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Abstract		

Trypanosoma	brucei	 is	 a	 causative	 agent	of	African	 sleeping	 sickness.	 It	 is	 an	

extracellular	 parasite	 which	 circulates	 in	 the	 blood,	 lymph	 and	 eventually	

invades	 the	central	nervous	system.	There	 is	a	great	need	for	new	medicines	

against	 the	 disease	 and	 specific	 properties	 of	 nucleoside	 kinases	 in	 the	

pathogen	can	be	exploited	as	targets	for	chemotherapy.	

T.	brucei	contains	a	gene	where	two	thymidine	kinase	sequences	are	fused	into	

a	 single	 open	 reading	 frame.	These	 types	 of	 tandem	 thymidine	 kinases	were	

found	 only	 in	 different	 types	 of	 parasites,	 which	 made	 us	 to	 believe	 that	 it	

might	be	beneficial	for	them.	Each	thymidine	kinase	sequence	in	these	tandem	

enzymes	 are	 here	 referred	 to	 as	 a	 domain.	 By	 cloning	 and	 expressing	 each	

domain	 from	T.	brucei	 separately,	we	 found	 that	 domain	 1	was	 inactive	 and	

domain	2	was	as	active	as	 the	 full-length	enzyme.	T.	brucei	 thymidine	kinase	

phosphorylated	 the	 pyrimidine	 nucleosides	 thymidine	 and	 deoxyuridine	 and	

to	 some	 extent	 purine	 nucleosides	 like	 deoxyinosine	 and	 deoxyguanosine.	

Human	thymidine	kinase	increases	the	affinity	to	its	substrates	when	it	forms	

oligomers.	Similarly,	the	T.	brucei	two	thymidine	kinase	sequences,	which	can	

be	 viewed	 as	 a	 pseudodimer,	 had	 a	 higher	 affinity	 to	 its	 substrates	 than	

domain	2	alone.	

T.	brucei	 lacks	de	novo	 purine	 biosynthesis	 and	 it	 is	 therefore	 dependent	 on	

salvaging	the	required	purine	nucleotides	for	RNA	and	DNA	synthesis	from	the	

host.	Purine	salvage	is	considered	as	a	target	for	drug	development.	It	has	been	

shown	 that	 in	 the	 presence	 of	 deoxyadenosine	 in	 the	 growth	 medium,	 the	

parasites	accumulate	high	levels	of	dATP	and	the	extensive	phosphorylation	of	

deoxyadenosine	 leads	 to	 depleted	 ATP	 pools.	 Initially,	 we	 wondered	 if	

deoxyadenosine	could	be	used	as	a	drug	against	T.	brucei.	However,	we	found	

that	 T.	 brucei	 is	 partially	 protected	 against	 deoxyadenosine	 because	 it	 was	

cleaved	 by	 the	 enzyme	 methylthioadenosine	 phosphorylase	 (MTAP)	 to	

adenine	and	 ribose-1-phosphate.	At	higher	 concentration	of	deoxyadenosine,	
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the	formed	adenine	was	not	efficiently	salvaged	into	ATP	and	started	to	inhibit	

MTAP	 instead.	 The	 deoxyadenosine	 was	 then	 instead	 phosphorylated	 by	

adenosine	kinase	leading	to	accumulation	of	dATP.	The	MTAP	reaction	makes	

deoxyadenosine	 itself	 useless	 as	 a	 drug	 and	 instead	 we	 focused	 on	 finding	

analogues	of	deoxyadenosine	or	adenosine	that	were	cleavage-resistant	and	at	

the	same	time	good	substrates	of	T.	brucei	adenosine	kinase.	Our	best	hit	was	

then	 9-(2-deoxy-2-fluoro-ß-D-arabinofuranosyl)	 adenine	 (FANA-A).	 An	

additional	advantage	of	FANA-A	as	a	drug	was	that	it	was	taken	up	by	the	P1	

nucleoside	 transporter	 family,	 which	 makes	 it	 useful	 also	 against	 multidrug	

resistant	parasites	that	often	have	lost	the	P2	transporter	function	and	take	up	

their	 purines	 solely	 by	 the	 P1	 transporter.	 In	 parallel	 with	 our	 study	 of	

nucleoside	metabolism	in	T.	brucei,	we	also	have	a	collaboration	project	where	

we	screen	essential	oils	from	plants	which	are	used	in	traditional	medicine.	If	

the	essential	oils	are	active	against	the	trypanosomes,	we	further	analyze	the	

different	components	in	the	oils	to	identify	new	drugs	against	African	sleeping	

sickness.	One	such	compound	identified	from	the	plant	Smyrnium	olusatrum	is	

isofuranodiene,	which	 inhibited	T.	brucei	proliferation	with	an	IC50	value	of	3	

µM.	
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Abbreviations	
	
ADA	 Adenosine	deaminase	

AK	 Adenosine	kinase	

AMP	 Adenosine	monophosphate	

Ara-A	 Arabinofuranosyl	adenine	

CATT	 Card	Agglutination	Test		

CDA	 Cytidine	deaminase	

CSF	 Cerebral	Spinal	Fluid	

DFMO	 Difluoromethylornithine	

FANA-A	 9-(2-deoxy-2-fluoro-ß-D-arabinofuranosyl)	adenine	

GMP	 Guanosine	monophosphate	

IAG-NH	 Inosine-adenosine-guanosine-nucleoside	hydrolase	

IMP	 Inosine	monophosphate	

MTAP	 Methylthioadenosine	phosphorylase	

NECT	 Nifrutimox-eflornithine	combination	therapy	

PRPP	 Phosphoribosyl	pyrophosphate	

PRTase	 Phosphoribosyltransferase	

Tb	 Trypanosoma	brucei		

TK	 Thymidine	kinase	

UMP	 Uridine	monophosphate	

UPRT	 Uracil	phosphoribosyl	transferase	

VSG	 Variable	Surface	Glycoprotein	

WHO	 World	Health	Organization	
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Aim	of	the	thesis	

Developing new	therapy	against	African	sleeping	sickness	by	targeting	

the	 nucleotide	 metabolism	 of	 Trypanosoma	 brucei	 and	 characterizing	 the	

enzymes	involved	in	the	pyrimidine	and	purine	salvage	pathways.	

Introduction		

African	trypanosomiasis	affects	the	life	of	people	living	in	36	countries	

in	 sub-Saharan	 Africa.	 African	 trypanosomiasis	 is	 an	 infectious	 disease	 in	

humans	 and	 animals.	 The	 disease	 is	 caused	 by	 protozoan	 parasites	 of	 the	

genus	Trypanosoma	 that	 live	 and	multiply	 extracellularly	 in	 the	bloodstream	

and	 lymph	 of	 the	 mammalian	 hosts.	 They	 are	 able	 to	 evade	 the	 antibody	

response	 through	 antigenic	 variation.	 Trypanosomes	 are	 proliferating	 in	 the	

mammalian	bloodstream	as	long	slender	forms,	which	can	be	replaced	by	the	

non-proliferating	short	stumpy	form	when	the	number	of	parasites	 increases	

(1).	 The	 short	 stumpy	 form	 is	 adapted	 to	 be	 transmitted	 by	 the	 bite	 of	 an	

infected	 tsetse	 fly	 (Glossina	sp),	 in	which	 the	parasite	 go	 through	 several	 life	

cycle	stages	before	it	can	be	transmitted	to	the	next	mammalian	host.	African	

animal	trypanosomiasis	or	nagana	disease	is	mainly	caused	by	T.	congolense,	T.	

vivax	and	T.	brucei.	The	animal	disease	Nagana	is	different	from	human	African	

sleeping	sickness.	Affected	animals	have	enlarged	lymph	nodes,	severe	anemia,	

weight	 loss	 and	 develop	 visceral	 and	mucosal	 hemorrhages.	 Human	 African	

sleeping	 sickness	 is	 caused	 by	 T.	brucei	 rhodesiense	 and	 T.	brucei	gambiense	

that	give	acute	and	chronic	forms	of	the	disease,	respectively.	The	chronic	form	

accounts	 for	more	 than	 98%	 of	 reported	 cases.	 The	 disease	 has	 two	 stages.	

First	the	parasites	are	restricted	to	circulate	in	the	blood	and	tissue	fluids.	This	

is	 also	 called	 the	 haemolymphatic	 stage.	 In	 the	 second	 stage,	 the	 parasites	

cross	 the	blood-brain	barrier	 and	 invade	 the	 central	 nervous	 system.	During	

the	second	stage,	 the	patient	can	present	a	variety	of	neurological	 symptoms	
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such	as	alteration	of	 circadian	 sleep/awake	pattern	and	personality	 changes.	

In	the	absence	of	 treatment,	 the	disease	progresses	and	the	patient	goes	 into	

coma	and	finally	dies.	Before	the	second	stage,	the	person	can	be	infected	for	

months	 or	 years	 without	 major	 symptoms.	 When	 the	 symptoms	 become	

prominent,	 the	patient	 is	already	 in	 the	advanced	stage	of	 the	disease	where	

the	parasites	have	 infected	 the	central	nervous	system	(2).	T.	b.	gambiense	 is	

transmitted	mostly	through	a	human-fly-human	cycle	but	it	may	also	follow	an	

animal-fly-human	cycle,	whereas	in	T.	b.	rhodesiense,	animal	reservoirs	play	an	

important	role	in	the	transmission	cycle	(3).	

Based	on	 information	 from	the	World	Health	Organization	 (WHO)	on	human	

African	 trypanosomiasis,	 about	 70	 million	 people	 are	 estimated	 to	 be	 at	

different	 levels	 of	 risk	 in	 Africa.	 The	 number	 of	 new	 human	 African	

trypanosomiasis	 cases	 reported	 between	 2000	 and	 2012	 dropped	 by	 73%.	

Transmission	of	the	disease	seems	to	have	decreased	in	spite	of	the	continuous	

displacement	of	population,	war	and	poverty,	which	are	important	factors	that	

ease	the	transmission.	People	in	over	1.5	million	square	kilometer	remains	at	

risk	of	 contracting	 the	disease	 (4).	With	WHO	support,	 it	became	possible	 to	

screen	 the	 population	 at	 risk	 of	 the	 disease	 by	 using	 immunological	 and	

parasitological	 test.	 The	 card	 agglutination	 tests	 (CATT)	 developed	 in	 1978	

(5),	 is	 used	 for	 screening	 the	 affected	 population	 by	 T.	 b.	 gambiense.	 The	

diagnosis	 proceeds	 by	 systematic	 stage	 determination	 and	 assessing	 the	

cerebrospinal	fluid	(CSF)	to	check	for	the	presence	of	parasites.	The	presence	

of	parasites	in	the	CSF	is	a	sign	that	the	disease	has	progressed	to	the	second	

stage.	

Trypanosoma	brucei	

History	of	human	African	sleeping	sickness	

The	 history	 of	 human	 African	 trypanosomiasis(6)	 dates	 back	 to	 the	

18th	 century	 during	 the	 slave	 trade.	 In	 1734,	 the	 English	 naval	 surgeon	 John	

Atkins	 published	 the	 first	 medical	 report	 on	 African	 sleeping	 sickness.	 He	
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described	only	neurological	symptoms	of	the	late	stage	of	the	disease.	In	1803,	

an	English	physician	reported	some	signs	of	swollen	lymph	and	gradually	the	

number	of	reports	on	sleeping	sickness	increased	but	the	cause	of	the	disease	

remained	unknown	 for	 a	 long	 time.	 It	was	not	 until	 the	 very	 end	of	 the	19th	

century	that	parasites	for	the	first	time	were	found	in	the	cerebrospinal	 fluid	

of	 a	 patient	with	 sleeping	 sickness	 and	David	 Bruce	 described	 the	 pathogen	

behind	 African	 trypanosomiasis	 in	 1896.	 At	 that	 time,	 they	 thought	 it	 was	

transmitted	 by	 tsetse	 flies	mechanically	 but	 later	 it	was	 found	 to	 be	 a	 cyclic	

transmission	with	specific	life	cycle	stages	in	the	fly.	In	1916,	Paul	Ehrlich	with	

the	 help	 of	 a	 chemist	 team	 and	 the	 German	 pharmaceutical	 company	 Bayer	

developed	 the	 first	 effective	 drug	 for	 treatment	 of	 human	 African	

trypnosomiasis.	The	compound,	Bayer	205	(later	named	as	suramin),	is	still	in	

use	for	the	therapy	of	early	stage	T.	b.	rhodesiense	infections.		

Trypanosoma	brucei	life	cycle	

The	infection	of	the	mammalian	host	starts	when	the	infected	fly	bites	

and	 introduces	 the	 growth-arrested	 metacyclic	 trypomastigote	 to	 the	

mammalian	 bloodstream.	 The	 metacyclic	 trypomastigote	 transforms	 into	 a	

long	 slender	 form	 and	 establishes	 a	 bloodstream	 infection.	 The	 long	 slender	

forms	penetrate	the	blood	vessels	and	enter	extravascular	tissue	including	the	

central	nervous	system.	The	 long	slender	 form	can	change	 into	short	stumpy	

forms,	which	are	cell	cycle	arrested	and	pre-adapted	for	survival	in	tsetse	flies.	

When	a	tsetse	fly	bites	an	infected	host,	the	parasite	is	taken	up	along	with	the	

blood	meal	into	the	midgut	where	the	short	stumpy	form	differentiates	into	a	

procyclic	 trypomastigote,	 which	 resumes	 cell	 division.	 The	 procyclic	

trypomastigote	moves	 into	 the	 proventriculus	 and	 the	 salivary	 gland.	 In	 the	

proventriculus,	 procyclic	 trypomastigotes	 restructure	 to	 long	 and	 short	

epimastigotes.	The	short	ones	attach	to	epithelial	cells	to	generate	metacyclic	

trypomastigotes	that	are	free	in	the	salivary	gland	(7).	
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Disease	control	and	vector	control	

The	 surveillance	 and	 treatment	 have	 a	 powerful	 effect in	 human	

African	trypanosomiasis	control.	One	health	concept	important	for	the	control	

of	 African	 trypanosomiasis	 is	 that	 it	 has	 been	 shown	 that	 parasites	 causing	

human	and	animal	African	trypanosomiasis	can	coexist	in	the	same	tsetse	flies	

(8).	It	has	been	shown	in	the	case	of	T.	b.	gambiense	that	transmission	rates	are	

high,	 and	 vector	 control	 is	 required.	 In	 fact,	 vector	 control	 increases	 the	

sustainability	 of	 medical	 intervention.	 Different	 strategies	 used	 for	 vector	

control	 are	 aerial	 spraying	 insecticides,	 the	 sterile	 insect	 technique	 and	

paratransgenic	 approaches	with	 genetically	modified	 symbiotic	 bacteria	 that	

produce	 trypanocides	 that	 inhibit	 trypanosome	 survival,	 development	 and	

maturation	(9,	10).		

Treatment	of	the	disease		

Vaccine	 development	 against	T.	brucei,	is	 prevented	 by	the	 existence	

of	variable	surface	glycoproteins	(VSGs)	covering	the	body	of	the	parasite.	The	

T	 brucei	 genome	 contains	 more	 than	 1000	 VSG	 sequences,	 but	 only	 one	 is	

expressed	at	a	time.	The	VSG	proteins	cover	the	whole	cell	membrane	with	the	

purpose	of	making	the	parasites	undetectable	by	immune	system	(11).	These	

proteins	are	varied	 in	 the	amino	acid	sequence	and	attached	sugars	but	 they	

have	 a	 conserved	 structure.	 The	 immune	 defense	 will	 develop	 antibodies	

against	the	particular	VSG	variant	expressed,	but	the	ability	of	the	parasite	to	

continuously	 switch	 to	 new	 variants	 of	 the	 glycoprotein	 makes	 that	 the	

immune	system	is	always	one	step	behind.	Such	a	regulatory	system	helps	the	

parasite	to	survive	for	a	sufficient	time	for	their	transmission	to	the	next	host.	

Clinical	drugs	are	available.	However,	these	drugs	suffer	from	high	toxicity	and	

low	 efficacy	 dependent	 on	 stage	 of	 the	 disease	 and	 subspecies	 causing	 the	

infection.	 The	 drugs	 used	 against	 human	 African	 trypanosomiasis	 are	

pentamidine,	 suramine,	 melarsoprol	 and	 difluoromethylornithine	 (DFMO)	

(Table	1).	
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Melarsoprol	has	been	the	most	universal	and	effective	drug	against	all	forms	of	

African	 sleeping	 sickness.	 It	 also	 effective	 against	 the	 second	 stage	 of	 the	

disease	and	is	active	against	T.	b.	rhodesiense,	which	is	generally	more	difficult	

to	treat	than	infections	caused	by	T.	b.	gambiense.	It	is	an	arsenical	compound	

with	severe	side	effects.	Suramine	and	pentamidine	are	effective	at	curing	the	

first	 stage	 of	 the	 disease	when	 the	 parasites	 are	 restricted	 to	 the	 blood	 and	

lymph,	but	are	not	useful	against	the	second	stage	because	they	do	not	pass	the	

blood-brain	 barrier.	 Pentamidine	 is	 less	 toxic	 than	 suramin	 and	 is	 therefore	

the	preferred	drug	against	T.	b.	gambiense,	whereas	suramin	is	generally	used	

against	 first	 stage	 T.	b.	 rhodesiense	 infections.	 DFMO	 is	 effective	 against	 the	

second	stage	of	T.	b.	gambiense	 infections.	However,	 it	 is	 less	active	against	T.	

b.	rhodesiense	and	very	expensive	to	synthesize.	Nifurtimox	is	a	drug	used	for	

treatment	of	American	trypanosomiasis	(Chagas	disease),	but	for	T.	brucei	it	is	

not	 very	 effective	 as	 a	 single	 agent.	 However,	 the	 combination	 of	 nifurtimox	

and	DFMO	(NECT)	will	be	safer,	cheaper	and	more	easy	to	administrate	than	

DFMO	 itself	 (12).	 Decreased	 drug	 uptake	 has	 emerged	 as	 the	most	 common	

cause	of	drug	resistance.	Some	of	the	drugs	are	becoming	ineffective	due	to	the	

loss	of	 transporters	which	are	 involved	 in	drug	uptake.	An	 ideal	drug	against	

sleeping	sickness	needs	to	meet	some	criteria;	it	should	be	active	against	both	

subspecies	and	be	effective	against	the	two	stages	of	the	disease.	It	should	also	

have	 low	 or	 no	 toxicity,	 being	 orally	 available	 and	 not	 too	 expensive	 to	

synthesize.	In	addition,	a	better	understanding	of	drug	uptake	by	the	parasites	

helps	 to	 find	 ways	 to	 avoid	 drug	 resistance.	 One	 of	 the	 strategies	 for	

developing	new	drugs	against	African	sleeping	sickness	is	to	test	drugs,	which	

are	approved	or	in	clinical	use	for	the	treatment	of	other	diseases	in	order	to	

identify	less	toxic	drugs	and	to	limit	the	high	cost	of	clinical	trials.	
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Drugs	 Drug	efficacy	

Pentamidine	 First	stage	/	T.b.	gambiense	

Suramine	 First	stage	/	both	subspecies	

Merlarsoprol	 Both	stages	/	both	subspecies	(very	toxic)	

Eflornithine	(DFMO)	 Both	stages	/	T.	b.	gambiense	

DFMO+Nifurtimox	(NEC)	 Both	stages	/	T.	b.	gambiense	

Table	1.	Chemotherapy	against	human	African	sleeping	sickness.		

Purine	and	pyrimidine	metabolism	in	Trypanosoma	brucei	

Purine	metabolism		

In	general,	purine	nucleotides	are	synthesized	via	de	novo	and	salvage	

pathways.	 The	 de	 novo	 pathway	 utilizes	 simple	 compounds	 to	 synthesize	

purine	nucleotides.	IMP	is	synthesized	from	amino	acids,	CO2,	tetrahydrofolate	

derivatives	and	PRPP	(Figure	1).		

	
Figure	1.	The	right	side	shows	de	novo	biosynthesis	of	purines	from	PRPP	to	IMP	

in	mammalian	cells,	and	the	left	side	shows	the	main	salvage	pathways	of	purine	

formation	in	mammalian	cells	and	T.	brucei		
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In	contrast	to	mammalian	cells,	T.	brucei	lacks	de	novo	purine	biosynthesis	and	

the	parasites	are	 therefore	completely	dependent	on	purine	uptake	 from	 the	

host	 and	 use	 the	 salvage	 pathway	 for	 synthesizing	 the	 required	 purine	

nucleotides	 (13).	 The	 salvage	 pathway	 is	 a	 type	 of	 recycling	 process,	 which	

reutilizes	the	compounds	from	endogenous	or	exogenous	degradation	in	order	

to	 form	 purine	 nucleotides	 for	 RNA	 and	 DNA	 synthesis.	 Due	 to	 the	 large	

phylogenetic	distance	of	 the	host	 and	parasite,	 there	are	 some	differences	 in	

the	 enzymes	 of	 the	 purine	 salvage	 pathways,	 which	 can	 be	 targeted	 by	

developing	 new	 chemotherapy	 against	 parasites.	 The	 parasite	 has	 evolved	

very	efficient	transporters	to	take	up	purine	nucleobases	or	nucleosides	(14).	

It	 is	enough	with	 just	one	purine	source	(e.g.	adenosine	or	hypoxanthine)	 for	

the	 trypanosomes	because	 they	have	 all	 the	 enzymes	needed	 to	 catalyze	 the	

interconversion	of	AMP,	IMP	and	GMP	in	both	directions	(15).	 In	that	way,	T.	

brucei	 can	 use	 all	 the	 physiological	 purine	 bases	 and	 nucleosides	 to	 make	

nucleotides.	 The	 purine	 salvage	 enzymes	 are	 nucleoside	

hydrolases/phosphorylases,	 purine	 phosphoribosyltransferases	 (PRTases)	

and	 adenosine	 kinase.	 Adenosine	 kinase	 phosphorylates	 adenosine	 and	 to	

some	 extent	 deoxyadenosine	 (16).	 Adenosine	 and	 hypoxanthine	 are	 the	 two	

major	purine	sources	in	human	blood.	The	level	of	adenosine	is	2	µM	while	the	

level	of	hypoxanthine	is	between	0.6	and	2	µM	(17,	18).	Adenosine	is	salvaged	

in	 T.	 brucei	 through	 different	 ways.	 Adenosine,	 as	 well	 as	 inosine	 and	

guanosine,	 is	 cleaved	 by	 IAG-NH	 (Inosine,	 Adenosine,	 Guanosine-	 nucleoside	

hydrolase)	into	adenine	and	ribose	(19).	Adenosine	(and	deoxyadenosine)	can	

also	 be	 cleaved	 by	 the	 methylthioadenosine	 phosphorylase	 (MTAP)	 into	

adenine	and	ribose-1-phosphate	(20).	The	base	from	the	cleavage	pathways	is	

then	 salvaged	 through	 a	 PRTase	 (APRTase	 in	 the	 case	 of	 adenine).	 The	

cleavage–dependent	salvage	of	adenosine	has	an	unfavorable	Km	(Km	=	15	µM	

in	 IAG-NH	 (19)	 and	 Km	 =	 23	 µM	 in	 MTAP	 (21))	 in	 comparison	 to	 the	

concentration	 in	 blood.	 T.	brucei,	 adenosine	 kinase	 has	much	 higher	 affinity	

than	 TbIAG-NH	 and	 TbMTAP	 with	 a	 Km	 in	 the	 nanomolar	 range	 (0.041µM)	

(16).	When	 the	 level	of	adenosine	 is	 critical	 for	 the	parasites	 in	 the	host,	 the	
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trypanosomes	may	 become	dependent	 on	 the	 high-affinity	TbAK	pathway	 to	

synthesize	 purine	 nucleotides.	 Moreover,	 the	 high	 affinity	 pathway	 is	

conserving	 energy.	 One	 ATP	 is	 required	 to	 synthesize	 AMP	 from	 adenosine	

whereas	 cleavage-dependent	 AMP	 synthesis	 requires	

phosphoribosylpyrophosphate	(PRPP)	that	is	made	from	ribose	and	3	ATP.		

Purine	nucleoside,nucleobase	transport	

In	order	to	survive	in	an	environment	with	poor	purine	contents,	the	

parasites	have	developed	very	efficient	 transporters	 to	 take	up	purines	 from	

the	 host	 blood.	 Unlike	 human	 cells	 that	 use	 facilitated	 diffusion	 to	 take	 up	

purines,	the	trypanosomes	have	active	transporters.	Another	difference	is	that	

the	 nucleoside	 transporters	 in	 mammalian	 cells	 have	 broader	 substrate	

specificities	which	transport	both	purines	and	pyrimidines,	and	this	is	not	the	

case	for	the	trypanosomes.	

The	 rate	of	 uptake	of	 adenosine	 is	 greater	 than	 the	other	purines.	There	 are	

two	main	distinct	adenosine	transporters	in	T.	brucei,	P1	and	P2	(22).	The	P1	

transporter	 is	 responsible	 for	 oxopurine	 nucleosides	 uptake	 (inosine	 and	

guanosine)	 but	 can	 also	 transfer	 adenosine.	 The	 P2	 transporter	 has	 a	 good	

affinity	 for	aminopurines,	adenosine	and	 the	nucleobase	adenine.	 It	has	been	

shown	 that	 the	 P2	 transporter	 interacts	with	 the	N1	 and	 6-amino	 groups	 of	

purines	 like	 adenosine	 and	 tubercidine	 but	 it	 does	 not	 interact	 with	

oxopurines	 (23).	 The	 oxopurine	 nucleobases	 are	 taken	 up	 by	 other	

transporters.	The	high	affinity	purine	nucleobase	transporters	are	H1,	H2,	H3	

and	 H4.	 The	 H2	 and	 H3	 transporters	 are	 present	 in	 T.	 brucei	 bloodstream	

forms	while	 the	H1	and	H4	 transporters	are	present	 in	procyclic	 forms	 (24).	

Sensitivity	 and	 drug	 resistance	 in	 parasites	 are	 highly	 dependent	 upon	 the	

level	of	drug	uptake.	Melarsoprol	and	pentamidine	are	two	of	the	main	drugs,	

which	 are	 used	 for	 the	 treatment	 of	 African	 sleeping	 sickness	 in	 humans.	

Cross-resistance	 to	 these	 drugs	was	 shown	 already	 60	 years	 ago	 for	 African	

sleeping	 sickness.	 Drug	 resistance	 typically	 appears	 when	 genetic	 changes	
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(mutation,	 deletion	 or	 amplification)	 alter	 uptake,	 drug	 metabolism,	 drug	

target	interaction	or	efflux.	It	has	been	shown	that	melarsoprol	resistance	was	

linked	to	the	absence	of	the	P2	aminopurine	transporter	activity	(22).	In	fact,	

the	 cross	 resistance	 to	 melarsoprol	 and	 pentamidine	 is	 due	 to	 that	 the	 two	

drugs	are	imported	through	the	same	transporters.	The	physiologic	substrates	

for	 the	 P2	 transporter,	 adenosine	 and	 adenine,	 are	 able	 to	 compete	 out	

melarsoprol	to	protect	the	parasite	from	the	lysis	effect	of	melarsoprol	in	vitro.	

The	gene	encoding	the	P2	transporter	is	TbAT1.	TbAT1	gene	deletion	and	loss	

of	function	point	mutations	were	described	in	drug	resistant	strains	generated	

in	the	lab,	and	the	same	point	mutations	were	found	in	a	patient	infected	with	

melarsoprol-resistant	T.	brucei	gambiense	(25).	 Analyzing	 the	 P2	 transporter	

in	 T.	 brucei	 showed	 a	 high	 affinity	 for	 several	 trypanocidal	 diamidines	

including	pentamidine	(26).	The	uptake	of	pentamidine	was	partially	blocked	

by	 adenosine.	 The	 sensitivity	 to	 pentamidine	 decreased	 two-fold	 in	 TbAT1	

gene	knock	out	trypanosomes	compared	to	wild	type,	while	resistance	to	other	

diamidines	 like	 diminazene	 was	 stronger.	 This	 indicates	 the	 presence	 of	

another	 transporter,	 which	 is	 insensitive	 to	 adenosine	 and	 can	 take	 up	

pentamidine.	 However,	 the	 later	 discovery	 of	 the	 other	 transporter	 for	 the	

uptake	of	pentamidine	and	melarsoprol	represents	a	gap	in	the	understanding	

of	drug	resistance	associated	with	the	uptake	of	drugs	(27).	 It	has	previously	

been	shown	 that	 it	 is	not	easy	 to	 induce	 resistance	 to	purine	analogues	 in	T.	

brucei	when	the	uptake	is	mediated	through	multiple	transporters	(28).	It	was	

therefore	 surprising	 that	 pentamidine	 and	melarsoprol	 are	 taken	 up	 by	 two	

types	 of	 transporters,	 and	 yet	 the	 trypanosomes	 could	 still	 become	 resistant	

by	downregulating	the	transport	of	the	drugs.		

	

	

	

	

	

	



	 16	

Pyrimidine	metabolism		

Trypanosoma	 brucei	 is	 capable	 to	 make	 pyrimidines	 by	 de	 novo	

synthesis	 from	 glutamine	 and	 aspartate	 as	 well	 as	 salvaging	 pyrimidine	

nucleosides	or	nucleobases,	which	are	transported	from	the	host	environment	

or	 growth	 medium	 by	 specific	 transporters	 (Figure	 2)	 The	 parasite	 makes	

uridine	 monophosphate	 (UMP),	 which	 the	 cell	 obtains	 through	 de-novo	

biosynthesis	or	phosphoribosylation	of	uracil	in	salvage	synthesis.	From	UMP,	

the	 cells	 can	 make	 all	 the	 required	 pyrimidines.	 The	 parasites	 lack	 uridine	

kinase	 to	phosphorylate	uridine	 to	UMP,	 instead	uridine	or	dexoyuridine	are	

cleaved	by	uridine	phosphorylase	to	uracil.	Uracil	can	be	taken	up	through	the	

TbU1	 and	 TbU3	 transporters	 in	 procyclic	 and	 bloodstream	 forms	 of	

trypanosomes,	respectively	(29-31).	Uracil	phosphoribosyl	transferase	(UPRT)	

converts	 uracil	 to	 UMP	 and	 further	 phosphorylation	 by	 nucleotide	 kinases	

makes	 it	 to	 form	uridine	diphosphate	(UDP)	and	uridine	 triphosphate	(UTP).	

In	T.	brucei,	the	synthesis	of	cytidine	nucleotides	depends	on	the	production	of	

UMP.	T.	brucei	 cannot	 take	 up	 cytosine	 or	 cytidine.	 Therefore,	 it	 needs	 to	 be	

made	by	the	de	novo	pathway	through	CTP	synthetase,	which	makes	CTP	from	

UTP	as	a	precursor	for	RNA	synthesis.		

T.	brucei	possess	de	novo	dNTP	synthesis	via	ribonucleotide	reductase,	which	

can	make	dNDPs	from	the	corresponding	NDPs	but	the	parasites	have	limited	

supplies	of	CDP	(and	CTP)	 for	biosynthesis	of	dCDP.	This	 is	compensated	 for	

by	having	a	ribonucleotide	reductase	with	high	affinity	for	CDP	and	by	lacking	

dCMP	 deaminase,	 an	 enzyme	 that	 is	 present	 in	 most	 other	 eukaryotes	 that	

participates	in	a	pathway	which	converts	dCTP	to	dTTP.	This	may	limit	dTTP	

biosynthesis	 but	 the	 parasites	 are	 able	 to	 compensate	 for	 this	 problem	 by	

acquiring	 dTTP	 via	 thymidine	 kinase-mediated	 salvage	 synthesis.	 Uptake	 of	

pyrimidine	 nucleobases	 or	 nucleosides	 are	 less	 efficient	 and	 requires	 higher	

concentration	than	purines.	For	example,	the	P1	purine	transporters	can	only	

transport	thymidine	with	low	affinity	(31).	T.	brucei	encodes	three	pyrimidine	

salvage	 enzymes:	 UPRT,	 thymidine	 kinase	 (TK),	 and	 uridine	 phosphorylase	
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(UPP),	 and	 in	 addition	 cytidine	 deaminase	 (CDA)	 which	 converts	

deoxycytidine	to	deoxyuridine.	One	of	the	key	regulatory	steps	in	the	salvage	

pathway	is	phosphorylation	of	nucleosides	and	deoxynucleosides,	which	is	an	

alternative	 to	 de	novo	 synthesis	 of	 DNA	 precursors.	 The	 phosphorylation	 is	

dependent	 on	 nucleoside-	 and	 deoxynucleoside	 kinases.	 The	 reaction	

catalyzed	by	nucleoside-	and	deoxynucleoside	kinases	 is	 irreversible	and	 the	

first	 phosphorylation	 is	 generally	 the	 rate-limiting	 step.	 In	 human	 cells,	 the	

phosphorylation	 of	 pyrimidine	 nucleosides	 and	 deoxynucleosides	 at	 the	 5’	

position	is	catalyzed	by	two	cytosolic	enzymes,	thymidine	kinase	1	(TK1)	and	

deoxycytidine	 kinase	 (dCK),	 and	 by	 one	 mitochondrial	 enzyme,	 thymidine	

kinase	2	(TK2).	All	the	three	enzymes	have	distinct	but	overlapping	substrate	

specificities.	 In	 addition,	 there	 is	 another	 mitochondrial	 enzyme,	

deoxyguanosine	 kinase	 (dGK)	 which	 only	 phosphorylate	 purine	

deoxynucleosides	(Table	2).	

Name	 Natural	substrates	 Sub-cellular	location 

hTK1	 dT,	dU	 Cytosol	

hdCK	 dC,	dG,	dA	 Cytosol	

hTK2	 dT,	dU,	dC	 Mitochondria	

hdGK	 dG,	dA	 Mitochondria	

	
Table	2.	Human	deoxynucleoside	kinases.	

In	T.	brucei,	TK	phosphorylates	thymidine	and	deoxyuridine	to	form	dTMP	and	

dUMP,	respectively	(32,	33).	There	are	some	specific	properties	of	nucleoside-	

and	deoxynucleoside	kinases	in	pathogens,	which	are	interesting	from	a	point	

of	 view	 for	 drug	 development.	 TbTK	 has	 been	 involved	 in	 the	 metabolic	

activation	of	 some	deoxynucleoside	analogs	as	antiviral	or	anticancer	agents.	

Acyclovir	and	other	nucleoside	analogs	used	against	herpes	virus	are	activated	

by	the	viral	TK	but	not	recognized	by	the	host	deoxynucleoside	kinases.	It	has	

been	shown	that	TbTK	is	essential	for	in	vitro	growth	and	for	infectivity	in	vivo	

as	well	(34).	Data	shows	that	TbTK	activity	plays	a	key	role	in	the	synthesis	of	
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dTMP	 even	 in	 cells	 grown	 in	 a	 pyrimidine–free	 environment.	 This	 was	

surprising	 because	 T.	 brucei	 has	 the	 enzyme	 thymidylate	 synthetase	 which	

converts	dUMP	to	dTMP.	However,	a	study	with	TbTK	knockout	cells	showed	

that	in	the	absence	of	external	pyrimidines,	the	cells	accumulate	TK	substrates	

like	Thd	and	dUrd,	and	will	deplete	the	dTTP	pools,	suggesting	the	presence	of	

5’-nucleotidases	 that	 catalyze	 the	 conversion	 of	 deoxynucleotides	 into	

deoxynucleosides.	 In	 humans,	 the	 function	 of	 TK	 can	be	 compensated	 for	 by	

dCMP	deaminase	(DCTD)	which	is	able	to	increase	the	supply	of	dUMP	that	can	

be	used	by	thymidylate	synthase	to	make	dTMP.	T.	brucei	lacks	DCTD,	which	is	

in	 support	 of	 the	 importance	 of	TbTK.	 It	 has	 been	 shown	 in	vitro	for	 human	

TK1	 that	 low	 temperature	and	enzyme	concentration	 in	 the	presence	of	ATP	

favor	an	activation	process	of	the	enzyme.	The	incubation	of	the	protein	with	

ATP	induces	its	transition	to	a	more	active	form	with	higher	substrate	affinity	

and	 a	 conformational	 change	 of	 the	 enzyme	 from	 a	 homodimer	 to	

homotetramer	 structure.	 The	 two	 structures	 have	 different	 properties.	 The	

tetramer	 binds	 to	 thymidine	with	 20	 times	 higher	 affinity	 than	 the	 dimer.	 It	

has	 been	 proposed	 that	 the	 ability	 to	 change	 between	 these	 two	

conformations,	 dimers	 and	 tetramers,	 are	 involved	 in	 cell	 cycle	 regulation	of	

TK	activity	(35).	
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Figure	2.	T.	brucei	pyrimidine	synthesis	pathways.	

Drug	development	

Developing	 a	 new	 drug	 is	 a	 complex	 process.	 One	 of	 the	 most	

important	steps	in	drug	discovery	is	target	identification	and	validation.	After	

initial	 target	 identification,	 you	 need	 to	 find	 a	molecule,	which	 is	 suitable	 to	

that	specific	target	and	can	be	an	acceptable	drug.	The	selected	candidate	will	

be	analyzed	 in	preclinical	 tests	and	 if	 successful	go	 into	clinical	evaluation.	A	

common	 drug	 target-based	 approach	 is	 to	 identify	 a	 protein	 in	 the	 parasite	

which	 is	 essential	 and	 is	 different	 from	 the	 host	 proteins.	 In	 T.	 brucei,	 the	

purine	 salvage	 pathway	 offers	 this	 opportunity	 for	metabolic	 drug	 targeting	

utilizing	 an	 efficient	 transport	 system.	 Individual	 enzymes	 in	 the	 T.	 brucei	

salvage	 synthesis	 are	 non-essential	 because	 there	 are	 several	 pathways	

involved,	 but	 from	 a	 drug	 discovery	 interest,	 they	 are	 still	 important.	 These	

enzymes	 have	 a	 role	 in	 the	 activation	 of	 purine	 nucleobase-	 or	 nucleoside	

analogues,	 which	 only	 become	 toxic	 when	 they	 are	 converted	 to	 nucleotide	

analogues.	 The	 nucleoside	 analogues	 need	 to	 be	 phosphorylated	 inside	 the	

cells	 to	 form	 the	 corresponding	 nucleotides.	 The	 stability	 of	 the	 analogues	

against	 degradation	 by	 enzymes	 present	 in	 the	 bloodstream	 and	 in	 the	



	 20	

parasites,	 is	 also	 important	 to	 consider	 for	 the	 development	 of	 nucleoside–

based	 therapeutics	 against	 African	 sleeping	 sickness	 and	 might	 serve	 as	 a	

starting	point	for	drug	discovery.	These	analogues	should	pass	the	blood-brain	

barrier	 via	 purine	 transporters	 (36).	 In	 T.	 brucei,	 the	 main	 cause	 of	 drug	

resistance	 is	 changes	 in	 specific	 transporters.	 Resistance	 develops	 easily,	

especially	 when	 the	 drug	 is	 taken	 up	 by	 a	 single	 non-essential	 transporter	

protein.	The	challenge	here	is	to	find	an	analogue	that	is	taken	up	by	multiple	

transporters	 to	 decrease	 the	 risk	 of	 emerging	 drug	 resistance.	 Other	

approaches	for	developing	new	drugs	are	high	throughput	screening	as	well	as	

searching	for	naturally	occurring	compounds.	Here	we	have	focused	on	in	vitro	

antitrypanosomal	screening	of	traditional	medicinal	plants	used	previously	to	

treat	various	microbial	and	non-microbial	diseases.	This	kind	of	study	can	lead	

to	the	identification	of	new	therapeutic	agents.	
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Summary	of	the	study	

The	 main	 idea	 behind	 the	 project	 was	 to	 develop	 new	 therapy	 against	

African	 sleeping	 sickness	by	 targeting	 the	nucleotide	metabolism	of	T.	brucei	

and	 characterizing	 enzymes	 involved	 in	 pyrimidine	 and	 purine	 salvage	

pathways.	This	includes:	

• Characterizing	the	TbTK	enzyme	of	the	pyrimidine	salvage	pathway	to	

find	a	difference	with	the	host	hTK1	as	a	target	for	drug	development	

(work	1).		

• Studying	 T.	 brucei	 purine	 salvage	 enzymes.	 Trypanosomes	 lack	 de	

novo	 purine	 biosynthesis	 and	 need	 to	 compensate	 for	 that	 by	

unusually	 efficient	 salvage.	 We	 already	 knew	 that	 TbAK	 is	 a	 very	

efficient	enzyme	for	adenosine	and	deoxyadenosine	salvage.	Here	we	

characterized	TbMTAP	another	metabolic	enzyme	for	adeonosine	and	

deoxyadenosine	salvage	in	trypanosomes.	

• Screening	purine	nucleoside	or	deoxynucleoside	analogues	which	are	

activated	 by	 TbAK	 and	 able	 to	 kill	 the	 parasites.	 In	 addition,	 the	

analogues	 need	 to	 be	 resistant	 to	 cleavage	 and	 taken	 up	 by	 the	 T.	

brucei	 P1	 nucleoside	 transporter.	 The	 third	 work	 describes	 the	

identification	of	an	adenosine	analogue	that	meets	all	these	criteria.	

• Screening	 biological	 compounds	 or	 traditional	 plant	 medicines	 for	

new	 antitrypanosomal	 agents.	 In	 this	 work,	 we	 analyzed	 the	

antitrypanosomal	 activity	 of	 essential	 oils	 and	 purified	 compounds	

from	the	plant	Smyrnium	olustratum.	
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1.	 Trypanosoma	 brucei	 thymidine	 kinase	 is	 a	 tandem	

protein	 consisting	 of	 two	 homologous	 parts,	 which	

together	enable	efficient	substrate	binding	

We	 have	 shown	 that	 four	 parasites	 including	 T.	brucei	 contain	 genes	 where	

two	or	 four	 thymidine	kinase	sequences	are	 fused	 into	a	single	open	reading	

frame.	 Each	TK	 sequence	 is	 here	 referred	 to	 as	 a	 domain,	 and	 in	 the	 case	 of	

TbTK,	 the	 protein	 is	 divided	 into	 two	 domains.	 These	 kinds	 of	 tandem	 TKs	

were	 found	 in	 four	 species	 from	 three	 phylogenetically	 unrelated	 parasite	

families,	but	not	found	in	any	non-parasitic	species	among	the	top	20,000	hits	

from	GenBank.	 It	may	 therefore	represent	an	adaptive	 trait	 for	 the	parasites.	

Phylogenetic	 analysis	 showed	 that	 the	 two	 domains	 of	TbTK	 are	most	 likely	

the	result	of	a	duplication.	The	same	was	true	for	the	TKs	of	two	of	the	other	

parasites	 A.	 suum	 with	 two	 domains	 and	 T.	 congolense	 with	 four	 domains.	

Whereas,	 in	T.	vaginalis	TK	each	domain	was	distinct	 from	each	other,	which	

means	 that	 two	genes	are	 fused	together	rather	 than	having	one	gene	 that	 is	

copied.	The	DNA	sequence	analysis	of	TbTK	showed	that	the	two	domains	have	

exchanged	genetic	material	in	recent	time,	as	evident	by	a	stretch	of	89	nearly	

identical	 base	 pairs	 in	 both	 domains.	 This	 region	 encodes	 for	 an	 ATP/GTP	

binding	 site.	 Full	 length	 TbTK	 and	 each	 of	 its	 domains	 were	 separately	

expressed	and	characterized.	Domain	1	was	inactive	whereas	domain	2	had	a	

similar	 activity	 as	 the	 full-length	protein.	 The	 inactive	 domain	1	 lacks	 three-

conserved	amino	acid	residues,	which	are	important	for	catalysis	or	substrate	

recognition	 based	 on	 the	 human	 TK1	 crystal	 structure.	 of	 particular	

importance	 is	 Glu-98	 (human	 numbering).	 This	 residue	 plays	 an	 important	

role	in	all	known	deoxynucleoside	kinases	by	abstracting	a	proton	from	the	5’-

OH	group	of	the	deoxynucleoside	substrate,	to	enable	its	nucleophilic	attack	on	

the	 ¡-phosphate	 of	 ATP	 (37).	 Proteins	 from	 the	 TK1	 family	 are	 generally	

dimers	 or	 tetramers.	 The	 tetramer	 form	 has	 higher	 affinity	 to	 the	 substrate	

compared	 to	 the	dimer.	TbTK	domain	2	was	mainly	monomeric	 and	had	 a	5	
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times	reduction	in	affinity	for	its	main	substrates,	thymidine	and	deoxyuridine,	

as	compared	to	the	full-length	protein.	However,	in	the	presence	of	domain	1,	

it	can	be	considered	as	pseudo-dimer	showing	an	enhanced	binding	affinity	to	

the	substrates.	

From	a	point	 of	 interest	 for	developing	nucleoside	 analogs	 as	 a	drug	 against	

African	 sleeping	 sickness,	 TbTK	 was	 less	 discriminative	 to	 purines	 than	 the	

human	 TK1.	 The	 enzyme	 phosphorylated	 the	 pyrimidine	 nucleosides,	

thymidine	 and	 deoxyuridine,	 and	 to	 some	 extent	 the	 purine	 nucleosides	

deoxyinosine	 and	 deoxyguanosine.	 It	 has	 therefore	 broader	 substrate	

specificity	than	human	TK1,	indicating	that	the	catalytic	site	of	the	protein	has	

more	room	in	the	active	site.	This	is	interesting	for	drug	discovery,	indicating	

that	 the	 enzyme	 could	 be	 able	 to	 accept	 pyrimidine	 analogues	 with	 bulkier	

substituents	 by	 making	 them	 looking	 something	 in	 between	 purines	 and	

pyrimidines.	 These	 kinds	 of	 analogues	 would	 perhaps	 be	 transported	 by	

purine	transporters,	but	still	being	phosphorylated	by	TbTK.	

	
Figure	 3.	 Comparison	 of	TbTK	 and	 human	 TK1.	A,	 schematic	 picture	 of	 human	
TK1	and	TbTK	B,	oligomerization	of	TK	proteins	increases	substrate	affinity	
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2.	 Trypanosoma	 brucei	 methylthioadenosine	

phosphorylase	 protects	 the	 parasite	 from	 the	

antitrypanosomal	effect	of	deoxyadenosine:	 implications	

for	the	pharmacology	of	adenosine	metabolites	

A	previous	study	showed	that	T.	brucei	accumulates	high	level	of	dATP	

in	the	presence	of	1mM	dAdo	(38).	The	accumulation	of	high	levels	of	dATP	is	

dependent	on	 adenosine	kinase	 and	 causes	 the	parasites	 to	die	within	 a	 few	

hours	(16).	In	this	paper,	we	have	shown	that	T.	brucei	treated	with	1mM	dAdo	

accumulates	 higher	 dATP	 levels	 than	 mammalian	 cells,	 but	 only	 if	 the	

concentration	 of	 dAdo	 is	 high.	 At	 lower	 concentrations	 of	 dAdo,	 T.	 brucei	

methylthioadenosine	 phosphorylase	 (TbMTAP)	 protected	 the	 parasites	 from	

the	antitrypanosomal	effect	of	dAdo.	TbMTAP	will	cleave	dAdo	to	adenine	for	

ATP	 synthesis,	 and	 deoxyribose	 1-phosphate.	 One	 of	 the	 reaction	 products,	

adenine,	 inhibited	the	enzyme,	which	can	explain	why	the	high	concentration	

of	dAdo	is	toxic	for	parasites.	At	the	presence	of	adenine	as	a	TbMTAP	inhibitor	

in	 the	culture	medium,	growth	 inhibition	 in	T.	brucei	bloodstream	forms	was	

enhanced	(Figure	4).	

Human	cells	are	protected	against	dAdo	by	adenosine	deaminase,	whereas	this	

enzyme	 could	 not	 be	 found	 in	T.	brucei	 (39).	 In	 this	 paper,	 we	 showed	 that	

TbMTAP	is	instead	having	this	role	in	T.	brucei.	This	is	important	to	know	for	

drug	 discovery.	 In	 order	 for	 adenosine	 or	 dAdo	 analogues	 to	 be	 efficient	

against	T.	brucei,	it	is	not	enough	that	they	are	phosphorylated	by	TbAK.	They	

also	need	to	be	resistant	to	TbMTAP	and	other	cleavage	enzymes	in	T.	brucei.		
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Figure	 4.	 Metabolic	 pathways	 of	 dAdo	 in	 Trypanosoma	 brucei.	 At	 high	
concentrations	 of	 dAdo,	 TbAK	 efficiently	 catalyzes	 the	 first	 step	 in	 the	
phosphorylation	 of	 dAdo	 to	 dATP.	 TbMTAP	 is	 then	 inhibited	 by	 feedback	
inhibition	of	its	enzymatic	reaction	product,	adenine.	At	lower	concentrations	of	
dAdo,	the	adenine	formed	by	the	TbMTAP	reaction	does	not	reach	concentrations	
high	 enough	 to	 inhibit	 the	 enzyme,	 and	 the	 parasites	 are	 then	 protected	 from	
dAdo	 toxicity.	APRT	 is	using	 the	adenine	 for	ATP	synthesis,	and	 it	 is	only	when	
this	activity	is	saturated	by	too	high	levels	of	adenine	that	the	TbMTAP-mediated	
protection	fails.	
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3.	9-	(2-Deoxy-2	Fluro-ß-D-arabinofuranosyl)	adenine	as	a	

therapeutic	agent	against	Trypanosoma	brucei	

In	 the	study,	above	(work	2),	we	showed	the	 importance	of	TbMTAP	

for	drug	discovery	because	TbAK	substrate	analogues	need	to	be	resistant	 to	

cleavage	by	TbMTAP	to	be	effective	against	T.	brucei.	Known	antitrypanosomal	

nucleoside	 analogues	 such	 as	 tubercidine	 and	 cordycepin	 have	 successfully	

been	used	 to	 cure	 infected	mice,	 and	 they	are	 all	TbMTAP	cleavage	 resistant	

and	good	substrates	of	TbAK.	However,	they	also	have	the	limitation	that	they	

are	taken	up	by	the	P2	purine	nucleoside	transporter.	It	has	been	reported	that	

treatment	failures	with	melarsoprol	against	second	stage	sleeping	sickness	can	

be	due	to	the	loss	of	function	of	the	P2	purine	transporter,	which	is	implicated	

in	melarsoprol	uptake	(40).	A	reason	why	the	parasites	get	easily	resistant	to	

treatment	 is	 that	 the	 P2	 purine	 transporter	 is	 encoded	 by	 a	 single	 gene.	 In	

contrast,	 the	P1	purine	 transporter	can	be	encoded	by	multiple	genes,	which	

are	 spread	 out	 on	 different	 parts	 of	 the	 genome.	 It	 is	 very	 unlikely	 that	 the	

parasite	can	accumulate	loss	of	function	mutations	on	all	these	genes,	making	

the	appearance	of	drug	resistance	less	likely.	Our	main	goal	here	is	to	find	an	

adenosine-	or	dAdo	analogue,	which	is	taken	up	by	the	P1	transporter	(or	by	

both	 transporters)	 at	 the	 same	 time	 as	 it	 is	 a	 good	 substrate	 of	 TbAK	 and	

resistant	to	the	enzyme	activity	of	TbMTAP	and	other	cleavage	enzymes.	Based	

on	 these	 criteria,	 we	 started	 to	 look	 for	 adenosine	 or	 dAdo	 analogues.	 The	

selected	 compounds	 were	 first	 tested	 in	 enzyme	 assay	 with	 TbMTAP	 and	

TbAK.	We	have	previously	shown	that	Ara-A	is	a	substrate	of	TbAK	that	is	not	

cleaved	by	TbMTAP	(16).	It	is	also	a	good	antitrypanosomal	drug	with	an	IC50	

of	 0.071	 µM	 against	 T.	 brucei	 proliferation	 (16).	 Ara-A	 is	 characterized	 by	

having	an	OH	group	in	the	upward	direction	at	the	2’	position	of	the	ribose,	i.e.	

the	 opposite	 direction	 as	 compared	 to	 adenosine.	 Our	 idea	 was	 to	 find	

analogues	with	other	substituents	instead	of	the	upward	2´-OH	group	of	Ara-A	

and	 see	 if	 these	 analogues	 also	 are	 TbMTAP-cleavage	 resistant	 (Figure	 5).	

From	 these	 analogues,	 two	 compounds	 were	 selected:	 FANA-A	 that	 is	
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fluorinated	in	the	2’	upwards	direction	and	2’-C-methyladenosine	that	have	a	

methyl	 group	 at	 this	 position.	 Both	 analogues	were	 resistant	 to	 cleavage	 by	

purified	 TbMTAP	 and	 by	 T.	 brucei	 cell	 extracts.	 FANA-A	 was	 an	 efficient	

inhibitor	 of	 T.	 brucei	 proliferation	 with	 an	 IC50	 of	 0.0028	 µM.	 TbAK	

phosphorylated	 FANA-A	 efficiently	 and	 the	 enzyme	 activity	 with	 TbAK	 was	

much	 higher	 than	 with	 human	 AK	 with	 this	 substrate.	 A	 transport	 assay	

showed	that	FANA-A	can	compete	with	the	purine	uptake	of	both	transporters,	

and	 experiments	 on	 knockout	T.	brucei	 parasites	 lacking	 the	 P2	 transporter	

showed	 that	 they	 were	 equally	 sensitive	 to	 the	 parent	 T.	brucei	 strain.	 This	

indicates	that	the	P1	transporter	 is	enough	to	give	full	sensitivity	to	the	drug	

although	 both	 transporters	 are	 most	 likely	 involved	 in	 the	 uptake.	 FANA-A	

could	 cure	 T.	 brucei	 infected	 mice	 in	 combination	 with	 the	 adenosine	

deaminase	 inhibitor	 deoxycoformycin	 (dCF).	 However,	 the	 affinity	 of	 human	

adenosine	deaminase	to	adenosine	and	dAdo	is	much	lower	than	the	efficiency	

of	T.	brucei	purine	transporters	P1	and	P2.	Nevertheless,	we	must	consider	the	

stability	of	the	compound	in	blood.	If	we	incubated	dAdo	with	T.	brucei	growth	

medium	(containing	10%	mammalian	serum)	in	the	absence	of	dCF,	dAdo	was	

completely	converted	to	deoxyinosine	after	48	h.	FANA-A	was	also	deaminated	

under	 these	 conditions.	 A	 major	 challenge	 here	 is	 to	 improve	 FANA-A	 to	

overcome	 the	 adenosine	 deaminase-mediated	 reaction.	 Indeed,	 co-

administration	of	FANA-A	and	dCF	as	adenosine	deaminase	inhibitor	increases	

the	 growth	 inhibition	 sensitivity	 of	 parasites.	 However,	 the	 long-term	

inhibition	 of	 an	 important	metabolic	 enzyme	 of	 the	 host,	 such	 as	 adenosine	

deaminase,	may	have	toxic	side-effects.	It	has	been	reported	that	dCF	shows	a	

teratogenic	effect	in	pregnant	mice,	which	makes	it	uncertain	if	the	drug	can	be	

used	as	chemotherapy	during	pregnancy	(41).	The	best	alternative	might	be	to	

search	 for	 a	 new	 derivative	 of	 FANA-A	 that	 is	 deamination	 resistant	 and	

therefore	can	be	used	as	a	single	agent	in	chemotherapy.		
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Figure	5.	Ara-A	and	modified	analogues	of	Ara-A	
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4.	An	overlooked	horticultural	crop,	Smyrnium	olusatrum,	

as	 a	 potential	 source	 of	 compounds	 effective	 against	

African	trypanosomiasis	

	Essential	oils	are	concentrated	extracts	taken	from	plant	tissues	such	

as	 roots,	 seeds,	 leaves	 or	 flowers.	 Each	 plant	 tissue	 contains	 its	 own	mix	 of	

active	compounds.	Essential	oils	are	widely	used	as	 traditional	medicines	 for	

treatment	 of	 microbial,	 viral	 and	 non-infectious	 diseases.	 Analyzing	 the	

composition	 of	 essential	 oils	will	 reveal	 the	 chemical	 profile	 of	 the	 plant.	 By	

separating	 the	 chemical	 constituents,	 it	 is	 subsequently	 possible	 to	 find	 out	

which	 of	 them	 is	 responsible	 for	 the	 desired	 effect.	 It	 has	 previously	 been	

shown	 that	 essential	 oils	 can	 be	 used	 as	 an	 alternative	 treatment	 against	

antibiotic	 resistant	 bacterial	 infections	 (42)	 and	 some	 of	 them	 also	 have	

antitrypanosomal	 activity	 (43).	 In	 the	 current	 work,	 the	 antitrypanosomal	

activity	of	essential	oils	obtained	 from	different	parts	of	Smyrnium	olusatrum	

was	assayed.	The	fruit	part	had	the	highest	antitrypanosomal	activity	with	an	

IC50	value	of	1.97	µg/ml.	Isofuranodiene	as	one	of	the	major	component	of	the	

fruits,	 was	 the	 main	 inhibitor	 with	 an	 IC50	 value	 of	 3	 µM	 (0.65	 µg/ml).	 To	

investigate	why	the	fruits	were	more	active	in	comparison	to	the	other	parts	of	

the	plant,	the	other	major	components	of	the	fruit	were	tested	to	check	if	they	

could	affect	 the	activity	of	 isofuranodiene.	ß-acetoxyfuranoeudesm-4(15)-ene	

is	 present	 in	 large	 amounts	 in	 fruits	 and	 increased	 the	 sensitivity	 of	

isofuranodiene.	This	work	represents	the	first	report	of	the	antitrypanosomal	

activity	 of	 S.	olusatrum	 and	 isofuranodiene	 as	 an	 active	 compound,	 which	 is	

very	hydrophobic	and	easily	can	be	absorbed	by	membranes.	

	

	

	

	

	



	 30	

Acknowledgments	
I	 would	 like	 to	 thank	 everybody	 at	 the	 department	 of	Medical	 Biochemistry	

and	Biophysics.	

	

Special	 thanks	 to	Anders	Hofer,	my	supervisor,	 for	all	your	support	 through	

my	PhD.	You	are	the	best	teacher.	I	am	very	grateful	for	your	valuable	guidance	

and	encouragement.		

	

My	lab	mates	Munender	and	Venki,	thanks	for	everything.	I	never	forget	the	

songs,	which	are	copied	from	Telgu	to	English	pop	stars.	

	

Thanks	to	Professor	Harry	De	Koning	for	a	nice	and	successful	collaboration	

and	giving	me	a	chance	to	be	in	your	lab	working	together	with	your	students	

Khalid,	Godwin,	Lola	and	Jessica.	

	

Thanks	 to	 Andrei	 Chabes’	 lab	 for	 all	 your	 help,	 especially	 to	 Sushma	 for	

analyzing	nucleotide	pool	samples.	

	

The	 administration	 group,	 Ingrid,	 Clas,	 Anna	 and	 Jenny,	 you	 have	 been	 so	

helpful	to	me.		

	

Parham	 for	always	being	so	helpful,	especially	with	 the	Körkort.	Hopefully,	 I	

won’t	need	to	book	KB.E3.01	three	times.	J	

	

Thanks	to	my	Iranian	colleagues	and	friends	Vahid,	Mahsa	F.-the	talented	lady	

in	handling	mice	experiments,	Mahsa	E.,	and	Khalil.	

	

Deafening	 Schmitt,	 thanks	 for	 the	 tips	 you	 taught	 me	 during	 writing	 and	

working	in	lab.	

	



	 31	

My	 office	mates	 Hej	 Hej	 Sonja	 Stenmark,	 happy	 face	 Saima,	 dieting	Venki,	

Khalil	and	his	jokes,	and	again	Schmitt	thanks	for	all	noises	and	great	time.		

	

Thanks	to	the	team	of	climb	being,	Igorrrrrrrrrr	I	will	belay	you.	

	

To	 my	 parents,	 sisters	 and	 brothers,	 thanks	 for	 always	 being	 so	 kind	 and	

supportive.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 32	

References	
1.	 Reuner	B,	Vassella	E,	Yutzy	B,	Boshart	M.	Cell	density	triggers	slender	

to	 stumpy	 differentiation	 of	 Trypanosoma	 brucei	 bloodstream	 forms	 in	

culture.	Molecular	and	biochemical	parasitology.	1997;90(1):269-80.	

2.	 Luscher	 A,	 de	 Koning	 HP,	 Maser	 P.	 Chemotherapeutic	 strategies	

against	 Trypanosoma	 brucei:	 drug	 targets	 vs.	 drug	 targeting.	 Current	

pharmaceutical	design.	2007;13(6):555-67.	

3.	 Franco	 JR,	 Simarro	 PP,	 Diarra	 A,	 Jannin	 JG.	 Epidemiology	 of	 human	

African	trypanosomiasis.	Clinical	Epidemiology.	2014;6:257-75.	

4.	 Simarro	PP,	Cecchi	G,	Franco	JR,	Paone	M,	Diarra	A,	Ruiz-Postigo	JA,	et	

al.	 Estimating	 and	mapping	 the	 population	 at	 risk	 of	 sleeping	 sickness.	 PLoS	

neglected	tropical	diseases.	2012;6(10):e1859.	

5.	 Magnus	 E,	 Vervoort	 T,	 Van	 Meirvenne	 N.	 A	 card-agglutination	 test	

with	 stained	 trypanosomes	 (C.A.T.T.)	 for	 the	 serological	 diagnosis	 of	 T.	 b.	

gambiense	 trypanosomiasis.	 Annales	 de	 la	 Societe	 Belge	 de	 Medecine	

Tropicale.	1978;58(3):169-76.	

6.	 Steverding	D.	The	history	of	African	trypanosomiasis.	Parasit	Vectors.	

2008;1(1):3.	

7.	 Langousis	G,	Hill	KL.	Motility	and	more:	the	flagellum	of	Trypanosoma	

brucei.	Nat	Rev	Micro.	2014;12(7):505-18.	

8.	 Wamwiri	 FN,	 Changasi	 RE.	 Tsetse	 Flies	 (Glossina)	 as	 Vectors	 of	

Human	 African	 Trypanosomiasis:	 A	 Review.	 Biomed	 Res	 Int.	

2016;2016:6201350.	

9.	 Solano	 P,	 Torr	 SJ,	 Lehane	 MJ.	 Is	 vector	 control	 needed	 to	 eliminate	

gambiense	 human	 African	 trypanosomiasis?	 Front	 Cell	 Infect	 Microbiol.	

2013;3:33.	

10.	 Gilbert	 JA,	Medlock	 J,	Townsend	JP,	Aksoy	S,	Ndeffo	Mbah	M,	Galvani	

AP.	 Determinants	 of	 Human	 African	 Trypanosomiasis	 Elimination	 via	

Paratransgenesis.	PLoS	neglected	tropical	diseases.	2016;10(3):e0004465.	



	 33	

11.	 Cross	 GA.	 Cellular	 and	 genetic	 aspects	 of	 antigenic	 variation	 in	

trypanosomes.	Annual	review	of	immunology.	1990;8:83-110.	

12.	 Priotto	G,	Kasparian	S,	Mutombo	W,	Ngouama	D,	Ghorashian	S,	Arnold	

U,	et	al.	Nifurtimox-eflornithine	combination	therapy	for	second-stage	African	

Trypanosoma	brucei	 gambiense	 trypanosomiasis:	 a	multicentre,	 randomised,	

phase	III,	non-inferiority	trial.	Lancet	(London,	England).	2009;374(9683):56-

64.	

13.	 Fish	 WR,	 Looker	 DL,	 Marr	 JJ,	 Berens	 RL.	 Purine	 metabolism	 in	 the	

bloodstream	 forms	 of	 Trypanosoma	 gambiense	 and	 Trypanosoma	

rhodesiense.	Biochimica	et	biophysica	acta.	1982;719(2):223-31.	

14.	 James	DM,	Born	GV.	Uptake	of	purine	bases	and	nucleosides	in	African	

trypanosomes.	Parasitology.	1980;81(2):383-93.	

15.	 Hassan	 HF,	 Coombs	 GH.	 Purine	 and	 pyrimidine	 metabolism	 in	

parasitic	protozoa.	FEMS	microbiology	reviews.	1988;4(1):47-83.	

16.	 Vodnala	M,	 Fijolek	A,	Rofougaran	R,	Mosimann	M,	Maser	P,	Hofer	A.	

Adenosine	 kinase	 mediates	 high	 affinity	 adenosine	 salvage	 in	 Trypanosoma	

brucei.	The	Journal	of	biological	chemistry.	2008;283(9):5380-8.	

17.	 Slowiaczek	 P,	 Tattersall	 MH.	 The	 determination	 of	 purine	 levels	 in	

human	and	mouse	plasma.	Analytical	biochemistry.	1982;125(1):6-12.	

18.	 Simmonds	 RJ,	 Harkness	 RA.	 High-performance	 liquid	

chromatographic	 methods	 for	 base	 and	 nucleoside	 analysis	 in	 extracellular	

fluids	and	in	cells.	Journal	of	chromatography.	1981;226(2):369-81.	

19.	 Parkin	 DW.	 Purine-specific	 nucleoside	 N-ribohydrolase	 from	

Trypanosoma	 brucei	 brucei.	 Purification,	 specificity,	 and	 kinetic	 mechanism.	

The	Journal	of	biological	chemistry.	1996;271(36):21713-9.	

20.	 Bacchi	 CJ,	 Goldberg	 B,	 Rattendi	 D,	 Gorrell	 TE,	 Spiess	 AJ,	 Sufrin	 JR.	

Metabolic	effects	of	a	methylthioadenosine	phosphorylase	substrate	analog	on	

African	trypanosomes.	Biochemical	pharmacology.	1999;57(1):89-96.	

21.	 Vodnala	 M,	 Ranjbarian	 F,	 Pavlova	 A,	 de	 Koning	 HP,	 Hofer	 A.	

Trypanosoma	 brucei	 methylthioadenosine	 phosphorylase	 protects	 the	

parasite	from	the	antitrypanosomal	effect	of	deoxyadenosine:	implications	for	



	 34	

the	 pharmacology	 of	 adenosine	 antimetabolites.	 The	 Journal	 of	 biological	

chemistry.	2016.	

22.	 Carter	 NS,	 Fairlamb	 AH.	 Arsenical-resistant	 trypanosomes	 lack	 an	

unusual	adenosine	transporter.	Nature.	1993;361(6408):173-6.	

23.	 de	 Koning	 HP,	 Jarvis	 SM.	 Adenosine	 transporters	 in	 bloodstream	

forms	of	Trypanosoma	brucei	brucei:	substrate	recognition	motifs	and	affinity	

for	trypanocidal	drugs.	Molecular	pharmacology.	1999;56(6):1162-70.	

24.	 De	Koning	HP,	Jarvis	SM.	Purine	nucleobase	transport	in	bloodstream	

forms	 of	 Trypanosoma	 brucei	 brucei.	 Biochemical	 Society	 transactions.	

1997;25(3):476s.	

25.	 Maser	 P,	 Sutterlin	 C,	 Kralli	 A,	 Kaminsky	 R.	 A	 nucleoside	 transporter	

from	Trypanosoma	brucei	involved	in	drug	resistance.	Science	(New	York,	NY).	

1999;285(5425):242-4.	

26.	 Carter	NS,	Berger	BJ,	Fairlamb	AH.	Uptake	of	diamidine	drugs	by	 the	

P2	nucleoside	 transporter	 in	melarsen-sensitive	 and	 -resistant	Trypanosoma	

brucei	brucei.	The	Journal	of	biological	chemistry.	1995;270(47):28153-7.	

27.	 Baker	 N,	 Glover	 L,	 Munday	 JC,	 Aguinaga	 Andres	 D,	 Barrett	 MP,	 de	

Koning	 HP,	 et	 al.	 Aquaglyceroporin	 2	 controls	 susceptibility	 to	 melarsoprol	

and	 pentamidine	 in	 African	 trypanosomes.	 Proceedings	 of	 the	 National	

Academy	 of	 Sciences	 of	 the	 United	 States	 of	 America.	 2012;109(27):10996-

1001.	

28.	 Natto	MJ,	Wallace	LJ,	Candlish	D,	Al-Salabi	MI,	Coutts	SE,	de	Koning	HP.	

Trypanosoma	brucei:	expression	of	multiple	purine	transporters	prevents	the	

development	of	allopurinol	resistance.	Exp	Parasitol.	2005;109(2):80-6.	

29.	 de	 Koning	 HP,	 Bridges	 DJ,	 Burchmore	 RJ.	 Purine	 and	 pyrimidine	

transport	in	pathogenic	protozoa:	from	biology	to	therapy.	FEMS	microbiology	

reviews.	2005;29(5):987-1020.	

30.	 de	Koning	HP,	 Jarvis	 SM.	A	 highly	 selective,	 high-affinity	 transporter	

for	 uracil	 in	 Trypanosoma	 brucei	 brucei:	 evidence	 for	 proton-dependent	

transport.	 Biochemistry	 and	 cell	 biology	 =	 Biochimie	 et	 biologie	 cellulaire.	

1998;76(5):853-8.	



	 35	

31.	 Ali	 JA,	 Creek	 DJ,	 Burgess	 K,	 Allison	 HC,	 Field	 MC,	 Maser	 P,	 et	 al.	

Pyrimidine	 salvage	 in	 Trypanosoma	 brucei	 bloodstream	 forms	 and	 the	

trypanocidal	 action	 of	 halogenated	 pyrimidines.	 Molecular	 pharmacology.	

2013;83(2):439-53.	

32.	 Chello	 PL,	 Jaffe	 JJ.	 Comparative	 properties	 of	 trypanosomal	 and	

mammalian	 thymidine	 kinases.	 Comparative	 biochemistry	 and	 physiology	 B,	

Comparative	biochemistry.	1972;43(3):543-62.	

33.	 Ranjbarian	 F,	 Vodnala	 M,	 Vodnala	 SM,	 Rofougaran	 R,	 Thelander	 L,	

Hofer	A.	Trypanosoma	brucei	thymidine	kinase	is	tandem	protein	consisting	of	

two	homologous	parts,	which	together	enable	efficient	substrate	binding.	The	

Journal	of	biological	chemistry.	2012;287(21):17628-36.	

34.	 Leija	C,	Rijo-Ferreira	F,	Kinch	LN,	Grishin	NV,	Nischan	N,	Kohler	JJ,	et	

al.	 Pyrimidine	 Salvage	 Enzymes	 Are	 Essential	 for	 De	 Novo	 Biosynthesis	 of	

Deoxypyrimidine	 Nucleotides	 in	 Trypanosoma	 brucei.	 PLoS	 Pathog.	

2016;12(11):e1006010.	

35.	 Chang	ZF,	Huang	DY,	Hsue	NC.	Differential	phosphorylation	of	human	

thymidine	 kinase	 in	 proliferating	 and	 M	 phase-arrested	 human	 cells.	 The	

Journal	of	biological	chemistry.	1994;269(33):21249-54.	

36.	 Parkinson	FE,	Damaraju	VL,	Graham	K,	Yao	SY,	Baldwin	SA,	Cass	CE,	et	

al.	 Molecular	 biology	 of	 nucleoside	 transporters	 and	 their	 distributions	 and	

functions	in	the	brain.	Current	topics	in	medicinal	chemistry.	2011;11(8):948-

72.	

37.	 Welin	M,	Kosinska	U,	Mikkelsen	NE,	 Carnrot	C,	 Zhu	C,	Wang	L,	 et	 al.	

Structures	 of	 thymidine	 kinase	 1	 of	 human	 and	 mycoplasmic	 origin.	

Proceedings	 of	 the	 National	 Academy	 of	 Sciences	 of	 the	 United	 States	 of	

America.	2004;101(52):17970-5.	

38.	 Hofer	 A,	 Ekanem	 JT,	 Thelander	 L.	 Allosteric	 regulation	 of	

Trypanosoma	brucei	ribonucleotide	reductase	studied	in	vitro	and	in	vivo.	The	

Journal	of	biological	chemistry.	1998;273(51):34098-104.	

39.	 Ogbunude	 PO,	 Ikediobi	 CO,	 Ukoha	 AI.	 Adenosine	 cycle	 in	 African	

trypanosomes.	Annals	of	tropical	medicine	and	parasitology.	1985;79(1):7-11.	



	 36	

40.	 Matovu	 E,	 Stewart	 ML,	 Geiser	 F,	 Brun	 R,	 Maser	 P,	 Wallace	 LJ,	 et	 al.	

Mechanisms	of	arsenical	and	diamidine	uptake	and	resistance	in	Trypanosoma	

brucei.	Eukaryotic	cell.	2003;2(5):1003-8.	

41.	 Knudsen	TB,	Winters	RS,	Otey	SK,	Blackburn	MR,	Airhart	MJ,	Church	

JK,	 et	 al.	 Effects	 of	 (R)-deoxycoformycin	 (pentostatin)	 on	 intrauterine	

nucleoside	catabolism	and	embryo	viability	in	the	pregnant	mouse.	Teratology.	

1992;45(1):91-103.	

42.	 Solorzano-Santos	F,	Miranda-Novales	MG.	Essential	oils	from	aromatic	

herbs	 as	 antimicrobial	 agents.	 Current	 opinion	 in	 biotechnology.	

2012;23(2):136-41.	

43.	 Nibret	 E,	 Wink	 M.	 Trypanocidal	 and	 antileukaemic	 effects	 of	 the	

essential	oils	of	Hagenia	abyssinica,	Leonotis	ocymifolia,	Moringa	stenopetala,	

and	 their	main	 individual	 constituents.	Phytomedicine	 :	 international	 journal	

of	phytotherapy	and	phytopharmacology.	2010;17(12):911-20.	

	


	first page
	FULLTEXT01

