms 

transform into procyclic trypomastigotes, multiply by binary fission, leave the midgut to the 

hemocoel and transform into procyclic epimastigotes. These epimastigotes reach the fly‟s 

salivary glands and transform into metacyclic trypomastigotes (Figure 2) 

(http://www.dpd.cdc.gov/dpdx/HTML/TrypanosomiasisAfrican.htm).  

 

 

Figure 2.  

The life cycle of T. brucei. Parasite life alternates between the insect vector (the tsetse) and a mammalian host. In both the insect 

vector and the mammalian host, colonization occurs through the proliferation of rapidly dividing trypanosome forms. These forms 

eventually transform into resting (non-dividing) parasites that are pre-programmed for cellular differentiation after changes in the 

environment (that is, transfer from one host to the other).  

(Adapted from http://www.dpd.cdc.gov/dpdx/HTML/TrypanosomiasisAfrican.htm) 

  

http://www.dpd.cdc.gov/dpdx/HTML/TrypanosomiasisAfrican.htm
http://www.dpd.cdc.gov/dpdx/HTML/TrypanosomiasisAfrican.htm


T. brucei is extracellular during the entire life cycle. Currently, two different life cycle 

stages can be cultivated in vitro: bloodstream slender forms and procyclic trypomastigotes.  

T.brucei as a model organism 

 

Besides the obvious advantages of studying Trypanosomes with the goal of 

eradicating African Trypanosomiasis, these unicellular eukaryotes have great fundamental 

scientific interest. This parasite has evolved very differently from other well characterized 

organisms including bacteria, yeast and animals, on which the foundations of biology have 

been built. An intriguing feature is the organization of the T. brucei genome: arrays of genes 

in long polycistronic transcription units, oriented in the same direction, are transcribed at the 

time (Pays 2005). Another unique feature of these parasites is the fact that procyclin and 

VSG genes are transcribed by RNA Polymerase I (Pol I), the polymerase that in higher 

eukaryotes transcribes only rDNA genes (Gunzl, Bruderer et al. 2003).  

Despite the interesting features that make them uniquely different, the intrinsic value 

of Trypanosome as a potential model organism arises from the similarities with other 

eukaryotes. In fact, some important processes are highly conserved in these parasites and 

some mechanisms that were first discovered in Trypanosomes such as RNA editing and 

Trans-splicing are now known to also exist in mammalian cells (Athanasiadis, Rich et al. 

2004; Li, Wang et al. 2008). T.brucei has all the attractive features of model organisms: it is 

very easy to culture and clone, it grows rapidly (doubling time of approximately seven 

hours), it takes approximately one week to obtain a transgenic cell line and its genome has 

been fully sequenced. Moreover, some molecular biology tools to generate transgenic and 

knock-out lineages are easy and quick to perform and approaches such as RNAi are also 

successfully applicable to T.brucei (Shi, Djikeng et al. 2000). RNA interference (RNAi) is an 

evolutionarily conserved process through which double-stranded RNA (dsRNA) induces the 

silencing of cognate genes. Because dsRNA dominantly interferes with gene expression in 

a sequence-specific manner at the RNA level, this phenomenon can be exploited to 

generate knockout phenotypes without creating mutations in the target gene itself 

(LaCount, Bruse et al. 2000). In 1998 RNAi was discovered in Trypanosomes (Ngô, 

Tschudi et al. 1998) and, since Trypanosomes have an endogenous RNAi machinery, this 

feature has been used as a tool to down regulate gene expression. To study a gene for the 

first time, expression of RNAi molecules is an advantage since it can be induced at a given 

time (Clayton 1999). Moreover, RNAi can significantly decrease the time and effort needed 



to generate knockouts in this and other diploid organisms (LaCount, Bruse et al. 2000). 

However, in Trypanosoma brucei this tool is restricted to transient interference, because the 

dsRNA is not stably maintained and its effects are diminished and eventually lost during 

cellular division. To circumvent this issue, genetic interference by dsRNA can be achieved 

in a heritable and inducible fashion by the establishment of stable cell lines expressing 

dsRNA under the control of tetracycline-inducible promoters (Shi, Djikeng et al. 2000).  

The simplest method to achieve RNAi in T. brucei is to use vectors with opposing 

bacteriophage T7 promoters, controlled by binding of the tet repressor to tet operators. T7 

polymerase and the Tn10 tet repressor are constitutively expressed by the parasite cell-line 

“Single-Marker” (Wirtz et al.1999). In this method, a single PCR fragment corresponding to 

part of the gene that will be depleted is cloned between the two opposing T7 promoters. 

The RNAi vector used for this cloning (p2T7TA) was made in such a way that the PCR 

fragment can be directly ligated into the vector using the TA cloning system (more details 

below) (Alibu et al. 2005). An alternative technique to achieve RNAi is to use stem-loop 

constructs. Two opposing copies of the target sequence are inserted at the time on a vector 

containing an inducible RNA polymerase I promoter (LaCount et al. 2000). This method 

involves cloning two fragments in the RNAi vector. In order to reduce the cost and time 

spent on a cloning, some recent technological advances allow to clone head-to-head 

inserts in only one step. This technique is called Golden-Gate and is based on the use of 

type IIs restriction enzymes known to digest DNA outside of their recognition sites. This 

allows to digest two inserts and the acceptor vector together and ligate the same products 

in a 30 minutes restriction-ligation reaction (Engler, Gruetzner et al. 2009). Both TA and 

Golden-Gate cloning were used in this study and will be discussed in detail below. 

 

Regulation of gene expression in T. brucei 

 

A cursory glance at the organization of Trypanosoma and Leishmania chromosomes 

is enough to reveal that these organisms are extremely unusual. The karyotype of T. brucei 

has 37-40Mb of DNA divided into mini, intermediate and large chromosomes (Gottesdiener, 

Garcia-Anoveros et al. 1990). The genome of these protozoan parasites is reminiscent of 

that in bacteria operons, organized in long polycistronic units (PCU) with several genes 

oriented in the same direction being constitutively transcribed (Clayton 2002). However, 



unlike operons, in T. brucei genes of a PCU are not functionally related. These genes are 

only separated by a few hundred base pairs and generally do not contain introns. The 

results of many experiments have shown that genes that are in the same orientation next to 

each other are co-transcribed by an RNA polymerase that initiated many kilobases 

upstream (Chung, Lee et al. 1992). Thus, in order to achieve developmental and conditional 

changes in gene expression, the regulation is thought to be mainly post-transcriptional. 

Individual transcripts are generated by concomitant polyadenylation and trans-splicing 

reactions (Gunzl 2010). During trans-splicing, a capped RNA of 40 nucleotides called the 

splice leader is ligated to the 5‟ end of the mRNA (Ullu, Matthews et al. 1993) (Figure 3). 

Trans-splicing was described to stabilize the mRNA molecules and enable translation in 

Kinetoplastids  (Gopal, Cross et al. 2003) (Zeiner, Sturm et al. 2003). Adjustments in gene 

expression lead to phenotypic differences that allow the organisms to be selected in the 

course of evolution.  

 

 

 

It has been hypothesized that constitutive transcription and subsequent selection of 

the convenient messages only at the maturation step enables the parasite to switch gene 

expression rapidly to survive and adapt to a new environment (Pays 2005). Changing 

between pre-existing RNAs is more efficient than switching promoter activity through the 

recruitment of specific silencers and/or activators as occurs in most eukaryotes. Although 

this system requires the permanent degradation of an important fraction of the 

transcriptome, trypanosomes have avoided the burden of encoding networks of specific 

transcription factors and target sequences (Clayton 2002). An example of this process is 

the switch from VSG to procyclin, when trypanosomes differentiate from bloodstream to 

procyclic forms.  

  

Figure 3.  

Trans-Splicing mechanism.  

A polycistronic unit is transcribed by RNA 

polymerase II resulting in a long immature 

mRNA. Concomitantly, this long mRNA 

molecule is subjected to trans-splicing and 

polyadenylation. As a result small 

individual mRNAs are formed, containing 

a splice leader with a capping protein at 

the 5‟ end and a polyA tail at the 3‟ end.  

  



Antigenic variation: the everlasting mystery of VSG switching 

 

T. brucei replicates in the bloodstream of infected mammals and, because of its 

extracellular lifestyle, is continuously exposed to antibody challenge. To circumvent this 

issue, the parasite periodically changes a surface protein named the variant surface 

glycoprotein (VSG) in a complex mechanism known as antigenic variation (Horn and 

McCulloch 2010). Around 107 highly immunogenic molecules are present at the cell 

surface, creating a dense coat that prevents adaptive immunity from detecting or accessing 

invariant antigens. The host immune system generates antibodies against the expressed 

VSG. Because parasites switch VSG periodically, the adaptive immune response fails to 

eliminate the whole parasite population. This mechanism of antigenic variation contributes 

to typical waves of parasitic load in the mammalian blood resulting from the arms race 

between parasites and their host (Pays 2005). 

 

 

  

Figure 4.  

Antigenic variation mechanism is characterized by waves of parasite load in the bloodstream of the host. 

This simplified plot represents the number of parasites in the blood across time. The colors represent different parasite 

populations (with different VSGs at the surface) being recognized by different antibodies.  

  



Although there are around 2.000 VSG genes in the genome, antigenic variation is possible 

because only one is transcribed at a time (monoallelic expression), yielding a single VSG 

on the surface of the infective trypanosome. What determines this singularity remains 

unknown. The expressed VSG is always located adjacent to a telomere at the end of one of 

the fifteen polycistronic specialized loci known as Bloodstream Expression Sites (BES) 

(Hertz-Fowler, Figueiredo et al. 2008). BESs are characterized by the presence of a diverse 

range of polymorphic genes called Expression Site Associated Genes (ESAGs), whose 

function seems to be related to processes other than antigenic variation (Hertz-Fowler, 

Figueiredo et al. 2008) (Figure 5). Remarkably, the polymerase responsible for BES 

transcription is RNA Polymerase I (Chung, Lee et al. 1992).  

Another characteristic feature of BES is that it contains arrays of repetitive elements 

(50bp and 70bp repeats), whose function has not been determined. Although this is 

presumably a property of „selfish‟ DNA elements, the 50bp expanses of „junk‟ DNA could 

serve the purpose of isolating chromosome-internal housekeeping genes from turbulent 

chromosome ends (Berriman, Hall et al. 2002).  

 

 

 

VSG switching can occur by one of two possible mechanisms. In animal models, the 

most frequently used mechanism is by recombination. The privileged location of the BES 

near the telomeres, region with a high recombination rate, enables a new VSG to replace 

the previously active VSG. The second mechanism is known as transcriptional switching 

and it consists in silencing the active BES and activating a previously silent one (Horn and 

McCulloch 2010). Transcriptional switching does not involve changes in nucleotide 

sequences, but the information of which VSG is active is inherited from one generation to 

the next. Therefore, it is likely that BES transcription is under some form of epigenetic 

control (Figueiredo, Cross et al. 2009).   

Figure 5.  

Schematic representation of a Bloodstream Expression Site.  

BESs are always located at telomeres (arrow heads). The arrow represents the Pol I promoter, which can be found up to 50kb 

upstream from the telomeric repeats. Pol I transcribes the Expression Site Associated Genes (ESAG) and the VSG gene. VSG is 

always the last gene of this specialized PCU. The shading regions correspond to repeated sequences of 50 and 70bp. 

  



Chromatin structure at BES 

 

The explosion of the epigenetic field has made it increasingly apparent that in most 

eukaryotes chromatin structure imposes profound effects on almost all DNA-related 

metabolic processes including transcription (de la Serna, Ohkawa et al. 2006). The 

dynamics of chromatin structure is tightly regulated through multiple mechanisms including 

chromatin remodeling, histone variant incorporation, histone eviction, and histone post-

translational modifications (PTM). Every eukaryote has a conserved set of enzymes that 

“write” a histone code by methylating, acetylating, phosphorylating and ubiquitinating 

histones, covalent modifications that are subsequently “read” by histone binding-proteins 

such as chromatin remodelers (Berger 2007). These proteins can alter the structure, 

composition and positioning of nucleosomes and, thus, be responsible for opening and 

closing certain regions, facilitating the access of the transcription machinery to nucleosomal 

DNA (Ho and Crabtree 2010). Moreover, modified bases such as Base J that was first 

identified in Trypanosomes (Gommers-Ampt, Lutgerink et al. 1991), have been detected in 

many organisms including eukaryotes, prokaryotes and bacteriophages and are known to 

play a role in the epigenetic regulation of gene expression either by repelling transcription 

factors or RNA polymerases or by avoiding recombination (van Leeuwen, Wijsman et al. 

1997) (Belli 2000).   

In Trypanosomes recent studies have shown that 

chromatin structure is different between active and silent 

BES. In contrast to silent BES, the chromatin in actively 

transcribed BES is essentially devoid of regularly spaced 

nucleosomes, suggesting that chromatin remodeling is an 

intrinsic feature of BES regulation (Figueiredo and Cross 

2010). Stanne and Rudenko (2010) also showed that in 

T. brucei bloodstream as well as in procyclic forms, three 

fold less nucleosomes exist at the promoter regions of 

rDNA genes in comparison with sequences upstream of 

these units. The mechanism that keeps fourteen of the 

fifteen BES silent has been more readily amenable to 

investigation and at least twelve factors required to 

regulate chromatin structure and maintain BES silencing 

Table 1.  Factors known to be involved in 

the chromatin dynamics at BES and in 

antigenic variation (adapted from Horn and 

McCulloch, 2010) 



have been identified in recent years (Table 1). Current results suggest that chromatin 

modifiers and remodelers cooperate to reinforce and propagate a specific chromatin 

(Gkikopoulos et al. 2011) and this could be the case for BES, although it has not been 

shown at the present date.  

Chromatin remodelers 

 

Eukaryotes have evolved means to regulate the expression of genes that are central 

to key processes such as proliferation, differentiation and homeostasis. Differences in gene 

expression due to changes in the transcriptional status of chromatin are central to evolution 

(Wittkopp, Haerum et al. 2004). The primary level of compaction of DNA is the formation of 

linear arrays of nucleosome core particles that consist of 146 bp of DNA wrapped around 

an octamer of histone proteins. This organization of DNA into chromatin requires 

mechanisms to rapidly and reversibly unfold specific loci so that DNA sequences are 

accessible to enzymes that must „„read‟‟ the cell‟s genetic material. This complex process 

named chromatin remodeling generally refers to directed alteration of genome packaging in 

the eukaryotic cell nucleus due to discernable changes in histone–DNA interactions in a 

nucleosome. These changes can refer to repositioning of nucleosomes along the DNA 

strand, eviction of histone proteins of the nucleosomes, transferring of a histone octamer 

from a nucleosome to a separate DNA template, assisting the access of specific proteins to 

nucleosomal DNA, generation of superhelical torsion in DNA and exchange of “canonical” 

histones for their variants (Vignali, Hassan et al. 2000).  

Chromatin remodeling is usually used to describe ATP-dependent changes in 

nucleosome organization driven by SNF2 family of ATPases (Flaus and Owen-Hughes 

2011). This family of remodelers includes four sub-families of large multiprotein complexes: 

SWI/SNF, ISWI, INO80 and Mi-2/CHD/NURD (de la Serna, Ohkawa et al. 2006). Although 

certain remodeling complexes have specific roles, all classes alter the binding of the DNA 

to the histones, a process that depends on ATP binding and hydrolysis. All ATP-dependent 

chromatin remodeling complexes contain a catalytic subunit that has helicase-related SNF2 

family ATPase domain (Flaus and Owen-Hughes 2011) and that is capable of in vitro 

nucleosome remodeling (Krajewski and Vassiliev 2010) (Figure 6). Flanking domains are 

presently poorly classified and standard domain-finding tools leave large areas unassigned 

in many sequences, making this a difficult basis for classification (Flaus and Owen-Hughes 

2011). Despite the conservation of SNF2-family traits, each organism from yeast to humans 



build a slightly different set of remodeling complexes, using both conserved proteins and 

unique attendant subunits to help specialize each complex (Vignali, Hassan et al. 2000). 

The domains of the chromatin remodeling sub-families are briefly described below, in 

Figure 6.   

 

 

 

The SWI/SNF sub-family, the first class of remodelers identified and the most well 

studied, was discovered in yeast through a combination of genetic screens and biochemical 

purification as a protein responsible for glucose metabolism and mating-type switching 

(Winston and Carlson 1992). SWI/SNF sub-family complexes are essential and abundant 

machines needed for multiple chromosomal functions, transcription factor binding, gene 

regulation and many aspects of development (Saha, Wittmeyer et al. 2006; Ho and 

Crabtree 2010). These complexes contain catalytic subunits with specific histone-binding 

motifs, which recognize acetylated lysines and that may affect the affinity of the complex for 

nucleosomes as well as the outcome of the remodelling. The presence of such histone-

binding domains raises the possibility that different classes of ATP-dependent remodelling 

enzymes are targeted to regions of specifically modified chromatin. SWI/SNF complexes 

regulate chromatin structure at a large number of loci, impacting gene poising, transcription 

initiation and transcript elongation (Krajewski and Vassiliev 2010).  

The catalytic domain of imitation SWI (ISWI) family of enzymes has a SANT domain, 

which is thought to act as a histone binding domain and may recognize specifically modified 

histones. There are two ISWI homologues in yeast (ISW1 and ISW2) and mammals 

(SNF2H and SNF2L) and this complexes were shown to have a role in the maintenance of 

the higher order structure of the D. melanogaster male X chromosome as well as in 

thymocyte proliferation and differentiation (de la Serna, Ohkawa et al. 2006). In 

Trypanosomes, ISWI was the only chromatin remodelling sub-family of proteins identified 

Figure 6.  

Sequence features of the Snf2 family 

ATPase region. The Snf2 ATPase region 

is embedded in the fulllength polypeptide 

and can be central, N-terminal or C-

terminal (Top part). Motifs and conserved 

boxes within the SNF2 ATPase region  

are shown (Bottom part). The figure is not 

to scale. (Adapted from Flaus and Owen-

Hughes 2011) 



(TbISWI) and is known to regulate the derepression of silent VSG BES promoters (Hughes, 

Wand et al. 2007)  

The INO80 complexes in yeast is known to contribute to the efficient progression of 

the replication fork under normal conditions, perhaps by sliding or eviction of nucleosomes 

in the path of replication fork (de la Serna, Ohkawa et al. 2006). Moreover, it is involved in 

telomere regulation, centromere stability, and chromosome segregation (Bao and Shen 

2011). The last family of chromatin remodeling enzymes is the Mi-2/CHD/NURD, 

characterized by the presence of two chromodomains, which interact with methylated 

histone tails, and, in some cases, a DNA-binding domain (Sims and Wade 2011). The 

CHD3 and CHD4 ATPases are part of the NURD chromatin-remodelling complex and are 

involved in transcriptional repression at least in part through its stable association with 

histone deacetylases. The CHD4-based NURD enzymes play a role in the inhibition of 

thymocyte differentiation, repression of CD4 and decrease in thymocyte cell division (de la 

Serna, Ohkawa et al. 2006).  

Although ATP-dependent remodelling enzymes are clearly essential for proper cell 

differentiation and development, it is clear that these enzymes are part of a highly 

integrated system of cellular machines and factors that together facilitate the initiation and 

maintenance of a certain cellular state (Ho and Crabtree 2010). Considering the number of 

proteins in the SNF2 super-family, the diversity of their genetic roles and the large number 

of proteins with unknown function, new studies can arise and new insights can be provided 

to this highly important yet unexplored subject.  

In Trypanosomes, active and silent BES display very different chromatin 

conformations. In this thesis, we hypothesized that such chromatin structure was 

dependent on chromatin remodelers. ISWI had been previously characterized and shown to 

have a modest role in BES transcription regulation. Therefore, we decided to test the role of 

other proteins from the SNF2 superfamily of chromatin remodelers in the maintenance of 

chromatin states at BES.  

  



Material and Methods 

Sequence data analysis 

 

SNF2-domain containing genes were identified in Pfam (http://pfam.sanger.ac.uk/). 

Genes obtained at the end of this search were cross-checked in TriTrypDB (Table 1) 

(http://tritrypdb.org/tritrypdb/).  

 

 

Primer design (Golden Gate and TA cloning) 

 

SeqBuilder, a Lasergene software‟s application was used for primer design. Four 

primers were designed to amplify part of the ORF of the gene of interest. The primers 

included a specific sequence for annealing with the Trypanosome‟s genomic DNA (in blue), 

a recognition site for Bsa II restriction enzyme (in black) and four specific nucleotides 

necessary for the cloning procedure (in grey). For each gene, two sets of primers that 

amplify sequences with different lengths were designed due to protocol improvement. 

Primers designed for Golden Gate were also used for TA cloning. All primers used for these 

cloning procedures are listed in Table 2.  

Table 1. Putative chromatin remodelers found in Pfam using SNF2 domain as a query.  

Pfam ID is indicated in the left column. Putative protein function as annotated in Tritryp DB (middle column); TriTryp gene ID of candidate 

genes in T. brucei 427 is indicated in the right column.  

http://pfam.sanger.ac.uk/
http://tritrypdb.org/tritrypdb/


 

Generation of RNAi constructs  

Golden-Gate 

 

PCR amplification with primers listed above resulted in fragments flanked by BsaI 

restriction sites. For each gene, two inserts were generated using two pairs of primers (one 

pair for insert 1 named A-B in Table 2 and another pair for insert 2 named C-D in Table 2). 

PCR was performed using 200ng of T.brucei 427 gDNA using the following cycling 

program: 95ºC 5minutes, followed by 29 cycles of 95ºC-30 seconds, 55ºC-30 seconds and 

72ºC- 30seconds, ending with a 72ºC- 5minutes step. All PCR products were purified using 

the InnuPREP PCR pure kit by Analitik Jena. For each gene, two PCR fragments were 

simultaneously cloned head-to-head in the Trypanosome-specific Golden-Gate RNAi vector 

pMUC150 (provided by Markus Kador, Munich University) or pFAB1 (a derivative of 

pMUC150, in which the puromycin drug selectable marker was replaced by hygromycin) 

(Francisco A Branco, personal communication). The vector contains one procyclin inducible 

Template Insert Direction Number Usage

Tb11.02.3400 A-B Forward 009 Golden Gate & TA 

Tb11.02.3400 A-B Reverse 010 Golden Gate & TA 

Tb11.02.3400 C-D Forward 011 Golden Gate

Tb11.02.3400 C-D Reverse 012 Golden Gate

Tb11.02.3400 A-B Reverse 059 Golden Gate

Tb11.02.3400 C-D Reverse 060 Golden Gate

Tb11.01.0530 A-B Forward 013 Golden Gate & TA 

Tb11.01.0530 A-B Reverse 014 Golden Gate & TA 

Tb11.01.0530 C-D Forward 015 Golden Gate

Tb11.01.0530 C-D Reverse 016 Golden Gate

Tb11.01.0530 A-B Forward 061 Golden Gate

Tb11.01.0530 C-D Forward 062 Golden Gate

Tb11.03.0400 A-B Forward 017 Golden Gate & TA 

Tb11.03.0400 A-B Reverse 018 Golden Gate & TA 

Tb11.03.0400 C-D Forward 019 Golden Gate

Tb11.03.0400 C-D Reverse 020 Golden Gate

Tb11.03.0400 A-B Forward 063 Golden Gate

Tb11.03.0400 C-D Forward 064 Golden Gate

pMUC150 Forward 149 NY Colony PCR

pMUC150 Reverse 76 NY Colony PCR

p2T7TA Forward 216 NY Colony PCR

p2T7TA Reverse 045 Colony PCR and sequencing

pMUC150 Forward 040 Sequencing

β-Tubulin Forward 088 RNA and cDNA analysis

β-Tubulin Reverse 089 RNA and cDNA analysis

TCCCCCCGGGATACTGCATAGATAACAAACGC

GGCTGCACGCGCCTTCG

AGGCCTTCCATCTGTTGCTG

TGCCTTGGCCCTGATGGC

CCGCTCTAGAACTAGTGGA

TTCAGGCTGGCCAATGCG

TACGGAGTCCATTGTACCTG

cccggtctcgggttCGAGTGATGATGTACGGGT

gggggtctcgctggCTGTGTGTTATGTGGCTATC

cccggtctcgacgcTTACTTTCACCTTCTGTAACC

cccggtctcgggttCTGTGTGTTATGTGGCTATC

gggggtctcggcgtCTGCGATAACATGAGCGAC

gggggtctcgctggCGAGGGACGAAACTGGATG

cccggtctcgggttCGAGGGACGAAACTGGATG

gggggtctcgctggACTTACCTCGGCGGAGCG

cccggtctcgacgcAGCGATGAACAGCCTGCTC

cccggtctcgggttACTTACCTCGGCGGAGCG

gggggtctcggcgtGTGAACGTGCTTGCGCTG

gggggtctcgctggCGAGTGATGATGTACGGGT

cccggtctcgacgcTATAGACCCTTTGACCAGCG

gggggtctcggcgtGTTCTGCGCGTTACCTTCG

Primer sequence

gggggtctcgctggTTAAGCCAAGCAGGAGACG

cccggtctcgggttTTAAGCCAAGCAGGAGACG

cccggtctcgacgcCCAACAGTCGCCAACGTTC

gggggtctcggcgtCTTTCCGACTTCCGTCACC

Table  2. Summary of the primer sequences used in this thesis, the genes / plasmids they correspond to and the experiment in which those 

primers were used. 



promoter that drives the expression of the two head-to-head fragments. The vector was 

prepared by PCR amplification using long Taq polymerase according to the following 

conditions: 95ºC 5minutes, followed by 29 cycles of 95ºC- 7min, 55ºC-30 seconds and 

72ºC- 30seconds, ending with a 72ºC- 5minutes step. 50ng of vector was digested and 

ligated in a 3:1 or 5:1 molar ratio to both PCR fragments in one step and one tube using 

1unit of BsaI (New England Biolabs R3535S) and 1unit of T4 ligase (Promega M1801). 

Reactions were carried out for 30 min, 3 hours and 20hours at 37ºC plus the final digestion 

(5minutes at 50ºC) and enzyme heat inactivation (5minutes at 80ºC), when performed. After 

the cloning process, restriction-ligation mixes were precipitated with 100% Ethanol and 

Sodium Acetate (3M) for 2 hours at -20ºC and ressuspended in 10µL of Milli Q water or 

diluted ten times. Concentration of plasmid and inserts were determined with a Nanodrop®-

1000 Spectrophotometer and confirmed by running 50ng on a 1% agarose gel (Invitrogen). 

Although several experimental conditions were tested, this protocol only refers to the 

crucial steps in the Golden Gate cloning procedure. 

TA-cloning  

 

For each gene, one PCR fragment was amplified using the same primers designed 

for Golden-Gate. PCR conditions and purification were the ones described above. The Taq 

Polymerase (Fermentas EP0402) used in this specific amplification has no proof-reading 

activity, generating a PCR products with 3‟-dA overhangs. The RNAi vector (p2T7TA) was 

digested with AhdI (New England Biolabs R0584S) at 37ºC for 2hours. PCR products 

(50ng) were ligated to the linearised vector (50ng) using 1 unit of T4 ligase (Promega 

M1801) in a molar ratio insert to backbone of 3:1 and 5:1. Reactions were carried overnight 

at 4ºC in T4 ligase Buffer. Ligation mixes were precipitated with 100% Ethanol and Sodium 

Acetate for 2 hours at -20ºC and ressuspended in 10µL of Milli Q water. Blue-white 

selection was performed by adding 30µL of X-Gal (40ug/ µL) and 100 µL of IPTG (10mM) 

to the LB/Agar/Amp plates prior to bacterial inoculation.  

Bacteria Transformation  

 

Competent bacteria were transformed by electroporation or heat-shock depending 

on the source of bacteria: homemade electrocompetent Escherichia coli DH5α and SURE, 

supercompetent SURE2 (Invitrogen, cat.no. 11635-018) and Stbl4 (Stratagene 

cat.no.200152) (see Table 3 for genotypes). For the electroporation protocol, 5 µL of the 



ligation (or restriction-ligation) was added to 50µL of freshly thawed cells previously stored 

at -80ºC. This mix was transferred to a previously chilled cuvette and electoporated using 

the following settings to 2500 V, 25 μF and 400 ohms. 1mL of SOC medium was added to 

the transformed bacteria immediately after the pulse to help recover from the electric shock. 

Bacteria were incubated for one hour at 37ºC under vigorous shaking, plated and grown 

overnight on LB-agar plates supplemented with ampicillin (50µg/mL) and IPTG/X-Gal in the 

case of TA cloning.  For heat-shock transformation, the ligation (or restriction-ligation) was 

also used to transform both home-made and commercial E.coli bacteria. For this protocol, 

1μL of the mix mentioned above was added to 50µL of freshly thawed cells previously 

stored at -80ºC. Tubes were placed in a waterbath at 42ºC for 45seconds and immediately 

on ice for 2 minutes. 1mL of SOC medium was added to the transformed bacteria after the 

heat-shock. Bacteria were allowed to recover and plated as described above.  

 

 

Plasmid isolation 

 

Plasmid DNA was purified by Miniprep (Analitik Jena) from single colonies grown 

overnight in liquid LB with Ampicillin (50 mg/ml). Alternatively, plasmid DNA was isolated by 

boiling prep. This protocol consists of lysing the cells with STET solution (8g sucrose, 5g 

TritonX-100, 10mL 0.5M EDTA, 5mL 1M Tris-HCl), lysozyme (10mg/mL in distilled water) 

and heat (100ºC for 2 minutes). The chromosomal DNA and bacterial debris are separated 

from plasmid DNA and RNA by centrifuging at maximum speed. The supernatant with the 

plasmid DNA is transferred to another tube and precipitated with isopropanol for 30min at -

20ºC. After the precipitation, DNA is centrifuged (10min at maximum speed), washed with 

ethanol 75% (5min at maximum speed) and air dried. The isolated plasmids were analyzed 

by restriction digestion and sequenced.  

For trypanosome transfection, large quantities of plasmid were prepared using a 

MIDI-prep kit (nzytech MB0500), which typically originated 50 g of plasmid DNA. 

  

Table 3. Summary of the E. coli strains used in this work and the corresponding genotype. 



Colony PCR 

 

Using a clean tip, an aliquot of bacteria from a colony was swirled in a PCR mix 

previously prepared. The same tip was used to grow more bacteria in liquid or solid LB 

medium. Colony PCR was performed using primers that amplify the insert and part of the 

vector: 149NY and 76NY (pMUC150); 216NY and 045 (p2T7TA). Positive plasmids were 

sent for sequencing (Stabvida) with oligonucleotide 040 when vector was pMUC150 and 

045 when vector was p2T7TA (See primer sequences in Table 2).  

Media, growth and storage conditions of T. brucei bloodstream forms 

The trypanosomes were cultured in HMI-11 medium (see Table 4) at 37ºC and 5% 

CO2 (Hirumi H, Hirumi K 1989). Drug selection was required in order to have clonal 

populations with the desired genetic background. PL1S was grown in 2.5g/mL of G418 

and 5g/mL of Blasticidin, while PL1A was grown in 2.5g/mL of G418 and 1g/mL of 

Puromycin. After transfecting the RNAi constructs, 5g/mL of Hygromycin were used for 

selection (see drug concentrations in Table 4). 

 

 

Table 4. Selective drugs used to define desired clonal populations.  

 

Electroporation of T. brucei bloodstream forms 

 

10µg of each RNAi construct was linearized with NotI-HF restriction enzyme (New 

England Biolabs R3189S), ethanol precipitated and ressuspended in 5µL of sterile water. 

Parasites were grown to a density of 1x106cells/mL (50x106cells) in HMI-11 medium and 

harvested by centrifugation at 1,500 rpm for 10 min at RT. Cell pellet was ressuspended in 

100µL of Human T-cell Nucleofector solution (Cat No. VPA-1002) at 4C and mixed with the 

linear DNA, placed in the electroporation cuvette and transfected using Amaxa Nucleofector 

Drug Stock concentration Selective concentration Cell line 

Blasticidin 5mg/mL 5 µg/mL PL1S 

G418 50mg/mL 2,5 µg/mL PL1S and PL1A 

Hygromycin 50mg/mL 5 µg/mL PL1S and PL1A 

Puromycin 1mg/mL 1 µg/mL PL1A 



II apparatus (program X-001). 90 ml of HMI-11 medium with appropriate drugs for parental 

cell growth were prepared. The total volume of medium was split in three falcon tubes as 

follows: 30mL in Tube A, 27mL in Tubes B and C. The entire transformed cell-DNA mixture 

was transferred to Tube A (cell density = 30 million / 30mL = 10 million cells/mL) and 

consecutively diluted 10-fold to Tubes B and C. Cell suspensions were plated on three 24-

well plates (A, B and C) and incubated at 37°C. After at least 6 h or overnight, 1mL of HMI-

11 with the selective drug at double the normal concentration were added to each well of 

the three 24-well plates. Transfectants were usually seen on the 5th or the 6th day post 

transfection. At this time, any well containing live trypanosomes was recognizable under the 

inverted microscope. The live clones in the 2mL cultures were transferred to T-25 flasks 

with 5mL of HMI-11 with the selective drugs.  

RNAi induction  

 

To induce RNAi, two experimental groups were created with a population density of 

1x104 cells/mL: one with 1 µg/mL tetracyclin and one without, as a non-induced control.  

The selective drugs for parental genetic background and transfected RNAi construct were 

also grown in parallel. Growth and morphology were analyzed for one week under a wide-

field microscope. Microsoft excel was used to plot growth curves. 

  

Luciferase measurements 

 

1.5 to 2 million cells was harvested by centrifugation at 5400rpm for 5 min at 4°C. 

Supernatant was discarded and pellet was kept on ice to avoid degradation of biological 

material before being washed with cold TDB. Cells were centrifuged as before and 

ressuspended in 100 µl of 1x lysis buffer (Promega kit: give reference). Immediately after 

this step, 10 µl of lysed cells were added to 45µl of luciferase substrate. Plate was read with 

a luminometer. Usually luciferase activity from active BES (PL1A) is in the order of 105 and 

from a silent BES (PL1S) is 102 arbitrary units. 

RNA extraction and cDNA synthesis 

 

50 million cells in which RNAi was induced or not-induced were collected at different 

time points (typically, 2, 4 and 6 days) and RNA was extracted with trizol, following the 



manufacturer‟s protocol. RNA samples were quantified using Nanodrop and ran in a 1% 

agarose gel to analyze RNA integrity. 2 Units of DNAse were added to all samples and 

incubated for 1hr at 37ºC. In order to test DNAse efficacy, PCR was performed with primers 

for β-tubulin (088 and 089), according to the following cycling program: 95ºC 5minutes, 

followed by 29 cycles of 95ºC-30 seconds, 55ºC-30 seconds and 72ºC- 30seconds, ending 

with a 72ºC- 5minutes step. 200ng of T.brucei 427 gDNA was used as a positive control for 

amplification, PCR products were ran in a 1% agarose gel. cDNA was synthesized with a 

PolyT primer, following the instructions from SuperScript™ First-Strand Synthesis System 

for RT-PCR from Invitrogen (Cat. No: 11904-018). For each reaction, 2μg of DNAse-treated 

RNA were used.  A control without reverse transcriptase was used to further control for 

gDNA contamination.  

Real-Time PCR  

 

5µL of consecutive 3-fold dilutions from the original cDNA samples were used as a 

template for quantitative Real-Time PCR in a total volume of 20µL per well. PCR was 

performed in either a 7000 or 7500 FAST qRT-PCR machines from Applied Biosystems 

with SYBR® Green Master Mix from the same brand (ref number: 4364346) and specific 

primers for the genes in study (Table 3). Results were analyzed with the software from the 

corresponding machine.  

  



Results 

 

It was previously shown that chromatin structure is dramatically different between 

transcriptionally active and silent BES (Figueiredo and Cross 2010, Stanne and Rudenko 

2010). The maintenance of these chromatin conformations may be crucial for the regulation 

of VSG expression, and thus, influence the mechanism of antigenic variation in 

Trypanosoma brucei parasites. Moreover, it was described in previous studies that 

chromatin remodelers are specialized enzymes that alter the structure of chromatin by 

hydrolyzing ATP (Flaus and Owen-Hughes 2011). Having said this, we hypothesize that 

chromatin remodelers can be adequate candidates to address the mechanism of antigenic 

variation by means of transcriptional switching.  

In order to search for putative chromatin remodelers, SNF2 domain was used as a 

query in Pfam database, a large collection of protein families, each represented by multiple 

sequence alignments and hidden Markov models (http://pfam.sanger.ac.uk/) (Family 

SNF2_N PF00176). This specific domain was chosen because the catalytic subunit of all 

ATP-dependent chromatin remodeling complexes contains a region of homology to the 

helicase-related SNF2 family ATPase (see introduction, figure 6 and 7). The genes 

encoding for SNF2_N terminal domain-containing proteins were subsequently searched 

against the T. brucei’s genome (strain 927) in TriTrypDB (http://tritrypdb.org/tritrypdb/), 

arising thirteen candidate genes from this search. Because there is no information about 

the function of any of these genes, we compared their domain composition and chose three 

genes that displayed a different motif organization. The genes selected were: 

Tb11.02.3400, Tb11.01.0530 and Tb11.03.0400. The proteins encoded by these three 

genes have characteristic domains that may define their function in vivo. The first gene, 

Tb11.02.3400, encodes for a protein with the two basic domains known to be responsible 

for the catalytic function of these enzymes, the SNF2 (ATP dependent) and the helicase 

domains, responsible to alter the binding between DNA and histones. Tb11.01.0530 has, in 

addition to the two domains described previously, a Zinc finger type C3HC4 usually 

associated to DNA binding. Finally, Tb11.03.0400 displays a DNA-ligase Zn-finger region 

also related with DNA binding activity. 

http://pfam.sanger.ac.uk/
http://tritrypdb.org/tritrypdb/


 

 

The TriTryp gene ID of the genes studied in this thesis is indicated on the right hand-

side. Different domains were found in each protein: SNF2 N terminal domain (green); 

Helicase conserved C terminal domain (Red); Zinc finger C3HC4 type (Blue); Slide domain 

(Yellow); Poly(ADP-Ribose) polymerase and DNA-ligase Zn-finger region (Purple); HNH 

endonuclease (Orange); Unidentified domains (Other colours). 

In this thesis, our goal was to study the role of these three genes in the maintenance 

of chromatin structure at active or silent BESs. As described in the following chapters, this 

was done by first generating RNAi constructs (Chapters I and II). 

Our first attempt was to generate the three RNAi constructs with a new cloning 

method denominated Golden-Gate (Chapter I). Given the unsuccessful results obtained 

with this first approach, a second cloning method was used to generate the RNAi 

constructs: the classical TA cloning technique (Chapter II). Using this approach, we 

successfully obtained RNAi constructs for the selected three genes. Next, we transfected 

two T. brucei reporter strains, which allowed us to measure the impact of gene depletion in 

the transcriptional activity of BESs (Chapter III). Our plan was to subsequently evaluate the 

impact of gene depletion in chromatin structure.  

Figure 1. Graphic visualization of the thirteen putative chromatin remodelers found in Pfam.   



Chapter I 

The Golden Gate cloning method 

 

Short unique sequences from selected open reading frames in the T. brucei 927 

genome were cloned using a technique called Golden-Gate system (Engler et al. 2008). 

This is a cloning strategy that is based on the use of type II restriction enzymes. Type IIs 

restriction enzymes are able to cleave DNA outside of their recognition site, resulting in 5‟ 

or 3‟ DNA overhangs (in the case of BsaI) that can consist of any nucleotide sequence. The 

goal of this approach was to generate RNAi constructs using a tightly-regulated vector with 

a single Pol I inducible promoter that drives an inverted-repeat of the target gene.  

We began by designing four primers to amplify part of the ORF of the gene of 

interest. Each primer contains a specific sequence that anneals with the Trypanosome‟s 

genomic DNA (Table 2 in results, sequence indicated in blue), a recognition site for BsaI 

restriction enzyme (Table 2 in results, sequence indicated in black) and four specific 

nucleotides which will be the four overhang required for the ligation reaction (Table 2 in 

results, sequence indicated in grey). The two forward primers recognize the exact same 

sequence of the gene, while the two reverse primers are around thirty nucleotides apart. 

The two resulting amplicons are cloned head-to-head, leading to two palindromic 

sequences separated by thirty nucleotides approximately, which leads to the formation of a 

hairpin. This structure is an essential requisite to induce the RNAi intrinsic system of 

T.brucei and to target the double strand RNA for degradation, knocking-down the candidate 

gene expression. PCR amplification with primers listed in Table 2 (Results) resulted in 

fragments flanked by BsaI restriction sites. With proper design of the cleavage sites in 

silico, after BsaI digestion the two PCR products as well as the acceptor vector lacked the 

original restriction site and displayed compatible ends. This enabled us to replace the two 

consecutive steps of restriction and ligation by a single restriction-ligation step. The ligation 

was catalyzed by T4 ligase that fuses the complementary overhangs. These four 

nucleotides ensure the correct orientation of the two inserts in the acceptor vector. In this 

vector, transcription is driven by an RNA polymerase I promoter in an inducible manner. 

Below is a schematic representation of the cloning procedure (Figure 2) 

The advantages of using the golden-gate method are: the cloning process is 

supposedly much faster and cheaper and the background RNAi expression due to 

transcription in the absence of tetracycline (leakiness) is generally lower than with opposing 



T7 promoters (classical TA cloning, see chapter II) (Djikeng et al. 2004). However, despite 

the clear advantages, we had difficulties applying this method and we had to perform 

different experiments with different conditions, aiming to improve the technique. Two sets of 

primers were designed following the same strategy, the difference being the size of the 

PCR amplicon.  A detailed description of the first experiment and brief overview of the 

following troubleshooting is described in the sections below.  

 

A 

B Figure 2. Schematic representation of Golden-Gate cloning 

procedure.  

A. BsaI enzyme is used to cut the β-tubulin encoding sequence 

from the backbone vector (pMUC150), allowing the head-to-head 

insertion of both inserts. The procyclin promoter is localized 

upstream of TET operator (white square) and these two features 

make the system inducible when Tetracyclin is added to the 

medium. T7 promoter allows the constitutive expression of 

hygromycin resistance cassette (selective drug for the transfectant 

parasites) and ampicillin resistance gene (selective drug for 

transformant bacteria). The dashed area corresponds to rDNA 

spacer sequence, required for the integration of the linearized 

plasmid in the parasites (see chapter III) on the rDNA spacer 

region.  

B. General strategy for generation of entry clones lacking internal 

BsaI sites: For each gene of interest, two primers are designed to 

introduce two BsaI flanking sites, as well as one pair of primers for 

each internal site to eliminate. Column purified PCR products 

(insert 1, 2 and pMUC150) are mixed together with BsaI enzyme 

and ligase. As the result of the digestion, four nucleotide 

overhangs result in each side of the PCR products (inserts and 

vector), allowing the correct assembly of the DNA fragments. 

  



Amplicons for Golden Gate cloning correspond to the correct size 

 

For each of the three genes, two amplicons were generated from genomic DNA of T. 

brucei strain Lister 427 using the primers indicated in Table S1. 50ng of the amplified 

material was resolved on a 2% agarose gel (Figure 3A) to confirm that all DNA fragments 

migrated at the expected size (Figure 3B). The remaining PCR material was purified. We 

received the DNA resulting from PCR amplification of pMUC150 from our collaborators in 

Munich. This DNA fragment was used as a template to generate more PCR product 

(expected size 5,4Kb) and gel extracted (Figure 3C). The two purified inserts and the 

acceptor vector were subsequently used for restriction-ligation. The final constructs were 

named “putative pAR1”, “putative pAR2” and “putative pAR3” for knock-down of genes 

Tb11.02.3400, Tb11.01.0530 and Tb11.03.0400 respectively.  

 

  

B A 

C 

Figure 3. Amplification of gene fragments for Golden Gate cloning A. 2% agarose gel with fragments amplified by PCR B. Table with 

expected molecular weights for each amplification C. 1% agarose gel with pMUC150 amplified by PCR.   



Constructs displayed unexpected deletions 

 

The three restriction-ligations were transformed by electroporation into DH5α E. coli 

strain. Only a few colonies per construct were obtained (five in average). After growth of 

individual colonies in liquid medium, plasmid DNA was isolated by mini-prep. Two different 

methods were used to analyze the integrity of the constructs: restriction-digestion and 

colony PCR. The restriction products (Figure 4A and B; Figure 5A and B) and / or the 

amplified DNA did not correspond to the expected size (data not shown), suggesting the 

construct had undergone unpredicted rearrangements. The plasmid used as a positive 

control (pFAB1, a plasmid adapted from pMUC150) did not show the predicted digestion 

pattern for the digestion BamHI/KpnI, which suggested this plasmid had itself undergone 

mutations/rearrangements in the tubulin cassette. This is not a problem for the cloning 

process since this fragment is removed during the cloning process. Besides, the SmaI 

digestion showed the predicted digestion pattern, indicating that no rearrangements had 

happened. These results suggest that during PCR amplification, insertions/deletions may 

have occurred, changing the recognition sites for the enzymes and that the rearrangements 

lead to differences in DNA that are not resolvable after digestion with SmaI in a 1% agarose 

gel. Thus, a 1% agarose gel (Figure 4A) was not the one indicated to resolve these DNA 

fragments, it would be more accurate to use a lower agarose percentage and a bigger gel 

to separate the high molecular weight fragments. One can assume the existence of DNA 

rearrangements because the molecular weights do not correspond to the size predicted in 

silico for the re-ligated vector. Moreover, according to the theory behind the Golden Gate 

method, the inserts must be correctly assembled into the acceptor vector in order to have 

circular DNA and, thus, have colonies. This could be a good explanation but, as mentioned 

in the next experiments, it is possible to have what it seems to be a re-ligated plasmid.  



 

 

In order to confirm the plasmid rearrangements suggested by the restriction analysis, 

“putative” pAR1 and pAR3 were sent for sequencing, which gave us the confirmation that 

major DNA rearrangements had occurred. We realized that the head-to-head inserts had a 

large missing part in the middle. A long secondary structure like the hairpin could have 

been cleaved by the recombination machinery. A way to circumvent this problem would be 

the use of smaller inserts.  

 

Subsequent restriction-ligations were also unsuccessful 

 

In order to prevent the construct from recombining in bacteria, we changed to a 

different E. coli strain. This strain, SURE (Stop Unwanted Rearrangement Events), was 

engineered to allow the cloning of certain DNA segments that are “unclonable” in 

conventional E. coli strains. The SURE strain lacks components of the pathways that 

catalyze the rearrangement and deletion of nonstandard secondary and tertiary structures 

that impede the cloning of the eukaryotic DNA in conventional strains. These cells are 

restriction minus (McrA-, McrCB-, McrF-, Mrr-, HsdR-) endonuclease deficient (endA-) and 

recombination deficient (recB- recJ-) (http://www.genomics.agilent.com/). First, “home-

made” electrocompetent SURE were used in the experiments. However, due to recurrent 

problems in the cloning process, commercial SURE2 supercompetent cells were used for 

the same cloning protocol, in vain. We were able to obtain Ampicillin-resistant colonies, 

A

.

1

A 

B 

Figure 4. Restriction digestion of “putative” pAR1, pAR2 and 

pAR3. A. Two different combinations of enzymes were used to 

digest isolated DNA. pFAB1, a plasmid derived from pMUC150 

(the backbone plasmid used for previous restriction-ligations) is 

shown as a positive control. DNA fragments were resolved on a 

1% agarose gel B. Table with the expected molecular weights 

after restriction digestion with the different enzymes.  

  

http://www.genomics.agilent.com/


although still in low number (around 3). Plasmid was isolated and analyzed by restriction 

digestion and colony PCR.  

 

Colony-PCR of 6 clones for each construct is shown in Figure 5. We can see that all 

colonies corresponded to re-ligated vector, except for clone 3 (Fig. 5A). The size of the 

fragment amplified in this clone is ~2.5kb, which once more does not correspond to the 

expected 2.9kb. We have used pAR1 wrong as a control in order to infer if rearrangements 

took place. This plasmid was the first construct “pAR1” obtained by restriction-ligation that 

was sent for sequencing and revealed an incorrect DNA sequence. Figure 5C shows a 

SmaI digestion of “putative” pAR1 colonies 1 and 4 (lanes 1 and 4), “putative” pAR3 colony 

1 (lane 2) and pAR1 wrong (lane 5). The fact that both the PCR amplification and the 

digestion pattern were the same for pAR1 clone 3 and for the control may suggest the 

presence of regions in the plasmid that are more prone to recombine, even in bacteria that 

lack the conventional DNA repair and recombination machinery.  

The bands for the other colonies of pAR1 and for the colonies of pAR3 had exactly 

the same molecular weight and the same digestion pattern, suggesting that there is other 

recombination hotspot besides the one mentioned above or that this corresponded to re-

ligated plasmid. If recombination happened, probably all the hairpin would be cleaved and 

Figure 5. Colony PCR of colonies transformed of SURE bacteria with restriction-ligation product for “putative” pAR1 and pAR3. A. 1% 

agarose gel showing the DNA fragments after amplification by PCR of pAR1 from isolated colonies (lane 1 to 6 correspond to pAR1 

colonies and lanes 8 to 13 correspond to pAR3 colonies). B. Table with the expected molecular weight of the possible amplicons. 

pAR1 wrong (the plasmid sent for sequencing in the first Golden Gate approach) was used as the positive control.   
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"putative" construct Lane Predicted molecular weights 

pAR1 1 to 6 2.9kb

pAR3 8 to 13 2.7kb

pAR1 wrong 14 2.5kb



only with a long gel and a high agarose percentage we would be able to distinguish the re-

ligated from the recombined plasmid.  

In Figure 6, a 1% agarose gel shows the digestion of pAR3 “putative” constructs 

isolated in the last Golden Gate approach, using commercial SURE2 supercompetent cells. 

This digestion pattern shows that the constructs correspond to the original pFAB1 

(backbone vector) that either was not digested by BsaI or the β-tubulin cassette assembled 

the vector again after being digested.  

 

 

Before abandoning the Golden Gate strategy, we tested several other conditions: 

using inserts with smaller size, alkaline phosphatase treating the vector, cloning the inserts 

in a new backbone vector, adding a final digestion and heat-inactivation steps to restriction-

ligation protocol and comparing different ratios of insert to vector. The goal was to avoid 

recombination events, impede the re-ligation of the vector and test the best condition for 

optimal activity of BsaI and T4 ligase together.  

Additionally, after the restriction-ligation protocol, we tested the influence of NaAc 

precipitation and dilution of the mix before electroporation in order to lower the bursting of 

bacteria due to electric shock in the presence saline concentrations, a parameter that had 

not been taken into account in previous experiments. Table 2 summarizes all the 

experiments performed using Golden Gate cloning system. After all the attempts to improve 

protocol and obtain positive clones, this technique was proven unsuccessful.  
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A 

"putative" construct Lane Enzymes Expected MW

pAR3 1 to 6 XhoI/EcoRV 4326kb + 1230kb + 206kb 

pFAB1 7 XhoI/EcoRV 4800kb + 1920kb + 200kb 

Figure 6. Digestion pattern of “putative” pAR3 isolated from colonies of 

commercial bacteria using pFAB1 as a control. A. 1% agarose gel with the 

digested plasmids B. Table with predicted molecular weights in silico.  



 

  

Table 2. Overview of Golden Gate experiments using different experimental conditions. 



Chapter II 

TA-Cloning 

 

Due to unsolvable recombination problems with the Golden Gate cloning method, we 

used a second strategy to generate the RNAi constructs of the three selected putative 

chromatin remodelers (Figure 7). The most commonly used vector to achieve RNAi in T. 

brucei is p2T7TA, which has two opposing bacteriophage T7 promoters, controlled by two 

tet operators. The host trypanosome strain already expresses T7 polymerase and the Tn10 

tet repressor (Wirt et al. 1999). By adding tetracycline to the medium, this drug binds to the 

tet repressors and prevents their binding to the tet operators. As a result RNA Pol I can 

transcribe the DNA and two mRNA molecules are formed, a sense and an antisense, which 

by homology, form a dsRNA.  

The main advantage of p2T7TA, and the reason why we decided to use it as a 

backup plan, is that cloning of PCR products into the RNAi vector is very rapid and efficient: 

amplification with a non-proofreading Taq Polymerase leaves an A-overhang in the PCR 

product, which allows it to be ligated onto the vector which, after digestion with AhdI, has a 

T-overhang. This has two advantages: first, ligation is more likely to work because it 

involves two DNA molecules and not three; second the absence of two head-to-head 

fragments makes the construct less prone to rearrangements. The disadvantage of p2T7TA 

is that the control of T7 transcription by the tet repressor can be somewhat leaky, i.e. even 

in the absence of tetracycline there is low levels of transcription from the T7 promoter 

resulting in the production of low levels of a double-stranded RNA (dsRNA) molecule. If this 

“background” transcription is sufficient to cause growth inhibition, no trypanosomes 

containing the plasmid will be obtained or the phenotype of the RNAi-expressing 

trypanosomes may be very unstable.  

p2T7TA allows for blue-white colony screening since the cassette that is digested by 

Ahd I and replaced by the PCR product encodes for LacZ gene. In the presence of β-

galactosidase, a colony harboring the original vector is blue and harboring the desired 

ligation product is white. Theoretically, this feature should allow us not to gel extract the 

AhdI digested vector and perform the ligation in the presence of LacZ fragment. However, 

because this strategy never worked for us, we always gel extracted the digested vector 

prior to ligation. Blue/white screening was nevertheless useful to identify one type of 



undesired ligation product: a colony harboring undigested p2T7TA vector. The white 

colonies contained either re-ligated vector or the desired ligation product. 

As described below, this cloning strategy was successful and three RNAi constructs 

were generated. These were named pAR4, pAR5 and pAR6, for genes Tb11.02.3400, 

Tb11.01.0530 and Tb11.03.0400 respectively.  

 

 

The inserts and vector used for TA cloning correspond to the correct size 

 

For each chromatin remodeler gene, a ~500bp fragment was amplified for later 

cloning in p2T7TA.  The inserts designed for Golden Gate were used as a template to 

amplify DNA using the same primers designed before (first set of primers, see Table 2 in 

Results) but, this time, with a non-proofreading Taq polymerase. PCR products 

corresponded to the molecular weight predicted in silico (Figure 8A). The acceptor vector, 

p2T7TA, was digested with AhdI (Figure 8B), which leaves the plasmid with T-overhangs.  

 

Figure 7. Schematic representation of TA cloning procedure. AhdI enzyme is used to digest the LacZ sequence from the 

backbone vector. This enzyme forms T-overhangs, to which the PCR fragments carrying an A-overhang can ligate. Downstream 

of the two T7 promoters flanking the PCR product, lie the two TET operator sequences, which are responsible for the inducibility of 

this knock-down system. The T7 promoter upstream of hygromycin resistance cassette allows for its constitutive expression 

(selective drug for the transfectant parasites) and ampicillin resistance gene (selective drug for transformant bacteria). The dashed 

area corresponds to rDNA spacer sequence, required for the integration of the linearized plasmid in the genome of the parasite 

(see chapter III) on the rDNA spacer region.  

  



 

 

With this method, one could achieve the first goal of this thesis which was to create a 

set of RNAi constructs to search for the role of putative chromatin remodelers in T. brucei 

bloodstream forms. Maps of the three constructs and the original p2T7TA vector are 

represented in Figure 9. 

 

  

Figure 9. Maps of RNAi constructs (designed by LaserGene; A. Plasmid p2T7TA with the LacZ cassette that is replaced by the 

inserts during the cloning procedure; B. C. and D. RNAi constructs.  

  

Construct DNA in gel Lane Size

p2T7TA Digested (AhdI) 1 5.9Kb + 850bp

p2T7TA Undigested 2 6.8Kb

pAR4 Insert 3 520bp

pAR5 Insert 4 390bp

pAR6 Insert 5 380bp

Gel 2

Gel 1

B 

Figure 8. DNA fragments used for TA cloning. A. 

1% agarose gel showing the vector p2T7TA 

digested with AhdI and undigested as a control; B. 

2% agarose gel with inserts amplified by PCR. C. 

Table with the expected molecular weight of the 

DNA fragments.  

A C 



In our first cloning attempt, TA cloning was undertaken following the protocol 

recommended by David Horn, from the lab that has developed the p2T7TA vector (Alibu etl 

al. 2005). In this protocol, this vector is digested with AhdI and the two result fragments (the 

5.9kb backbone and the remaining 850pb LacZ gene) are not gel purified but are, instead, 

used directly for ligation. As a result in the ligation reaction there are two types of fragments 

that can be ligated onto the p2T7TA backbone: LacZ and the PCR fragment. 

 In our hands, this strategy was difficult because after digestion of isolated DNA, 

supposedly from white colonies, one could realize that this plasmid actually harboured the 

LacZ insert, indicating a problem with blue/white selection (Figure 10). Moreover, the 

number of colonies obtained was low (~10).  

 

 

 

Therefore, we tried to use the same protocol in which the p2T7TA but with an 

additional step of alkaline phosphatase treatment after digestion with AhdI. Inserts were 

precipitated with NaAc prior to transformation. At this point, we also used commercially 

available competent cells (Stbl4), which allowed us to obtain more colonies, increasing the 

probability of having true positives. With these cells, we could get 140 colonies for pAR4 

and pAR6 transformation and 60 for pAR5. Clones were tested by colony PCR (Figure 11) 

and by restriction-digestion with EcoRV and XhoI (Figure 12). Figure 11 shows only the 

Gel Construct Lane Enzymes Expected MW

A pAR5 1 and 2 NotI/XhoI 5.0kb + 1.2kb

A pAR6 3, 4 and 7 NotI/XhoI 5.0kb + 1Kb + 200bp

A pAR4 5 and 6 NotI/XhoI 5.0kb + 1.3kb

B p2T7TA 1 NotI/XhoI 5.0kb + 1kb + 600bp

Figure 10. Restriction-digestion pattern of pAR4, pAR5 and pAR6 with AhdI showing five colonies with the original LacZ fragment. A. 

1% agarose gel with the restriction products. B. p2T7TA used as a control for the digestion (grey box) C. Table with the expected 

molecular weight of the DNA fragments.  

  



positive clones, found in a ratio of 1:6 false to true positive clones for pAR4 and pAR5 and 

1:12 false to true positive clones for pAR6 (data not shown).  

Positive clones were sequenced to confirm the correct integration of the desired 

fragments. We successfully generated the three RNAi constructs (pAR4, pAR5 and pAR6) 

that allowed us to test the role of three putative chromatin remodeling enzymes (encoded 

by Tb11.02.3400, Tb11.01.0530 and Tb11.03.0400 genes, respectively) in the regulation of 

VSG transcription. 

 

 

  

Figure 11. Colony PCR for pAR4, pAR5 and pAR6 transformant bacteria. A. 

1% agarose gel showing the amplification of the correct sequences with 

p2T7TA as the positive control (a and b mean two different colonies analyzed) 

B. Table with the expected molecular weight of the DNA fragments (white 

colony – control refers to the re-ligated plasmid). 

  

Construct DNA source Lane MW

pAR4 White colony (a) 1 800bp

pAR4 White colony (b) 2 800bp

pAR5 White colony 3 690bp

pAR6 White colony (a) 4 680bp

pAR6 White colony (b) 5 680bp

pAR4 White colony ( - control) 7 300bp

p2T7TA Miniprep 8 1.1Kb

A B 

A 
B 

Construct DNA source Lane Size

pAR4 Colony a 1 5.2Kb + 1.2Kb

pAR4 Colony b 2 5.2Kb + 1.2Kb

pAR5 Colony 3 5.2Kb + 1.1Kb

pAR6 Colony (a) 5 5.2Kb + 870bp + 200bp

pAR6 Colony (b) 6 5.2Kb + 870bp + 200bp

p2T7TA Miniprep 7 5.2Kb + 920bp + 600bp

p2T7TA Miniprep (undigested) 8 6.8Kb

Figure 12. Restriction digestion of putative pAR4, pAR5 and pAR6 isolated 

from positive colonies. A. 1% agarose gel showing the fragments after 

digestion of the three plasmids with EcoRV and XhoI; B. Table with the 

expected molecular weight of the DNA fragments.  

  



The RNAi constructs pAR4, pAR5 and pAR6 were digested with NotI (Figure 13) in 

order to linearize the construct at the rDNA spacer targeting region (Figure 14) to allow 

recombination in Trypanosome genome during the transfection step.  

 

 

  

A B 

Construct DNA source Enzymes Lane Size

pAR4 Miniprep NotI 1 6.4kb (linear)

pAR4 Miniprep 2 6.4kb (circular)

pAR5 Miniprep NotI 3 6.3kb (linear)

pAR5 Miniprep 4 6.3kb (circular)

pAR6 Miniprep NotI + XbaI 6 6.3kb + caderno!

pAR6 Miniprep NotI 7 6.3kb (linear)

Figure 13. Not I Restriction digestion of pAR4, pAR5 and pAR6 before 

transfection. A. 1% agarose gel showing the fragments after digestion of the 

three plasmids; B. Table with the expected molecular weight of the DNA 

fragments.  

  

Figure 14. Schematic representation of the recombination process leading to the integration of linearized plasmids into T. brucei’s 

genome. NotI enzyme recognizes a sequence in the plasmid that is homologous to rDNA spacer sequence in the parasite‟s genome. 

This allows the integration of the exogenous DNA in an rDNA spacer by homologous recombination. The generation of dsRNA against 

the target gene happens only when tetracycline is added to the medium, due to the TetOperator-TetRepressor inducible system. 

  

C 



Chapter III 

Studying the phenotype of T. brucei transfectants 

 

To determine the role of chromatin remodelers in the maintenance of the chromatin 

structure of BESs in T. brucei, two different bloodstream form reporter strains were used: 

PL1S and PL1A. Both derive from Single Marker, a genetically altered strain that expresses 

Tet repressor and T7 polymerase constitutively (Wirtz, E et al 1999). Tet repressor is 

required for the system to be inducible, while T7 polymerase is required to transcribe the 

exogenous DNA. Both PL1A and PL1S have a luciferase reporter gene and the puromycin 

resistance gene downstream of the promoter of BES1. In PL1A, this expression site is 

active, whereas in PL1S it is silent (Figure 15A). PL1S is used to study the impact of gene 

depletions on VSG silencing. In contrast, PL1A is used to study the transcription levels of 

the active BES (Figure 15B).  

In this work, our hypothesis is that, upon RNAi, BES chromatin may become 

decondensed resulting in higher levels of transcription (and higher luciferase activity in 

PL1S). This would indicate that our candidate gene is, in fact, a remodeler responsible for 

maintaining BES closed. However, some chromatin remodelers are involved in maintaining 

the chromatin open. In this case, its depletion would result in chromatin becoming more 

compact and transcription rate diminishing (resulting in lower luciferase activity in PL1A). 

We intended to characterize depleted mutants, by measuring changes in transcription rates 

using the luciferase reporter gene.  



 

After transfection of PL1S or PL1A strains with pAR4, pAR5 and pAR6, multiple 

clones were obtained (Table 3).  

 

 

Phenotype of gene knock-downs was characterized based on two parameters: 

fitness and luciferase levels as a measure of BES transcription. Real-time PCR was used to 

confirm that knock-down was effective.  

 

Effect of gene depletion in PL1S reporter strain 

 

RNAi was induced by adding tetracycline to the medium and parasite growth was 

monitored for one week (Figure 16) in a total of three clones for each transfection. For 

illustrative purposes, the plots represent the growth curves of two pAR1 clones (the ones in 

which luciferase levels were measured) and one clone from pAR2 and pAR3 transfection. 

Gene Construct Parental cell line Clone

Tb11.02.3400 pAR4 PL1S 1.1 to 1.7

Tb11.02.3400 pAR4 PL1A 4.1 to 4.14

Tb11.01.0530 pAR5 PL1S 2.1 and 2.2

Tb11.03.0400 pAR6 PL1S 3.1 and 3.2

Table 3. Parasite clones obtained after 

transfection of two reporter strains with the 

RNAi constructs generated by TA cloning.  

 

Lower luciferase levels  

(< 100.000) 

Higher luciferase levels  

(> 100) 

A 

B 

Figure 15. Schematic representation of the genetic background of two T. brucei reporter strains (A. PL1S and B. PL1A). Low or High 

levels of transcription are indicated by a thin or thick arrow. Open and close chromatin (which may be correlated to the transcription 

alterations) are indicated by straight or “wrinkled” lines, respectively. 
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No significant differences are seen between induced and non-induced clones and the 

control (PL1S strain), except for clone AR1.4 and slightly for AR1.5.  

 

 

Clones AR1.4 and AR1.5 were chosen because the growth of the transfectant 

parasites was slightly impaired when compared to the parental strain. Moreover, AR1.5 was 

chosen especially because the impairment of growth happens with experimental (+tet) and 

control group (-tet), suggesting a weak regulation of RNAi expression (leakiness). We 

wanted to compare the luciferase activity in both clones (+ and - tet groups) since AR1.4 

seems to have a tightly regulated expression of RNAi molecules seen by the fact that non-

induced clones grow at the same rate as PL1S parasites. This suggests that in this clone 

there is no leaky expression of dsRNA in the absence of tetracycline.  

In order to test if knock-down of one of the three chromatin remodelers resulted in 

de-repression of BES transcription, two million cells from clones AR1.4 and AR1.5 were 

collected after two, three and four days growing in the presence or absence tetracycline 

and luciferase activity was measured (Figure 17).  

Figure 16. Growth curves of PL1S derived RNAi mutants (AR1-3 clones). A. Clone AR1.4 (PL1S transfected with pAR4); B. Clone 

AR1.5 (PL1S transfected with pAR4) C. Clone AR2.1 (PL1S transfected with pAR5); D. Clone AR3.1 (PL1S transfected with pAR6); 

All induced clones had, as a control, the parental strain (PL1S) and the corresponding clone that grew without the RNAi inductive 

drug (Y axis: number of cells; X axis: hours). 
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In this experiment, three biological replicates were analyzed for each one of the 

clones and for each one of the experimental conditions (+ and – tet). The luciferase levels 

were not significantly different between induced and non induced clones (showed by T 

test). This experiment suggests that the putative remodeler Tb11.02.3400 is not required to 

maintain silent BESs in a repressed state. An alternative explanation is that the depletion by 

RNAi was ineffective. This could have been measured by qRT-PCR, but unfortunately 

experiments could not be performed due to lack of time.  

During the course of the experiments, we realized that PL1S has some limitations 

when used to measure luciferase levels. Since the luciferase cassette is in a silent BES, 

this means the basal levels are very close to background, (around 100), and thus very 

prone to high fluctuations with no biological significance. This system is not appropriate for 

genes that result in a very subtle difference in transcription rate. So, we cannot exclude the 

possibility that the putative remodeler Tb11.02.3400 exerts a repressive effect at silent 

BESs.  

 

  

A B 

p=0,16 p=0,2 p=0,05 p=0,4 p=0,3 p=0,5 

Figure 17. Luciferase activity of AR1 clones (RNAi of gene Tb11.02.3400 in PL1S) in the presence (+) or absence (-) of tetracycline 

in the medium. A. For clone AR1.4, measurements at day one, two and three post-RNAi induction show a non significant increase in 

luciferase levels; B. For clone AR1.5, measurement at day two show an increase in luciferase levels, while for the other two days 

effect in luciferase levels is not congruent with what it was expected. (Y axis: Luciferase levels I Arbitrary Units; X axis: Day of 

measurement).  

 



Effect of gene depletion in PL1A reporter strain 

 

Next, we tested whether this gene was required to maintain the open chromatin at 

active BES, by transfecting PL1A strain. The clones obtained were called AR4 (Table 3). 

Parasite fitness was assayed for one week post RNAi induction for clones AR4.1, AR4.2 

AR4.3, AR4.4 and AR4.5. Only experimental groups with the inductive drug were created in 

order to minimize the medium spent and to have a notion a priori of what is happening to 

the clones upon knock-down of the candidate gene when compared with the control 

(parental cell line). Thus, the leakiness of the RNAi expression was not taken into account 

in this experiment. Three biological replicates of five clones were analyzed (Figure 18).  

 

 

It is visible for clones AR4.1 and AR4.2 a slight impairment in parasite growth 

between induced clones and PL1A.   

In order to study the effect of gene Tb11.02.3400 in the maintenance of the transcription at 

active BES, two and a half million cells from clones AR4.1 and AR4.2 were assayed for 

Luciferase activity after two, four and six days of RNAi induction (Figure 19). In this 

experiment, three biological replicates were analyzed for each one of the clones. The 

luciferase levels were significantly different between induced and PL1A (showed by T test) 

for days 2 and 3 in both clones.  

Figure 18.  Growth curves of AR4.1 and 4.2 clones in the presence of tetracycline. A and B. Clones AR4.1 and 4.2 (PL1A transfected 

with pAR4); All induced clones had, as a control, the parental strain, PL1A (Y axis: number of cells; X axis: hours). 
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We observed that depletion of gene Tb11.02.3400 led to a difference in luciferase 

activity for both analyzed clones (20, 45 and 40 fold decrease for clone AR4.1 and 20, 58 

and 60 fold decrease for clone AR4.2 at days 2, 3 and 4 respectively). From this 

experiment, we concluded that Tb11.02.3400 seems to be required to maintain the active 

BES fully active. 

In order to measure the efficiency of gene depletion, we performed quantitative real-

time PCR to measure the fold decrease of mRNA levels of the target gene upon RNAi 

induction. Figure 20 shows the comparison between mRNA levels in induced and non 

induced clones normalized to the parental cell line (PL1A) at days 2 and 4 post-induction of 

RNAi with tetracycline. mRNA levels were depleted around 70% in the induced clones 

when compared to the PL1A mRNA levels. If the RNAi vector was tightly regulated, we 

would expect the non induced clones to have the same mRNA levels as PL1A clones.  

 

 

 

Non-induced clones

Induced clones

Figure 20. RNAi efficiency measured by real-time PCR. 

Fold decrease of mRNA molecules in clones AR4.1 and 

AR4.2 two and four days after RNAi induction. (Y axis: 

mRNA levels normalized to PL1A levels (100%); X axis: 

Days of measurement). 

 

Figure 19.  Luciferase activity of AR4 clones (gene Tb11.02.3400) in the presence of tetracycline in the medium. A. For clone AR4.1, 

measurements at day one, two and three post-RNAi induction show a decrease in luciferase levels but are only significant for day 4 

and 6; B. For clone AR4.2, measurements at day one, two and three post-RNAi induction show a decrease in luciferase levels but are 

only significant for day 2 and 3 (Y axis: Luciferase levels; X axis: Day of measurement).  

 

p=0,1 p=0,01 p=0,05 p=0,4 p=0,01 p=0,02 

A B 



We show here that the fitness of two AR4 clones is impaired when Tb11.02.3400 is 

depleted and that luciferase levels show a significant decrease at days 2 and 3. This data 

strongly suggests that this enzyme is involved in maintaining the open chromatin of the 

active BES and that gene Tb11.02.3400 is likely involved in the chromatin dynamics at 

Bloodstream Expression Sites.  

  



Discussion 

 

Trypanosoma brucei is one of the model systems to study fundamentally important 

biological phenomena conserved throughout the living organisms. The method of choice to 

study gene function in these organisms is RNA interference. In this study, our aim was to 

study the role of three putative chromatin remodeling enzymes (Tb11.02.3400, 

Tb11.01.0530 and Tb11.03.0400) in antigenic variation. Our strategy was to use RNAi to 

deplete these genes and subsequently 1) measure parasite fitness, 2) test if BES 

transcription was altered using Luciferase reporter strains.  

Generation of RNAi constructs  

 

Cloning using the Golden Gate method is supposedly quick, cheap and easy to 

perform (Engler et al. 2008). Because the RNAi vector is based on a stem-loop structure, its 

expression is more tightly regulated, resulting in less leakiness. However, we have shown 

with this work that the Golden Gate cloning method is far from being optimized. The fact 

that it is a recently developed cloning protocol and that it has not been published for 

trypanosomes, forced us to optimize the protocol and, still it did not produce positive 

results.  

One of the major problems faced during the experimental work was rearrangement 

of the head-to-head palindromic sequences in RNAi constructs. It has been previously 

described that the inherent self-complementarity of palindromic DNA sequences permits the 

formation of cruciform or hairpin structures in nucleic acids, precisely juxtaposing otherwise 

distant bases, what can act as substrates for nucleases (Glickman et al. 1984). Deletion 

mutations recovered after cloning are consistent with the formation of hairpins and the 

subsequent digestion of their unpaired loops by S1 nuclease (Glickman et al. 1984). The 

bacteria strains used in this study have mutations in some of the genes responsible for 

DNA recombination in bacteria (recA, recB and recC), but in all of them. This can explain 

the low transformation efficiency and the presence of some colonies that survived after 

excision of the secondary DNA structures.  

Other studies of recombination pathways in E.coli strains show that palindrome-

mediated inviability can be significantly suppressed by mutations in the sbcC or sbcD genes 

that encode for proteins responsible for double strand breaks in hairpin DNA and prevent 

recombination events (Cromie et al. 2000). The SbcCD protein of E. coli has been shown to 



have exonuclease and endonuclease activities, and genetic studies have suggested that it 

can act to generate double-strand breaks at DNA hairpins formed during DNA replication 

(Connelly et al. 1998). SURE is the only strain used in this study that is mutant for the sbcC 

gene, but we still observed rearrangements in our constructs.  

Some strategies to facilitate the cloning of head-to-head inserts have been proposed 

by some authors. McIntyre et al. suggests the design of primers that incorporate an 

additional mismatched nucleotide pair placed adjacent to the end of the stem. The loop 

design they propose is amenable to any hairpin sequence without altering the internal stem, 

stem-loop junction or consequent dsRNA characteristics. Another reported strategy to 

alleviate sequencing difficulties is to include mismatched bases within the shRNA stem 

(McIntyre et al. 2006). It has been proposed that this also reduces the occurrence of 

bacterially-derived mutation events. The mismatches are positioned such that the anti-

sense stem (designed to be the siRNA 'guide' strand) is complementary to the target but 

mismatched to the sense stem (suggested as 3 or 4 'C to U', or 'A to G' conversions) 

(McIntyre et al. 2006). Therefore, in future attempts to clone by Golden Gate in 

trypanosomes, primers could be designed slightly differently in order to accommodate such 

mismatches. 

In the course of this work, an alternative cloning method was developed for 

Trypanosomes. Kalidas et al. described a vector, the pTrypRNAiGate, which uses 

Gateway® recombination to facilitate rapid generation of stem-loop constructs in a two-step 

process from PCR products via an intermediate vector. The authors have shown that this 

vector is effective in silencing endogenous genes in T. brucei bloodstream forms and 

facilitates the high-throughput cloning of gene libraries or a large number of defined genes, 

using an in vitro recombinase system (Kalidase et al. 2011). This cloning strategy could be 

used in the future to obtain more tightly regulated RNAi constructs of the three selected 

chromatin remodeling enzymes. 

As an alternative to Golden Gate cloning, we used the well established and 

optimized TA cloning in p2T7TA. In this vector, only one PCR fragment is cloned. 

Transcription from two opposing promoters leads to the production of the interfering double-

stranded RNA. We were aware that this RNAi construct is more leaky than Golden Gate 

constructs, thus expression of dsRNA could lead to degradation of mRNA molecules before 

induction of tetracycline. Nevertheless, this cloning method allowed us to continue to the 

next step of the work: to test if there is a loss of fitness in depleted parasites and to address 

the role of putative remodelers in BES transcription and chromatin dynamics.  



Testing the effect of putative chromatin remodeler depletion in T. brucei 

In order to test the role of the putative chromatin remodelers in chromatin structure at 

BES, we used two reporter strains. PL1A and PL1S have a luciferase reporter gene in an 

active and silent BES, respectively. Thus we used PL1A to test if chromatin remodelers 

were responsible to maintain full transcription at the active BES, while PL1S was used to 

test if chromatin remodelers were responsible for maintaining silent BESs fully repressed. 

Our assumption was that more transcription would be reflected by a more open chromatin, 

and vice-versa.  

After transfection with the RNAi constructs, knock-down of the candidate genes was 

induced and transfectant‟s growth were followed for one week. From the transfection of 

PL1S with pAR4 (Tb11.02.3400), pAR5 (Tb11.01.0530) and pAR6 (Tb11.03.0400) only two 

clones for construct pAR4 (AR1.4 ad AR1.5) showed a decrease in fitness. All other clones 

grew was well as the respective parental strain. In AR1.5 the impairment of growth 

happened with or without tetracyclin induction, suggesting that the expression of RNAi 

construct was leaky.  

Luciferase activity measurements showed that there was no significant difference 

between parasites subjected to different treatments (+tet, -tet) and parental strain (PL1S). 

These results suggest that these enzymes are not involved in maintaining BESs silent. 

Another possibility is that there is some redundancy in the silencing mechanism and that 

upon RNAi, alternative proteins compensate for the depleted component (see below). 

In order to address the role of putative remodelers in the maintenance of chromatin 

structure at active BES, the same analysis was performed with PL1A parasites. In this 

case, only pAR4 (Tb11.02.3400) was transfected and only two clones (AR4.1 and AR4.2) 

were studied. In this particular experiment, only experimental groups with the inductive drug 

were created. Thus, the leakiness of the RNAi expression was not studied at this instance. 

As it had been observed for AR1.4 (RNAi of same gene, but in PL1S strain), it was clear 

that upon RNAi induction, induced clones grew slower than the parental cell line (PL1A). 

Moreover, the luciferase assay showed a clear decrease in luciferase activity in both clones 

(~50 fold) on days 4 and 6. The fact that upon depletion of Tb11.02.3400, luciferase activity 

was not affected in PL1S and decreased in PL1A suggests that this gene encodes for a 

protein that is involved in allowing the active BES to be fully transcribed (probably by 

maintaining an open chromatin structure) and not involved in silent BESs. It could be 

hypothesized that such reduction in BES transcription could be because cells are dying. 



However, we think this is unlikely because although cells grow slower, the drop in fitness 

was not very pronounced. 

In the future, it would be interesting to test if transcription of other genes is also 

affected when Tb11.02.3400 is depleted. This could be done by extracting RNA and 

measuring, for example, the transcript levels of house keeping genes, such as Tubulin, 

Actin or GAPDH.  

It is possible that Tb11.01.0530 and Tb11.03.0400 are also involved in remodeling 

chromatin at the active BES, but this hypothesis was not tested due to lack of time.  

Whenever a gene is depleted by RNAi, the efficiency of this process is usually tested 

for different clones. We performed quantitative RT-PCR analysis for clones AR4.1 and 4.2 

only.  Our results showed a clear depletion of Tb11.02.3400 mRNA molecules in the 

induced clones when compared to the PL1A mRNA levels. If the system was not leaky, the 

non-induced clones should have the same mRNA levels as PL1A clones. However, 

because non-induced clones grew slower than PL1A, we suspected that the RNAi construct 

was not being tightly regulated. Indeed leakiness was confirmed by the quantitative RT-

PCR analysis: the mRNA levels of the non-induced clones were already reduced relative to 

PL1A around 70% in clone AR4.1 and 50% in clone AR4.2 (Figure 20).  

The RNAi construct integrates in one of the sixteen rDNA spacers by homologous 

recombination. The sequences at rDNA loci are identical and, as a result, integration by 

homologous recombination can happen in different rDNA spacers in different clones. 

Leakiness could happen if the RNAi construct integrated in an rDNA spacer that is less 

accessible to the Tet repressor (due to a more compact chromatin structure, for example). 

This would result in a clone in which RNAi is almost constitutive, instead of being 

tetracyclin-inducible.  

A possible explanation for the lack of difference in luciferase activity of PL1S-derived 

RNAi clones (for Tb11.01.0530 and Tb11.03.0400) is that chromatin remodelers are 

redundant in T. brucei or act synergistically. In fact, it is known that in Saccharomyces 

cerevisiae chromatin remodelers act synergistically in altering the nucleosome positioning 

at certain loci (Gkikopoulos et al. 2011). If we deplete one remodeler at a time, this may not 

be sufficient to induce a difference in chromatin structure at BES. Moreover, the antigenic 

variation mechanism allows the parasite to survive in the mammalian blood by escaping the 

immune system and, thus, should have evolved as a tightly regulated mechanism that 

depends on the expression of more than one gene. Otherwise, this system would be highly 

prone to failure, which would lead to parasite death.  



In order to address the function of all candidate genes found in silico, we would have 

to create a bigger RNAi library with thirteen constructs and transfect PL1A and PL1S 

parasites. The analysis should include thorough analysis of the growth curves and 

luciferase levels upon RNAi induction. All clones should be divided into induced and non 

induced experimental groups (to address leakiness) and the parental strains should be 

used as control. Moreover, biological replicates would be essential to guarantee the validity 

and reproducibility of the results.  

 

  



Future prospects 

 

Our study suggests a role for the protein encoded by the gene Tb11.02.3400 in 

antigenic variation of T. brucei. It seems that the putative chromatin remodeler is implicated 

in the maintenance of the chromatin structure at open BES. However, it is crucial for a more 

deep knowledge of the antigenic variation mechanism to study the exact role of the putative 

remodeler in the nucleosome enrichment or positioning at BES. For this, FAIRE 

(Formaldehyde Assisted Isolation of Regulatory Elements), should be used to measure 

changes in chromatin condensation at the active BES before and after gene depletion. 

FAIRE is a simple method to isolate and map genomic regions depleted of nucleosomes by 

cross-linking of proteins to DNA using formaldehyde, shearing the chromatin and 

performing a phenol–chloroform extraction. This protocol is followed by real-time PCR to 

measure the relative amounts of DNA in the aqueous phase before and after RNAi 

induction (Giresi et al. 2007). If a DNA locus is less tightly associated to proteins, it will be 

more enriched in the aqueous phase. This protocol allows to determine the function of 

putative chromatin remodeler encoding genes as “open” or “close” genes.  

To evaluate the relative importance of each factor in antigenic variation, it would be 

important to determine if genes encoding for chromatin remodelers implicated in antigenic 

variation are exclusively dedicated to BES regulation or if they are also present in other 

genomic locations. These proteins can be epitope-tagged by inserting a selected nucleotide 

sequence at the 3‟ end of the gene of interest. This tag can be easily detected with a 

fluorescent antibody. Immunofluorescence assay and chromatin immunoprecipitation 

followed by DNA sequencing (ChIPseq) could be used to determine the nuclear and 

chromosomal localizations of this chromatin remodeling enzymes, respectively.  

 The continuity of this work could help determine the role of chromatin dynamics in 

antigenic variation in T.brucei and in other organisms that undergo antigenic variation. 

Thus, it may provide new insights into this mechanism that can act as a drug target and 

help diminish the burden of African Trypanosomiasis and other diseases caused by related 

pathogens.  
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