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Abstract

Animal trypanosomiasis is a major hinderance to the growth of livestock farming
in sub-Saharan Africa. Chemotherapy using isometamidium, diminazene and
ethidium bromide has been the main control method in the absence of a vaccine
against this disease. The effectiveness of these few trypanocides is severely
threatened by the widespread development of resistance. Therefore, an
understanding of the mechanism(s) involved in the development of resistance
will assist in the development of screening protocols for easy identification of
resistant cases prior to treatment, and also in finding ways to reverse the
resistance. We studied the mechanism of resistance to isometamidium in
bloodstream forms of Trypanosoma brucei. Resistance to isometamidium in
Trypanosoma brucei was found to be composed of a reduced uptake of the drug
and the modification of the FFy ATPase complex; active drug efflux by ABC
transporters was not involved in the resistance mechanism, although efflux of
ISM could be observed in both wild-type and resistant lines. Expression of the
transporter gene TbAT1, as well as of TbAT-E and TbAT-A, in yeast, each
resulted in increased ISM uptake. In addition, the Vna for the LAPT1 drug
transport activity (Low Affinity Pentamidine Transporter) in ISM-resistant
trypanosomes (clone ISMR1) was significantly reduced (P<0.05; Student’s t-test)
compared to the wild type control. Also, two point mutations, namely G37A and
C851A were found in the ATP synthase gamma subunit of the F{F, ATPase
complex of isometamidium-resistant trypanosomes. The resistant clones also lost
their mitochondrial DNA and mitochondrial membrane potential and displayed
various levels of cross-resistance to ethidium, diminazene, pentamidine and
oligomycin. The C851A mutation introduced a stop codon in the open reading

frame of the ATP synthase gamma gene. This mutation, when introduced into



iii
the wild type Tb427, produced resistance to isometamidium, and cross
resistance to diminazene, ethidium, pentamidine and oligomycin. C851A-ATP
synthase gamma proves to be a dominant mutation that allows the rapid loss of
mitochondrial DNA after just three days exposure of the parasites to 20 nM ISM
or ethidium bromide. Finally, following a recent genome-wide loss-of-function
RNAi screen that linked TbAQPZ2 with pentamidine and melarsoprol cross
resistance, we were able to demonstrate that TbAQP2 encodes the HAPT1 in T.
brucei, thus leaving us with the LAPT1 as the only known T. b. brucei drug
transporter of unknown genetic origin. We however identified specific inhibitors

for this transporter (LAPT1) that will be of use in its further characterization.
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1.1. African Trypanosomiasis

African trypanosomiasis has been extensively studied and widely reported,
and is actually a worldwide disease (Baral, 2010), which is caused by species of
the Trypanosoma genus and is infectious to man as well as to domestic and wild
animals (Osorio et al, 2008). Trypanosoma brucei gambiense (T. b. gambiense)
and Trypanosoma brucei rhodesiense (T. b. rhodesiense) are responsible for the
Human African trypanosomiasis (HAT) while Trypanosoma brucei brucei (T. b.
brucei), Trypanosoma congolense (T. congolense) and Trypanosoma vivax (T.
vivax) are responsible for the African animal trypanosomiasis (AAT) or nagana of
cattle (Vanhamme & Pays, 2004). Trypanosoma evansi (T. evansi) causes surra in
camels, Trypanosoma equiperdum (T. equiperdum) causes dura in horses
(Vanhamme & Pays, 2004), while Trypanosoma simae (T. simae) is responsible
for trypanosomiasis in pigs (Anene et al, 2001). In South America, Trypanosoma
cruzi (T. cruzi) and Trypanosoma theileri (T. theileri) are both of medical and
veterinary importance (Osorio et al, 2008), with T. cruzi causing Chagas’
disease, or American trypanosomiasis in man. T. theileri is a species that is
considered non-pathogenic in cattle, though it could become pathogenic in the
presence of other diseases (Seifi, 1995). Apart from T. evansi which is
mechanically transmitted by biting flies of the genera Tabanus, Stomoxys,
Atylotus and Lyperosia, (Lun et al, 1993;Anene et al, 2001) and by the South and
Central American vampire bats, Desmodus rotundus (Brun et al, 1998), through
milk or during coitus (Brun et al, 1998); most other members of the genus
Trypanosoma are cyclically transmitted through the bite of infected tsetse flies
of the genus Glossina (Maser et al, 2003) with the exception of Trypanosoma
cruzi which is transmitted by infected blood-sucking bugs of the species

Triatoma infestans (Bargues et al, 2006). The only trypanosome that is
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mechanically transmitted (through copulation) and not through the agency of
any known invertebrate vector is T. equiperdum (Claes et al, 2005;Brun et al,
1998). Similarly, T. equiperdum is the only species of African trypanosomes that
lives as a tissue parasite (Claes et al, 2005); all other species of develop in the
blood and tissue fluids of mammals as free-living organisms that never enter the
cells of the host (Pays, 2006). These trypanosomes multiply extracellularly
throughout their lifecycle in the blood and tissue fluids of vertebrates and in the
alimentary canal of the tsetse fly (Clayton & Michels, 1996). Figure 1 illustrates

the relationship between the different species of trypanosomes.

Phylum [ l’luto/o a I
Order [ I\mcmplmldl ]
Suborder I lnpanmonulmal
Family l'I’ryp.‘mu.\nmaud.u.
1
Genus [ Trypanosoma I
1
I I i i 8 1
Subgenus [Herpetosoma| Mega- Schizo- || Duttonella |Nannomonas | Trypanozoon |Pycnomonas

trypanum trypanum

Species T. theleri T. rangeli | T. cruzi T vivax T. congoleuse |T. equiperdum| T. suis
T. lewisi L uniforme| T, simiae  |T. evansi
T. musculi T. godfreyi T. brucei

T.b. brucei
T.b. rhodesiense

Subspecies Stercoraria Salivaria ‘s :
I.b. gambiense

Figure 1.1 Classification of trypanosomes (Baral, 2010)

Trypanosomes cause relatively mild infections in wild animals, but cause a
severe, usually fatal disease in domestic animals, the symptoms of which include
fever, listlessness, emaciation, hair loss, discharge from the eyes, oedema,
anaemia, and ultimately paralysis (Steverding, 2008). On the other hand, the
clinical signs of dura ‘or dourine’ which include fever, local oedema of the
genitals and mammary glands, cutaneous eruptions, incoordination, facial

paralysis, ocular lesions, anaemia and emaciation, are marked by periods of
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exacerbation and relapse, which usually end in death or possible recovery (Claes
et al, 2005). Similarly, surra, caused by T. evansi, is an acute disease which
leads to the death of the animals within two to eight weeks of infection, and is
symptomized by progressive emaciation, oedema and nervous symptoms as well
as anaemia, monocytosis and haemorrhages of visceral organs (Lun et al, 1993).
A greater number of trypanosome species infect livestock animals, with a similar
higher frequency of transmission by a larger number of Glossina species;
veterinary trypanosomiasis therefore has the greater epidemic status, with a
greater economic impact than the Human form of the disease in Africa (Baral,
2010).

Finally, a division of this disease into Human and Veterinary
trypanosomiasis is only theoretical, since it had been confirmed that T. b.
rhodesiense, also infect most domestic and wild mammals; the contribution of
these animal reservoirs to the maintenance of T. b. gambiense infections is
however still theoretical (Welburn et al, 2001;Massussi et al, 2009). These
animals act as reservoirs of infection from which the human population can be
reinfected, especially by T. b. rhodesiense, which is an established zoonotic
parasite (Fevre et al, 2006;Massussi et al, 2009). Hence, any programme aimed
at controlling or eradicating the human form of this disease can only be
successful if the simultaneous mass treatment of the domestic reservoir is also

implemented (Onyango et al, 1966).

1.2. History and Epidemiology of
Trypanosomiasis

The first accounts of human trypanosomiasis in modern times were
provided by medical officers who worked for slave-trade companies, and these

accounts described only the symptoms of the disease; Thomas Winterbottom and
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John Aktins described the symptoms of the early and late stages of the disease
respectively (Cox, 2004). In 1852, David Livingstone found the link between
nagana in cattle and the bite of tsetse fly (Steverding, 2008). Forty three years
later in 1895, the Scottish Pathologist, David Bruce discovered the causative
agent of nagana to be Trypanosoma brucei (Steverding, 2008). This was followed
in 1902 by the identification of Trypanosoma brucei gambiense (known then as
Trypanosoma gambiense) as the causative agent of Human African
Trypanosomiasis by the English Physician Joseph Everett Dutton after they were
initially thought to be worms by Robert Michael Forde (Steverding, 2008). David
Bruce was able to prove scientifically in the following year that sleeping sickness
is transmitted by tsetse fly, but he erroneously proposed that transmission was
mechanical (Cox, 2004). He accepted his error, and went ahead to describe the
full life cycle of the trypanosomes within their tsetse fly host, after his earlier
proposal was disproved by the German surgeon Friedrich Karl Kleine in 1909
(Cox, 2004). The two other causative agents of nagana, T. congolense and T.
vivax were discovered in 1904 and 1905 by the Belgian physician Alphonse
Broden and the German naval doctor Hans Ziemann (Steverding, 2008). T. b.
rhodesiense, the other human trypanosome, was discovered in 1910 by
parasitologists John William Watson Stephens and Harold Benjamin Fantham
(Stephens & Fantham, 1910).

Three major epidemics of the Human trypanosomiasis occurred in Africa
in the 20" century (Steverding, 2008). The first occurred between 1806 and
1906, mostly in Uganda and the Congo Basin (W.H.O., 2012), and resulted in the
death of 300,000 and 500,000 people in the Congo Basin and the Busoga focus in
Uganda and Kenya, respectively (Hide, 1999). The first set of trypanocides were

arsenicals developed after the French physician Charles Louis Alphonse Laveran
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and the French biologist Félix Mesnil found in 1902 that sodium arsenite was
effective in infected laboratory animals (Cox, 2004). Hence the arsenical drug,
atoxyl (aminophenyl arsonic acid), so named because it was initially thought to
be non-toxic, was used to treat Human African Trypanosomiasis until the German
physician Robert Koch found that it was in fact toxic to the optic nerve and led
to blindness in 1.4% of the treated population (Steverding, 2008). Suramin
(initially named Bayer 205 and then Germanin) was derived from the
naphthalene urea compound, Afridol violet (fig. 2) by Wilhelm Roehl who tested
more than 1000 colourless naphthalene urea derivatives while working for the
German Bayer pharmaceutical company between 1905 and 1917 (Dressel, 1961).
In 1919, tryparsamide was derived from atoxyl by American scientists, Walter
Jacobs and Michael Heidelberger, and became the first drug for the second stage
of Human trypanosomiasis since it was able to enter the central nervous system;
however, it was still harmful to the optic nerve (Jacobs & Heidelberger, 1919).
Both suramin and tryparsamide were employed to fight the second human
epidemic of trypanosomiasis which occurred in many African countries between
1920 and 1940 (W.H.O., 2012). Mobile teams were also used in the control of
this epidemic, together with other vector control measures and game
destruction (De Raadt, 2005). Pentamidine was developed in 1937 for the
treatment of the early stage of T. b. gambiense sleeping sickness by the English
chemist Arthur James Ewins while working for May and Baker (Bray et al, 2003).
This was followed in 1949 by the development of the arsenical drug melarsoprol,
for treatment of the late stage T. b. rhodesiense sleeping sickness, by the Swiss
chemist and microbiologist Ernst Friedheim. A number of drugs also became
available for the treatment of animal trypanosomiasis in the 1950s, including the

phenanthridine derivatives ethidium bromide and isometamidium chloride, the
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aminoquinaldine derivative quinapyramine and the aromatic diamidine
diminazene aceturate (Kinabo, 1993). The employment of these methods of
control led to the almost complete disappearance of the disease by the mid
1960s. Surveillance was then relaxed, causing the reappearance of the disease
and the most recent epidemic in 1970 (W.H.O., 2012). This epidemic of 1970
affected mainly Angola, Congo, Southern Sudan and the West Nile area of
Uganda (De Raadt, 2005). Very little improvement was achieved before 1990
when eflornithine was introduced to replace melarsoprol for treatment of late
stage T. b. gambiense sleeping sickness (Steverding, 2008). During this period,
prevalence reached 50% in many villages in the Democratic Republic of Congo,
Angola and Southern Sudan; sleeping sickness overtook HIV/AIDS as the greatest
cause of mortality in those communities (W.H.O., 2012). In 2000 and 2001
respectively, WHO established public-private partnerships with Aventis Pharma
(now sanofi-aventis) and Bayer HealthCare which enabled the creation of a WHO
surveillance team, providing support to endemic countries in their control
activities and the supply of drugs free of charge for the treatment of patients.
Consequently, the total humber of new cases of HAT reported per year in Africa
has dropped from 37 991 in 1998 to 17 616 in 2004, with a further drop to 7139
in 2010. The current estimated number of actual cases is 30 000 (W.H.O., 2012).
More than 500 new cases of the disease were found only in the Democratic
republic of Congo in 2010. Angola, Central African Republic, Chad, Sudan and
Uganda declared between 100 and 500 new cases while countries such as,
Cameroon, Congo, Cote d'lvoire, Equatorial Guinea, Gabon, Guinea, Malawi,
Nigeria, United Republic of Tanzania, Zambia and Zimbabwe reported fewer
than 100 new cases. Others including Benin, Botswana, Burkina Faso, Burundi,

Ethiopia, Gambia, Ghana, Guinea Bissau, Kenya, Liberia, Mali, Mozambique,
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Namibia, Niger, Rwanda, Senegal, Sierra Leone, Swaziland and Togo have not
reported any new cases for over a decade (W.H.O., 2012).

Conversely, AAT remains a major constraint to the development of
livestock in sub-Saharan Africa (Geerts, 2011). Animals kept in areas of
moderate risk of trypanosomiasis have lower calving rates, lower milk yields,
higher rates of calf mortality, and require more frequent treatment with
preventive and curative doses of trypanocidal drugs than animals kept in
trypanosomiasis free areas (Swallow, 1999). AAT occurs in 37 sub-Saharan
countries where about 50 million cattle are exposed to the disease and about 35
million doses of trypanocides are used annually (Mattioli et al, 2004) in the
prevention and treatment of the disease. The direct and indirect losses due to
this disease are put at about USS$ 4.5 billion (Hursey, 2001).

The fight to eradicate trypanosomiasis in Africa is being coordinated by
two key players: the Programme against African Trypanosomiasis (PAAT) and the
Pan-African Tsetse and Trypanosomiasis Eradication Campaign (PATTEC). PAAT
was set up in 1997 and is a joint programme of the FAO, WHO, OIE and the Inter-
African Bureau for Agriculture (IBAR) of the African Union (Geerts, 2011). The
PAAT approach is to link tsetse and trypanosome intervention to overall public
health policies and to sustainable Agriculture and Rural Development (Mattioli et
al, 2004). PATTEC however is a project of the AU-IBAR, launched in 2000, and its
strategy is to apply area-wide principles to eliminate each pocket of tsetse
infestation at a time; thus, creating a series of tsetse-free zones that can

eventually be linked over a much larger area (Geerts, 2011).
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1.3. Life cycle of trypanosomes

Trypanosomes arrive in the bloodstream of the mammalian host during a
blood meal by an infected tsetse fly (Wang, 1995). The fly injects the metacyclic
trypomastigote form of the parasite in its saliva before taking its blood meal
(figure 1.2). Initially, the trypanosomes multiply locally at the site of the bite
for a few days before entering the lymphatic system and the bloodstream,
through which they reach other tissues and organs including the central nervous
system (Chappuis et al, 2005). The metacyclic form of the parasite that was in
the salivary gland of the fly is hence introduced into a mammal such as man,
cattle, lions, antelopes, buffaloes, etc, where it differentiates into the long,
slender, actively-dividing bloodstream form (Pays et al, 2006).

Tsetse fly Stages Human Stages

Epimastigotes multiply Tsetse fly takes

blood meal . )
in salivary gland. They a ) Injected metacyclic
transform into metacyelis (inects Metacyclic irypomastigotes)

- ﬁ trypomastgotes transform
trypomastigotes. '.lll"'- » * @) into bloodstream

e i trypomastigotes, which
= A are carried to other sites.
L
/ ‘g
o
Procyclic irypomastigotes

leave the midgut and transform

Trypomastigotes multiply by
binary fission in various
body fluids, e.g., blood,

into epimastigates )

° hymiph, and spinal fluid,

Tsetse fly takes
a blood meal
[bloodstrean trypomastigabes.
ane ngested) A
(6] ¥ 'ff-;f;tzﬁ\
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Figure 1.2 The life cycle of Trypanosoma brucei. Copyright Alexander J. da Silva and Melanie
Moser, Centre for Disease Control Public Health Image Library. Reproduced from the CDC

website: http://www.dpd.cdc.gov/dpdx/HTML/TrypanosomiasisAfrican.htm
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This slender form is predominant in the blood and tissue fluids of the host
during the period of increased parasitaemia that follows (Vassella et al, 1997).
As the parasitaemia reaches its peak, the long, slender form differentiates into
the short, stumpy non-dividing form of the parasite whose future is dependent
on ingestion by tsetse fly. This differentiation from the long, slender form to the
short, stumpy form is induced by a quorum-sensing signal, which is released by
the parasite and characterized as the stumpy induction factor, SIF (Vassella et
al, 1997). The finding that a lipophilic CAMP analog, 8-(4-chlorophenylthio)-cAMP
(pCPTcAMP), was able to induce cell cycle arrest of bloodstream forms and
slender to stumpy differentiation with high efficiency was considered an
indication that endogenous production of cAMP by adenylate cyclases is
sufficient to induce differentiation (Vassella et al, 1997). Stumpy formation in
vitro was also induced by chemical treatments such as hydrolysable cAMP or the
actual products of cAMP hydrolysis (Laxman et al, 2006) and troglitazone, a
thiazolidinedione (Denninger et al, 2007). The short-stumpy form of the parasite
is ingested by the tsetse fly and differentiates into the procyclic stage in the
midgut lumen, while any long, slender form taken up alongside dies or
differentiates into the stumpy form in the anterior midgut (Vickerman, 1985).
Trypanosomes exist only as trypomastigotes in the mammalian host,
whereas the epimastigote form occurs during the development phase in the
tsetse fly (Chappuis et al, 2005). A shift in growth temperature from 37 °C to 27
°C with simultaneous addition of cis-aconitase is believed to induce the
differentiation to the procyclic form (Czichos et al, 1986). The procyclic form of
the parasite divides rapidly in the midgut (Priest & Hajduk, 1994), then
differentiates into the proventricular mesocyclic form which migrates to the

tsetse salivary gland where it developes into the epimastigote, the form from



Anthonius Anayochukwu Eze, 2013 Chapter 1. 11
which the infective, non-dividing metacyclic form emerges via two intermediary
stages (Vickerman, 1985). The metacyclic form can again be transferred to a

mammalian host for the start of another round of the cycle.

1.4. Cell Biology of the trypanosomes

The African trypanosome has a long slender shape with a single flagellum
(Vaughan & Gull, 2008) that exits the flagellar pocket at the posterior end of the
cell (figure 1.3) and is attached to the cell body along its length (Vaughan &
Gull, 2003). This flagellum originates from a basal body that is linked through
the mitochondrial membrane to the mitochondrial genome, which is composed

of a mass of catenated DNA called the kinetoplast (Matthews, 2005).
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Figure 1.3 Sub cellular structure of the bloodstream form African trypanosome. The arrow shows
the direction of travel of the parasite. Taken  from ILRAD  website:

http://www.ilri.org/InfoServ/Webpub/fulldocs/ILRADre1989v7n1/endocytosis.htm

The characteristic cell body shape is defined by a highly stable, highly
cross-linked subpellicular microtubule cytoskeleton that lies under the cell
membrane (Angelopoulos, 1970). The single-copy organelles (the flagellar

pocket, flagellum, kinetoplast, mitochondrion and nucleus) are positioned
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specifically within the cytoskeletal corset and are concentrated between the
posterior and the centre of the cell (Matthews, 2005). The most posterior
organelle is the mouth of the flagellar pocket, which serves as the only site of
endo- and exocytosis (Overath & Engstler, 2004). The mitochondrion is a single
elongated organelle that extends from the posterior to the anterior of the cell
(Matthews, 2005). The procyclic form of T. brucei generates ATP from the amino
acids that are abundant in their surroundings through mitochondrial-based
pathways, and so can thrive in the absence of glucose or loss of glycolysis (ter
Kuile, 1997). The bloodstream form on the other hand depends solely on the
glycolysis of host glucose for ATP synthesis, hence the reduced mitochondrial
function in this life cycle stage (Coley et al, 2011). The mitochondrial function
of ATP generation is therefore performed in the bloodstream form by a different

organelle: the glycosome.
1.4.1. The Glycosomes

Glycosomes are single-membrane organelles that compartmentalize the
first seven enzymes of glycolysis and two enzymes of glycerol metabolism
(Opperdoes & Borst, 1977) in addition to other pathways such as B-oxidation,
ether lipid biosynthesis, sterol and isoprenoid biosynthesis, pyrimidine
biosynthesis, purine salvage, the pentose phosphate pathway and

gluconeogenesis (Parsons, 2004;Michels et al, 2000).
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Figure 1.4 Glycolysis and glycosomes in the bloodstream and procyclic forms of the African
trypanosome, taken from (Tielens & van Hellemond, 1998). Aerobic metabolism is shown in red
and, when present, the anaerobic fermentation pathways are shown in blue. End-products are
shown in boxes and dashed lines indicate relatively minor pathways. The enzyme complexes
involved in electron transport are indicated by green and blue squares and the
ubiquinone/ubiquinol pools are indicated by yellow ellipses. Abbreviations: AcCoA, acetyl-CoA;
Citr, citrate; DHAP, dihydroxyacetone phosphate; FBP, fructose 2,6-bisphosphate; F6P, fructose
6-phosphate; GAP, glyceraldehyde 3-phosphate; G-3-P, glycerol 3-phosphate; G6P, glucose 6-
phosphate; MAL, malate; Oxac, oxaloacetate; PEP, phosphoenolpyruvate; Pyr, pyruvate; Succ,
succinate; SuccCoA, succinyl-CoA; 1,3BPGA, 1,3-bisphosphoglycerate;  2-PGA,  2-

phosphoglycerate; 3-PGA, 3-phosphoglycerate.

Under aerobic conditions, the glycolytic enzymes convert glucose to 3-
phosphoglycerate, which is then further metabolized to pyruvate with the
resultant production of ATP by the cytosolic pyruvate kinase (Figure 1.4). The
pyruvate is then secreted from the cell. Production and consumption of either
ATP or NADH are balanced within the glycosomes (Coley et al, 2011). ATP is used
up by the activity of the T. brucei hexokinase 1 and 2 (TbHKs) and
phosphofructokinase (PFK), while it is regenerated by the activity of the

glycosomal phosphoglycerate kinase (gPGK). Similarly, NADH production by
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glyceraldehyde-3-phosphate dehydrogenase is balanced by NADH oxidation when
glycerol 3-phosphate dehydrogenase (GPDH) metabolizes dihydroxyacetone
phosphate (DHAP) to glycerol 3-phosphate (Gly-3-p). The resulting Gly-3-p is
shuttled from the glycosome to the mitochondria where electrons are ultimately
transferred to water through the activity of a glycerol 3-phosphate oxidase
complex (consisting of a mitochondrial glycerol 3-phosphate dehydrogenase,
ubiquinone, and trypanosomal alternative oxidase). The resultant DHAP is
shuttled back to the glycosome to maintain its redox balance (Coley et al, 2011).
Hence, the glycosome is not involved in net ATP synthesis. ATP synthesis occurs
in the cytosol during the conversion of 2-phosphoglycerate to pyruvate (figure
1.4), giving a net production of two ATP molecules per molecule of glucose in
the bloodstream form (Chaudhuri et al, 2006). The compartmentation of
glycolysis in the glycosomes functions to regulate the pathway rather than to
concentrate enzymes and metabolites of the pathway for an increased flux
(Haanstra et al, 2008).

Under anaerobic conditions, or when the mitochondrial glycerol 3-
phosphate oxidase is inhibited by salicyl hydroxamic acid (SHAM), glucose is
metabolized at the same rate as under aerobic conditions, forming equal
amounts of pyruvate and glycerol (Fairlamb et al, 1977). ATP production is
reduced to half and the glycosomal NAD*/NADH balance is maintained by the
conversion of glycerol-3-phosphate to glycerol by glycerol kinase, which is a
kinetically unfavourable reaction under normal conditions (Chaudhuri et al,
2006). Hence, bloodstream forms of T. brucei do not survive for long under
anaerobic conditions. It has been demonstrated that SHAM alone kills in vitro

culture of the bloodstream form within 24 hours, and that a reduction in the
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trypanosome alternative oxidase level by RNAi is harmful to the parasites
(Helfert et al, 2001).

In contrast, the glycosomes in the procyclic T. b. brucei contain
additional enzymes and parts of pathways while the glycolytic pathway is down-
regulated (Herman et al, 2008). Also, phosphoglycerate kinase is located mainly
in the cytosol, hence 1,3-bisphosphoglycerate is not converted into 3-
phosphoglycerate inside the glycosome (as in long slender forms) but in the
cytosol (Tielens & van Hellemond, 1998). Most of the phosphoenolpyruvate
produced in the cytosol from the glycosomal 1,3-bisphosphoglycerate re-enters
the glycosome and is converted to malate which is shuttled out of the glycosome
(figure 1.4) for oxidation to pyruvate which enters the mitochondrial Krebs cycle
(Schnaufer et al, 2002). This shuttle ensures the maintenance of both redox and
ATP/ADP balance within the procyclic glycosomes (Tielens & van Hellemond,

1998).

1.4.2. The mitochondion

The mitochondrion of the early bloodstream form of T. brucei is tubular
with hardly any cristae. The cytochromes, electron transport chain and most of
the Krebs cycle enzymes are absent at this stage (Brown et al, 2006). It contains
the glycerol 3-phosphate oxidase whose subunit, the trypanosome alternative
oxidase is responsible for the oxidation of glycerol 3-phosphate from the
glycosomes using oxygen as the electron acceptor (Clarkson et al, 1989). This
electron flow to oxygen is not coupled to oxidative phosphorylation of ADP and
does not generate a membrane potential (Bienen & Shaw, 1991). The
mitochondrial membrane potential is however generated by the oligomycin-
sensitive FiFo-ATPase which acts in reverse as an ATP hydrolase, pumping

protons from the matrix to the inter-membrane space at the expense of ATP
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derived from substrate level phosphorylation (Nolan & Voorheis, 1992;Schnaufer
et al, 2005). This potential is used for the import of nuclear-encoded
mitochondrial proteins across the inner mitochondrial membrane (Bertrand &
Hajduk, 2000).

The stumpy form of the parasite that follows is characterized by an
increased specific activity of the F{Fp-ATPase (Bienen & Shaw, 1991), the
development of tubular mitochondrial cristae and the synthesis of both proline
and a-ketoglutarate oxidases in preparation for a switch to an amino acid-based
energy metabolism (Vickerman, 1985). Therefore the procyclic form is able to
oxidize proline and threonine for energy; more importantly, pyruvate instead of
being excreted is rather metabolized to acetate in the mitochondrion, in which
six out of the eight enzymes of the citric acid cycle have been shown to be
active (van Hellemond et al, 2005). A fully functional electron transport chain is
present and is coupled to oxidative phosphorylation of ADP to produce ATP by
the mitochondrial ATP synthase (Williams, 1994;Brown et al, 2006). Studies in
which ATP levels in procyclic trypanosomes were not lowered in the presence of
10 times excess of oligomycin were used to demonstrate that substrate level
phosphorylation and the mitochondrial electron transport chain, but not the
oxidative phosphorylation are essential to this life cycle stage (Coustou et al,
2003a). A more recent study uses the RNAi technique to demonstrate that the
FiFo-ATPase, and hence the oxidative phosphorylation, was still vital to the
survival of the procyclics (Zikova et al, 2009). They have also been found to
express all the enzymes for gluconeogenesis at this stage (van Hellemond et al,
2005). The epimastigotes of T. cruzi were found to resemble T. brucei procyclics
in the use of proline as an important substrate, and in the incomplete

catabolism of glucose to CO; and organic acids such as alanine and succinate
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(Clayton & Michels, 1996). The transformation to the metacyclic form is believed
to be accompanied by the repression of mitochondrial activity in preparation for
infection of the mammalian host (Priest & Hajduk, 1994), since it was found that
the metacyclic mitochondrion has the unbranched noncristate appearance of the

bloodstream form mitochondrion (Vickerman, 1985).
1.4.3. The variable surface glycoprotein.

In order to survive the attack of the host antibody response during the
bloodstream stage, the trypanosomal cell membrane is covered by a thick dense
surface coat consisting of a monolayer of about 10’ molecules of a single
glycoprotein known as the variant surface glycoprotein (VSG) (Vanhamme &
Pays, 2004;Pays, 2006;Pays et al, 2006). However, the VSG is highly
immunogenic and can hence activate the host immune response; the parasite
escapes this response by continuous antigenic variation achieved by repeated
changing of the VSG loops which carry the trypanosomal antigenic determinants
(Pays et al, 2006). According to Pays (2006), the reduction in the parasite
population caused by the interaction of the parasite antigenic variation with the
host immune response helps the parasite to prolong its infection by keeping the
host alive, since the host must be alive for transmission by tsetse flies to occur
(Pays, 2006).

Human serum, as well as sera from a few other related primates, is able
to lyse the trypanosomes; only two subspecies of Trypanosoma brucei, namely T.
b. gambiense and T. b. rhodesiense are able to resist this lysis by the human
serum and hence are able to cause human infections (Pays, 2006). Human serum
contains the trypanosome lytic factor, TLF which has been identified as the
apolipoprotein L-1 of the HDL3 (Pays, 2006) and has been found to Kill

trypanosomes by creating a channel in the lysosomal membrane for the inflow of
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chloride ions into the lysosome, a process that causes osmotic uptake of water
and uncontrolled swelling of the lysosome until the parasite is ultimately lysed
(Pays et al, 2006). The uptake of TLF by trypanosomes is mediated by the
interaction of the HDL3-bound haptoglobin-related protein (Hpr) with a specific
surface receptor on the parasite’s cell surface, followed by endocytosis and

fusion with the lysosome (Pays, 2006).

1.5. Molecular Biology of the Parasite

Trypanosomes have a two-unit genome, a nuclear genome and an unusual
mitochondrial genome the kinetoplast, which holds about 20% of the total DNA
of the organism (Hertz-Fowler et al, 2007). Possession of processes such as RNA
editing, switching of the expression of alleles that code for the variable surface
glycoprotein and the presence of an unusual mitochondrial DNA architecture are
the unusual features that set the molecular biology of the trypanosomes apart

(Preusser et al, 2012).

1.5.1. Organisation and expression of the
nuclear genome.

Trypanosomes are diploid organisms. The genome contains 11 pairs of
megabase-sized chromosomes (Palenchar & Bellofatto, 2006) in which the
housekeeping genes (genes involved in the basic functions of the organism) are
arranged in long polycistronic transcription units of up to 100 open reading
frames (Preusser et al, 2012). There are also, in addition, about 5 intermediate-
size chromosomes, sized between 200 and 900 kb, and about 100
minichromosomes (ranging in size from 50 to 150 kb) per trypanosome genome
(Hertz-Fowler et al, 2007). The nuclear chromosomes are all linear and end in

tandem repeats of the telomeric sequences [TTAGGG], (Hertz-Fowler et al,
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2007), though some circular nuclear extrachromosomal DNA may be present
(Alsford et al, 2003).

The trypanosomes possess three RNA polymerases: |, Il and Ill. The RNA
pol | transcribes mRNA for the variable surface glycoprotein as well as those for
the procyclin in addition to its universal function of transcribing rRNA genes
(Gunzl et al, 2003). All the remaining protein-coding genes are transcribed by
the RNA pol Il (Gunzl et al, 2007) while the tRNA and all the U-rich snRNA genes
are transcribed by the RNA pol Il (Palenchar & Bellofatto, 2006). The lack of
specialized transcription factors associated with the RNA pol Il suggests a lack of
regulation of gene expression at the transcription initiation step; regulation of
gene expression in trypanosomes occurs during transcript elongation, RNA
processing and export, mRNA turn-over, translation and protein stability
(Clayton, 2002). The protein-coding genes in trypanosomes are devoid of introns
but trans-splicing and polyadenylation of the primary transcripts are required to
generate mature mRNAs (Vanhamme & Pays, 1995). The Spliced Leader RNA acts
as a splicing substrate during trans-splicing, cutting off mRNA from the primary
transcript; it also attaches the m’G cap structure, derived from the Spliced
Leader RNA, to each protein-coding mRNA during this process (Preusser et al,

2012).

1.5.2. The kinetoplast and its DNA

The kinetoplast DNA is made up of a few dozen maxicircles (23 kb each)
and several thousand minicircles (1 kb each) (Roy Chowdhury et al, 2010).
Maxicircles encode rRNAs, some mitochondrial proteins such as subunits of
respiratory chain complexes, which include NADH dehydrogenase, cytochrome
oxidase complexes I, Il and lll, cytochrome b (Melville et al, 2004) and the A6

subunit of the F{Fp-ATPase (Schnaufer et al, 2005), and two guide RNAs
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(Koslowsky, 2009). These subunits are however produced initially as precursor
mRNAs which needs to be edited by insertion or deletion of uridine nucleotides
at specific sites. The guide RNAs that act as templates in the editing process are
encoded by the minicircles (Stuart et al, 2005).

The replication of the trypanosome kinetoplast involves the participation
of two topoisomerases, a topoisomerase Il (Wang & Englund, 2001) and a
topoisomerase 1A (Scocca & Shapiro, 2008); the trypanosome genome was found
to encode about five different topoisomerases (Klingbeil et al, 2007). The
topoisomerases are responsible for releasing the individual minicircles before
replication, so that they could be copied as free circular molecules. Other
enzymes that take part in the replication of the kinetoplast DNA are DNA
polymerases, DNA ligases and helicases; at least six DNA polymerases and two
DNA ligases were found in the trypanosome mitochondrion, while the
trypanosome genome encodes about eight helicases (Klingbeil et al, 2007) out of
which six are mitochondrial (Liu et al, 2009).

Partial [dyskinetoplastidy (Dk)] or total [akinetoplastidy (Ak)] loss of KDNA
keeps the trypanosome fixed in the bloodstream form; the tsetse fly is therefore
eliminated from the life cycle and transmission between individual hosts
becomes mechanical, allowing the parasite to spread outside the African tsetse
belt (Lai et al, 2008). T. equiperdum and T. evansi differ only in that T.
equiperdum  contains  fragments of kDNA maxicircles and is therefore
dyskinetoplastid while T. evansi is akinetoplastid; hence both must have
evolved from T. brucei after losing the ability to faithfully replicate their
kinetoplast DNA (Lai et al, 2008). It was found that kDNA-deficient T. brucei and
several strains of T. equiperdum and T. evansi need a mutation in the nuclear

gene encoding the y-subunit of the Fy portion of the F{Fyo-ATPase to survive the
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loss of their kinetoplast (Lai et al, 2008). The loss of proton-pumping membrane
component (F,) of the ATP synthase in the Dk/Ak trypanosomes leads to a
release of the soluble, catalytically active domain of the synthase (F4) into the
matrix. ATP hydrolysis by F; produces ADP, and the exchange of the ADP™ for
cytosolic ATP™ via the inner-membrane ADP-ATP carrier, re-establishes the
mitochonrial membrane potential, Ay (Jensen et al, 2008)
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Figure 1.5 Mitochondrial inner-membrane potential in trypanosomes. Taken from Jensen et al,
2008. The ATP synthase is composed of F,, which is embedded in the inner membrane (IM) and
translocates protons, and F1, which can either synthesize or hydrolyze ATP. The ATP-ADP carrier
(AAC) mediates the exchange of ATP and ADP across the IM. (a) In the PCF, the electron
transport machinery (only complex Ill and IV are shown) generates Ay, which is used to drive ATP
synthesis, in addition to protein import and metabolite transport (not shown). (b) In the BSF, the
ATP synthase runs backwards and uses ATP hydrolysis to pump protons across the IM to generate
Ay. (c) In Dk or Ak trypanosomes, the F, portion of the ATP synthase is missing (e.g. owing to a
lack of the kDNA-encoded subunit, A6), but the F; portion hydrolyzes ATP to ADP in the matrix.

The exchange of ADP~® with ATP™ from the cytosol establishes Ay.

1.6. Diagnosis of the disease

Identification of trypanosomes was originally based on microscopic

observation of morphology, morphometry and motility of the parasites in host
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tissues. The recent development of molecular techniques such as restriction
enzymes, sequencing, DNA probing and polymerase chain reaction (PCR) has
made significant input into trypanosome identification, characterisation and
diagnostic accuracy at various taxonomic levels (Desquesnes & Davila, 2002).
The level of accuracy that a system of diagnosis demands may depend on the
purpose in view. For instance, the simple presence of pathogenic trypanosome
can be sufficient for a decision on the treatment for AAT but not for HAT; hence
identification of the trypanosome species, sub-species, type or even isolate can
be necessary for medical, sanitary, taxonomic, epidemiological or research
purposes (Desquesnes & Davila, 2002). The first methods of DNA identification
were DNA sequencing techniques and synthesis of DNA probes, followed by PCR,
and a combination of both methods (Majiwa et al, 1994).

Genetic characterisation of trypanosomes was based initially on
isoenzyme electrophoresis (Godfrey et al, 1987) and Restriction Fragment Length
Polymorphism analysis, RFLP (Kanmogne et al, 1996a). These methods though
successful, are limited by the requirement of a substantial amount of parasite
material. The PCR-based DNA finger-printing techniques have overcome this
limitation (Simo et al, 2008), and include the Random Amplification of
Polymorphic DNA, RAPD (Kanmogne et al, 1996b), minisatellites and
microsatellites DNA amplification techniques (MacLeod et al, 2000;Biteau et al,
2000) and Mobile Genetic Element PCR, MGE-PCR (Tilley et al, 2003). These
methods are used to study the genetic diversity of trypanosomes, and have
generated important epidemiological information on the relationship between
trypanosome strains and their potential role in the heterogeneity of disease foci,

and also in the generation and maintenance of HAT foci (Tilley et al, 2003).
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1.7. Control methods

Trypanosomiasis can be controlled by either checking the spread of the
vector or by controlling the parasites, or a combination of both methods
(Delespaux et al, 2008). Vector control methods include the use of insecticides
(sprayed as aerosol into the atmosphere or sprayed on the animals on which
tsetse feed), the use of baits and (or) traps, and the use of the sterile insect
technique (SIT) (Simarro et al, 2008). Traps are not usually employed as a means
of eradication of flies from an infested area, but to reduce populations of tsetse
to levels that reduce the challenge or risks to humans and animals, and to
forestall the re-invasion of flies from a previously cleared area (Grant, 2001).
Their efficiency can however be improved by the addition of strips of
insecticide-treated material or chemical attractants, and by arranging in a
straight line in riverine areas; these traps are a cheap means to very impressive
reduction of tsetse populations, without any unwanted side effects (Grant,
2001).

Aerial and ground spraying of organochlorine insecticides, such as
dichlorodiphenyltrichloroethane and dieldrin, as practiced in Africa between the
1940s and the 1980s has been stopped because organochlorines persist for many
years in the environment and so induce Cytochrome P450 activities which cause
trypanocidal resistance in the exposed animals (Boibessot et al, 2006).
Indiscriminate spraying of all vegetations (whether they are resting sites for
tsetse or not) caused heavy mortality of reptiles, small mammals, fish, birds and
insects in the Southern African savannah (Grant, 2001). Besides, the aerosol
technique is rather expensive, with a high infrastructural-support requirement;
SIT is similarly a costly technique whose feasibility can be drastically reduced in

areas infested by multiple species of tsetse flies (Simarro et al, 2008). The
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possibility of vaccine development for the control of the parasite is ruled out by
the expression of antigenic variation by the blood stream forms of trypanosome
(Wilkes et al, 1997); hence, the control of trypanosomiasis relies principally on

treatment and prophylaxis (Anene et al, 2001).

1.8. Treatments for Human and Veterinary
trypanosomiasis.

Four drugs are currently approved for the treatment of HAT, depending on
the causative trypanosome subspecies and on the stage of the disease (Fairlamb,
2003). Drugs for the treatment of late stage trypanosomiasis are those that are
able to cross the blood-brain barrier to kill the parasites in the cerebrospinal
fluid and brain parenchyma (Fevre et al, 2006), and they include melarsoprol
(effective against both T. b. rhodesiense and T. b. gambiense) and eflornithine
(effective only against T. b. gambiense) while pentamidine and suramin are for
the treatment of the early stage disease (Barrett & Gilbert, 2006). Nifurtimox
has been used in the past for patients suffering from eflornithine- or
melarsoprol-resistant trypanosomiasis (Fairlamb, 2003) but was never licensed as
mono-therapy for HAT due to the severity of its side-effects. The action of the
above-mentioned clinically-approved drugs is marred by a range of severe side-
effects that are sometimes life-threatening. Recently, nifurtimox-eflornithine
combination treatment (NECT) was compared to eflornithine monotherapy in the
treatment of second-stage T. gambiense infection, and was found to be as
efficacious as the eflonithine monotherapy (Priotto et al, 2009). In addition,
NECT was found to be safer since it proved to be half as toxic as the standard
eflornithine monotherapy, cured HAT in a shorter period of administration than
the monotherapy, and has a lower propensity for resistance by trypanosomes

(Priotto et al, 2009).
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Figure 1.6 Structures of drugs for (a) early stage and (b) late stage HAT.
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Figure 1.7 Structures of the most common trypanocides used in chemotherapy and

chemoprophylaxis of livestock trypanosomiasis.

Chemotherapy and chemoprophylaxis of African animal trypanosomiasis

(AAT) make use of three compounds, namely: diminazene, an aromatic



Anthonius Anayochukwu Eze, 2013 Chapter 1. 26
diamidine; homidium, a phenanthridine; and isometamidium, a phenanthridine-
aromatic amidine (Leach & Roberts, 1981;Wilkes et al, 1995). Isometamidium is
essentially a fusion compound of homidium and part of the diminazene molecule
(Delespaux & de Koning, 2007). Delespaux and his colleagues (2008) were of the
opinion that homidium should be removed from the drug market because of its
toxic mutagenic properties. They argued that removal of this drug from the
market would not affect the treatment of AAT adversely, since diminazene
aceturate can replace it for chemotherapy while isometamidium becomes the
sole chemoprophylactic agent. Similarly, treatment and prophylaxis of
trypanosomiasis caused by T. evansi rely on quinapyramine, suramin and

melarsen oxide cysteamine (cymelarsan) (Leach & Roberts, 1981).

1.9. Uptake of trypanocides by the parasite

Uptake of drugs, an important factor in the determination of the efficacy
of every anti-parasitic drug, may be by passive diffusion, endocytosis, receptor-
facilitated uptake or transporter-facilitated uptake (de Koning, 2001a). Each
mode of uptake has its specific implication when considering drug action,
selectivity and the development of resistance; hence, lipophilic drugs can cross
membranes by simple diffusion and will enter all cells while hydrophilic drugs
need help to cross bio-membranes (de Koning, 2001a). Generally, uptake that is
facilitated by either receptors or membrane transporters can be a basis for
selective chemotherapeutic action against the parasite, if the cells of the host
do not express a homologous protein or if the transporter (or receptor)
expressed by the host has a much lower affinity (or rate of uptake) for the drug
(de Koning, 2001a). However, the disadvantage of selective uptake is that the
parasite may develop resistance to the drug when the receptor or membrane

transporter is lost or mutated (de Koning, 2001a).
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1.9.1. Uptake of Eflornithine

Uptake of eflornithine in bloodstream forms of T. b. brucei was found to
be non-saturable, up to 10 mM concentration, and was therefore attributed to
passive diffusion (Bitonti et al, 1986). A similar conclusion was drawn from
eflornithine uptake studies in bloodstream forms of T. b. gambiense and T. b.
rhodesiense (lten et al, 1997). But since this proposed mode of uptake for
eflornithine could not explain reduced rate of uptake observed in resistant cells
(and in the absence of any identified extrusion mechanism or metabolism of
eflornithine by the parasite), it was suggested that a combination of passive and
facilitated diffusion be considered (de Koning, 2001a). The transporter
responsible for this facilitated diffusion component has been identified as the
amino acid transporter expressed by the TbAAT6 gene (Vincent et al, 2010).
Deletion of this gene in the resistant line and the RNAi knockdown of its
expression both resulted in about 40 fold resistance to eflornithine compared to
the wild type trypanosomes; in addition, ectopic expression of this gene in the

resistant line restored wild type sensitivity to eflornithine (Vincent et al, 2010).
1.9.2. Uptake of the diamidines

Pentamidine and diminazene aceturate are diamidines used for the
treatment of early-stage human African trypanosomiasis caused by T. b.
gambiense and for African animal trypanosomiasis, respectively (de Koning,
2008). Pentamidine uptake in the procyclic form is mediated by a single high-
affinity proton-driven symporter, PPT1 (procyclic pentamidine transporter) (de
Koning, 2001b), while both pentamidine (de Koning, 2001b) and diminazene
(Barrett et al, 1995) seem to be transported by the P2 aminopurine transporter
in the bloodstream form of T. brucei brucei. However, only 50 to 70% of the

pentamidine transport in the bloodstream form was mediated by P2 while the
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remaining 30 to 50% of the transport was carried out by a low-capacity high
affinity pentamidine transporter (HAPT1) and a high-capacity low affinity
pentamidine transporter (LAPT1) (de Koning, 2001b). The genes that encode the
HAPT1 and the LAPT1 are not currently known, but have been speculated to be
closely related to TbAT1 that codes for P2 (de Koning et al, 2005). This

phylogenetic relationship is shown in figure 1.8.
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Figure 1.8 Phylogenetic relationship between TbAT1, other AT-like genes (group |) and other

nucleoside transporter genes (group Il and IV). Reproduced from (de Koning et al, 2005)
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In contrast, uptake of diminazene aceturate was shown to be principally
mediated by P2 (de Koning et al, 2004). These observations seem to be in
agreement with the occurrence of resistance to diminazene but not to
pentamidine in the field because a change or mutation in the gene TbAT1 that
codes for P2 (Maser et al, 1999), would almost entirely prevent the uptake of
diminazene by trypanosomes (de Koning, 2008). Since pentamidine can be taken
up by three different transporters, as stated above, it was suggested that it
would take at least the simultaneous loss of the P2 and HAPT activities to cause
a high level pentamidine resistance (de Koning, 2008).

Recently, a set of genome-wide, loss-of-function RNA interference (RNAi)
library screens in T. brucei was used to demonstrate that two closely related
aquaglyceroporins, AQP2 and AQP3, play a major role in pentamidine and
melarsoprol cross-resistance (Alsford et al, 2012). This role was finally assigned
specifically to AQP2, and it was demonstrated that from its function, AQP2 may
correspond to HAPT1 but for the fact that it is restricted to the flagellar pocket

(Baker et al, 2012).
1.9.3. Uptake of arsenical-based trypanocides

Of the available melaminophenyl arsenicals, which include melarsoprol,
cymelarsan, trimelarsan and melarsen oxide, melarsoprol is the only arsenical
licensed for the treatment of human African trypanosomiasis (late stage), while
cymelarsan is licensed for the treatment of trypanosomiasis in camels (de
Koning, 2001a). Melarsoprol is amphipatic, and will diffuse through cell
membranes (Barrett & Gilbert, 2006). However, melarsoprol is very quickly
metabolized to the more hydrophilic melarsen oxide in plasma (96% clearance
within an hour) (Burri et al, 1993). Uptake of melarsoprol (melarsen oxide) by T.

brucei was found to be mediated by P2 (Maser et al, 1999;Delespaux & de
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Koning, 2007). This finding is supported by these observations: P2 is inhibited
with high affinity by melaminophenyl arsenicals (de Koning & Jarvis, 1999);
expression of TbAT1 gene in yeast makes the yeast sensitive to arsenicals (Maser
et al, 1999); TbAT1 (P2) is mutated or altered in some melarsoprol resistant
clones (Carter & Fairlamb, 1993;Stewart et al, 2010). Nevertheless, the finding
that the in vitro effect of melarsen oxide on Atbat1 T. b. brucei could be
counteracted by pentamidine was the basis for the prediction that P2-
independent uptake of melarsen oxide was mediated by HAPT (Matovu et al,
2003;Bridges et al, 2007). Hence, it is highly possible that the concomitant loss
of P2 and HAPT results in high levels of resistance to both diamidines and
melaminophenyl arsenicals, while the loss of P2 alone leads to only moderate
loss of sensitivity for melarsoprol and some diamidines but high levels of
resistance for other diamidines, including diminazene (de Koning, 2008). Finally,
studies in which L. major, L. infantum and L. tarentolae all became
hypersensitive to both arsenic and antimony after transfection with LmAQP1
suggest that these metalloid drugs are taken up via the aquaporins (Gourbal et

al, 2004).
1.9.4. Uptake of suramin

When the charge and size of suramin is considered (the molecule contains
six negative charges at physiological pH), it becomes unlikely that the drug could
be taken up by a specific transporter (de Koning, 2001a). Also the quantity of
charge carried by the molecule rules out the possibility of passive diffusion of
suramin into the trypanosomes (Vansterkenburg et al, 1993). Suramin binds
strongly to low density lipoproteins and other serum proteins, including
transferrin, for which trypanosomes express receptors; these complexes could

therefore be taken up through receptor-mediated endocytosis; hence, it was
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proposed that suramin is probably taken up by trypanosomes while bound to LDL
(Vansterkenburg et al, 1993). This view has been changed by the outcome of the
genome-wide tetracycline-inducible RNA interference (RNAi) library screens
which identified a bloodstream stage-specific invariant surface glycoprotein
(ISG75) family as being responsible for suramin uptake (Alsford et al, 2012).
ISG75 was found to be responsible specifically for suramin binding, and the drug
was found to be accumulated in the trypanosomal lysosome (Alsford et al, 2012).
Suramin-ISG75 complex is then degraded by proteases to release suramin which
is subsequently transported into the cytoplasm by MFST, a putative major

facilitator superfamily transporter (Fairlamb, 2012).

1.9.5. Uptake of the nitroheterocyclic
trypanocides

Nifurtimox and benznidazole are the main nitroheterocycles used to treat
Chagas disease (Wilkinson and Kelly, 2009). Megazol is efficacious against both
T. cruzi (Filardi & Brener, 1982) and T. brucei (Enanga et al, 1998), while
nifurtimox is used to treat infections by T. cruzi (Docampo et al, 1981). Megazol
was found to inhibit the uptake of adenosine by P2, with a display of high
affinity for this transporter; this was to be expected since the drug has the
structural motif recognised by P2 (Barrett et al, 2000). Nevertheless, arsenical-
resistant parasites deficient in P2 were found to remain sensitive to megazol,
suggesting that in spite of its ability to interact with P2, the drug seems to also
be taken up across the membrane by passive diffusion (Barrett et al, 2000).
Similarly, the uptake of nifurtimox into T. cruzi was found to be by passive
diffusion across the cell membrane (Tsuhako et al, 1991), while studies on the

route of uptake into T. brucei is yet to be done (Barrett & Gilbert, 2006).
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1.9.6. Uptake of Isometamidium (ISM)

Uptake of ISM involves the permeation of both the plasma and the
mitochondrial membranes, since it has been demonstrated that ISM is
accumulated in the kinetoplast of both T. congolense (Wilkes et al, 1995) and T.
brucei (Boibessot et al, 2002). The transport was found to be energy-dependent,
as it was very sensitive to the metabolic inhibitor SHAM/glycerol (Sutherland et
al, 1992); it was inhibited by ethidium, but not by either diminazene,
melarsoprol or quinapyramine (de Koning, 2001a). And since resistance to ISM
was found to always be associated with cross-resistance to ethidium (Peregrine
et al, 1997), it was suggested that ISM and the structurally related ethidium
might share the same route of uptake (de Koning, 2001a).

The P2 transporter may be responsible for part of the ISM uptake in T.
brucei brucei, as evidenced by the inhibition of P2-mediated uptake of
adenosine by ISM (de Koning, 2001a), but the low level of cross resistance
between diminazene and ISM suggests that this mode of uptake may not be
significant (Delespaux & de Koning, 2007). In summary therefore, ISM may be
carried across the trypanosomal cell membrane by facilitated diffusion, and then
later actively sequestered in the mitochondria, using the energy of the
mitochondrial potential (de Koning, 2001a). This correlates with the observation
that ISM diffuses out of resistant trypanosomes, with low mitochondrial

potential, when placed in ISM-free medium (de Koning, 2001a).

1.10. Mechanism of action of trypanocides

Pentamidine, diminazene aceturate, isometamidium chloride and
ethidium bromide were found to promote the cleavage of T. equiperdum

minicircle DNA at therapeutically relevant concentrations; the cleavage sites
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map to distinct positions in the minicircle sequence, and each drug has a
different cleavage pattern (Shapiro & Englund, 1990). This effect was attributed
to possible inhibition of a mitochondrial type Il topoisomerase by these
trypanocides. A more recent study however states that point mutations in the
topoisomerase |l gene are not involved in isometamidium resistance (Delespaux
et al, 2007). Another study that compared the distribution and metabolism of
isometamidium and ethidium bromide in the trypanosomes found that
trypanosomes take up isometamidium faster than ethidium bromide; and
whereas isometamidium accumulated in the kinetoplast and remained
unmetabolized, ethidium bromide was more widely distributed throughout the
trypanosome, and was found to have undergone hydroxylation and methylation
reactions (Boibessot et al, 2002). A recent study has shown that ethidium
bromide kills trypanosomes by blocking the initiation of minicircle replication
(Roy Chowdhury et al, 2010). According to the study, ethidium bromide is
transported into the mitochondrial matrix by the mitochondrial membrane
potential. The killing of dyskinetoplastic trypanosomes by ethidium bromide was
explained by a possible inhibition of nuclear DNA replication, and this
mechanism was also proposed for isometamidium based on the similarity in the
structure of these two trypanocides.

Melarsoprol, a melaminophenyl-based arsenical known for its toxic side
effects, is taken up into the trypanosomes through the P2 aminopurine
transporter (Carter & Fairlamb, 1993). It inhibits trypanosome pyruvate kinase,
phosphofructokinase, and fructose-2,6-bisphosphatase,hence blocking glycolysis
(Wang, 1995). An alternative mechanism is the formation of melarsen-
trypanothionine adduct (Mel T) which inhibits trypanothione reductase

(Fairlamb et al, 1989). The formation of Mel T was however the mechanism that
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was recently confirmed using the high-throughput technology that gave results
suggesting that this adduct was toxic to trypanosomes (Alsford et al, 2012).

Most proteins involved in the mechanism of action of suramin reside in
the lysosomes of the trypanosomes and include the AP1 adaptin complex,
lysosomal proteases and major lysosomal transmembrane protein, N-
acetylglucosamine biosynthetic enzymes as well as ornithine decarboxylase
(ODC) and about three other enzymes involved in spermidine biosynthesis
(Alsford et al, 2012). Most of the lysosomal proteins were found to act through
the agency of the bloodstream-stage-specific invariant surface glycoprotein
ISG75 (Alsford et al, 2012).

Eflornithine acts as an irreversible suicide inhibitor of ornithine
decarboxylase; hence, inhibiting the synthesis of polyamines in trypanosomes as
well as in mammalian cells (Van, | & Haemers, 1989;Bellofatto et al, 1987). But
trypanosomes are more sensitive to eflornithine than mammalian cells
(Bellofatto et al, 1987). Inhibition of ornithine decarboxylase leads to a decrease
in the levels of putrescine, spermidine and trypanothione, which causes a
general decrease in the biosynthesis of DNA, RNA and proteins (including the
variant surface glycoprotein) (Fairlamb, 2003). This decrease in the synthesis of
the variant surface glycoprotein reduces parasitic antigenic variation, thus
increasing the efficiency of the host immune response (Van, | & Haemers, 1989).
Eflornithine is therefore more of a cytostatic than a cytotoxic drug (Fairlamb et
al, 1987)

Nitroheterocyclic compounds such as nifurtimox and benznidazole are
both pro-drugs that must be activated within the trypanosome by the action of a
NADH-dependent, mitochondrially localized, bacterial-like, type | nitroreductase

(NTR) (Wilkinson et al, 2008).This enzyme is expressed by the parasite but not
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by the host, and is the basis for the selectivity of this class of drugs as well as
for the development of two new classes of anti-trypanosomal agents,
nitrobenzylphosphoramide mustards and aziridinyl nitrobenzamides (Wilkinson et

al, 2011).

1.11. Biochemical targets for the development
of new trypanocides.

The ideal drug against trypanosomiasis would need to meet the following
criteria: it should cross the blood-brain barrier in order to be able to deal with
the cerebral stages of the disease where the need for new drugs is highest; it
should be active against both T. b. gambiense and T. b. rhodesiense, and also
against other species of Trypanosoma; there should be a very low tendency for
the development of resistance against such a drug; lastly, such drug should be
very cheap (Luscher et al, 2007). Selective toxicity against any microbial
pathogen can be achieved through selective binding of drug to a specific
microbial target; through a common target being vital to a pathogen but not to a
host cell; or through the selective uptake of drugs into the pathogens (Barrett &
Gilbert, 2006). For a compound to act as a drug, it must be able to inhibit a
specific target within the parasite (Barrett, 2000). There are a large number of
trypanosomal enzymes and/or biochemical pathways that have been established
as possible targets for the development of new trypanocides (Wilkinson & Kelly,

2009). Some of these possible targets are discussed next.
1.11.1. Sterol biosynthesis

Both T. brucei and T. cruzi were found to posses active sterol biosynthetic
pathways (Hinshaw et al, 2003). Most of the genes that encode enzymes in the

ergosterol biosynthetic pathway in T. cruzi have been identified and
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characterized (Wilkinson & Kelly, 2009); hence, inhibitors of oxidosqualene
cyclase were found to be effective against T. cruzi in vitro, though the in vivo
effects were yet to be determined (Hinshaw et al, 2003). T. brucei can however
take in cholesterol from the host bloodstream, though it has this pathway

(Coppens & Courtoy, 2000).
1.11.2. Cysteine proteases

A number of trypanosomal cysteine proteases have been identified and
biochemically characterised, including the cathepsin L-like enzymes cruzipain
(of T. cruzi) and brucipain (of T. brucei) (Wilkinson & Kelly, 2009), both
members of the C1 cysteine proteases. These C1 peptidases are either essential
to the survival of the parasite or important as virulent factors which contribute
to disease pathogenesis, and are therefore potential serodiagnostic markers,
vaccine candidates and drug targets (Caffrey & Steverding, 2009). This was
earlier demonstrated by the killing of T. brucei with the benzyloxycarbonyl-
phenylalanine-alanine diazomethane cysteine protease inhibitor; the target of
this inhibitor was originally presumed to be brucipain, until it was proved by
genomic analysis that the actual target was tbcatB, a cathepsin B-like protease
of T. brucei (Mackey et al, 2004). Hence, tbcatB was the most likely target of
the protease inhibitor, and as such is a potential target for drug development,
since it was shown to be very useful in host serum protein degradation by the

parasite (Mackey et al, 2004).
1.11.3. Thiol metabolism

Leishmania and trypanosomes are unique in their employment of
trypanothione instead of glutathione in the control of their intracellular reducing
environment (Werbovetz, 2000). Obviously, the presence of trypanothione

reductase instead of glutathione reductase in trypanosome makes trypanothione
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an essential cofactor mediating the redox balance in the parasite, and
trypanothione reductase a potential target for the development of
chemotherapy (Wang, 1995). A number of compounds found to inhibit
trypanothione reductase activity have been identified, with some of them
exhibiting trypanocidal activity (Wilkinson & Kelly, 2009). Similarly, Galarreta
and co-workers identified three new heteroaromatic frameworks (harmaline,
pyrimidobenzo thiazine, and aspidospermine) as the basis for inhibition of T.
cruzi trypanothione reductase. Interestingly, none of the new-found compounds
inhibited glutathione reductase, a property that qualified them as potential

trypanocides (Galarreta et al, 2008).
1.11.4. Polyamine biosynthesis

The polyamine biosynthetic pathway is unique in being the target of the
only clinically proven trypanocide with a known mechanism of action (Willert &
Phillips, 2008). The trypanocidal activity of the ornithine decarboxylase
inhibitor, eflornithine, has validated polyamine biosynthesis as a target for the
development of new trypanocides (Taylor et al, 2008). Therefore, in addition to
ornithine decarboxylase, S-adenosylmethionine decarboxylase and spermidine
synthase must also have vital functions in trypanosomes (Fairlamb & Bowman,
1980), which qualifies them as potential targets for the development of
chemotherapy, provided they also have unique features for selective inhibition
(Wang, 1995). In fact, it has been found that ornithine decarboxylase and S-
adenosylmethionine decarboxylase are the most likely rate-limiting steps in
polyamine biosynthesis (Willert & Phillips, 2008); hence, both are potential drug
targets, since the polyamine, spermidine must be synthesized by this pathway

for conjugation to glutathione to form trypanothione (Taylor et al, 2008).
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1.11.5. The glycosome

The trypanosomes need to switch the variable surface glycoproteins fast
enough to escape the host antibody response (Donelson & Rice-Ficht, 1985).
Inhibition of any of the glycosomal glycolytic enzymes should therefore block the
glycolytic pathway and kill the bloodstream trypanosomes efficiently (Clarkson,
Jr. & Brohn, 1976). Furthermore, structural comparison of T. brucei brucei
glycosomal glyceraldehyde-3-phosphate dehydrogenase (GAPDH) against the
homologous human muscle enzyme showed that in the NAD" binding region,
amino acid differences that occur between the two enzymes could provide
opportunities for the design of selective inhibitors by replacing the 2’ and 3’
adenosine ribose hydroxyl group with substituents extending in the direction of
the changed amino acids (Verlinde et al, 1994). It was found that 2’-deoxy-2’ (3-
methoxybenzamido) adenosine (a derivative of adenosine) inhibited the human
GAPDH only marginally, but inhibited the parasite enzyme 45-fold when
compared with adenosine (Verlinde et al, 1994). Although the efficiency of this
inhibitor still needs considerable improvement, and in vivo testing against
trypanosomes needs to be done, this finding was a positive step towards the
design of a new trypanocide (Wang, 1995). The compound, 3 -
(diethylphosphono) - propenal, with a K; of 66 uM for T. brucei GAPDH (about 600
times lower than the K; for the rabbit-muscle enzyme) was reported to be the
best inhibitor for the parasite enzyme (Verlinde et al, 2001). It was found to Kkill
cultured trypanosomes with a LD 0.3 pM (Verlinde et al, 2001).

Finally, facilitated diffusion system was found to be employed by the
bloodstream form of T. brucei brucei in the uptake of D-glucose from the blood
of the host (Gruenberg et al, 1978). This membrane transport process was found

to be the rate-limiting step of glucose metabolism in the trypanosomes
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(Gruenberg et al, 1978;Eisenthal et al, 1989). Nevertheless, the uptake process
was found to be very fast, apparently to keep pace with the high rate of glucose
metabolism in the trypanosomes (Eisenthal et al, 1989). Two different glucose
transporters were found to be expressed differentially between the bloodstream
and the procyclic forms; THT1 (for trypanosome hexose transporter) genes are
expressed in the bloodstream forms, while THT2 genes are expressed in the
procyclic forms (Bringaud & Baltz, 1993). The glucose transporter system of T.
brucei also differed from the human transporter in hexose specificity and drug
sensitivity; hence the parasite glucose transporter could be a target for

chemotherapeutic intervention (Bringaud & Baltz, 1993).
1.11.6. RNA Processing

The rate of transcription during the development of T. brucei brucei is
not controlled by the employment of specific promoters (Wang, 1995). The
promoters for the VSG genes and the gene that codes for procyclin (a major
surface antigen of the procyclic forms of T. brucei brucei) are mostly
constitutive (Pays et al, 1990). Therefore, control of the stage-specific
expression of VSG and procyclin genes is not carried out at the transcription
initiation level, but most probably by interfering with the elongation and
stability of the specific transcripts (Pays et al, 1990), or the posttranscriptional
level (Wang, 1995). Many of the transcription units for protein-encoding genes in
trypanosomes are polycistronic, containing tandemly arranged genes with
interstitial noncoding spacer regions; thus one of the major roles of trans
splicing is the production of mature mRNAs from these polycistronic precursors
(Agabian, 1990). Furthermore, trans splicing serves as the first important step in

the regulation of gene expression in trypanosomes (Agabian, 1990). Hence, it has
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been proposed that uniqueness and importance of trans splicing should make the

process an ideal target for the development of new trypanocides (Wang, 1995).

1.11.7. The glycolipid anchor for variant surface
glycoprotein (VSG)

The VSG of bloodstream African trypanosomes is attached to the cell
surface by a glycosyl phosphatidylinositol (GPl) anchor that contains myristate as
its only fatty acid component; hence the trypanosomal VSG differs from
mammalian GPl-anchored proteins in containing exclusively myristate (14:0, a
fully saturated 14-carbon fatty acid) in its GPI moiety (Ferguson & Cross, 1984).
The GPI is synthesized as a precursor, glycolipid A, that is subsequently linked to
the VSG polypeptide (Masterson et al, 1989). On using a cell-free system for GPI
biosynthesis, it was found that a product of the system, glycolipid A’ was
identical to glycolipid A save for the fact that its fatty acids are more
hydrophobic than myristate; glycolipid A’ was converted to glycolipid A in the
final phase of trypanosome GPI biosynthesis, through highly specific fatty acid
remodelling reactions involving deacylation and subsequent reacylation with
myristate (Masterson et al, 1990). Obstruction of the process of fatty acid
remodelling or acyl exchange, or the introduction of an analogue to replace
myristate in GPl may result in suppression of the development of the
bloodstream form of trypanosomes (Wang, 1995). A study of the utilization of
heteroatom-containing analogs of myristate in the biosynthesis of GPI in a cell-
free system and in intact trypanosomes showed that the specificity of fatty acid
incorporation depends on chain length rather than on hydrophobicity (Doering et
al, 1991). One of the analogues of myristate, 10-(propoxy)decanoic acid was

highly toxic to bloodstream forms of trypanosomes in culture; it had little effect
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on cultured procyclic trypanosomes and no effect on mammalian cells (Doering

et al, 1991).
1.11.8. The proteasome

The proteasome is a multi-subunit proteinase complex that plays a critical
role in intracellular protein degradation (Steverding, 2007). The eukaryotic
proteasome is a 265 multifunctional proteinase complex composed of the 20S
core proteolytic particle and the 19S regulatory complex (Coux et al, 1996). The
20S core particle in which the proteolytic activities reside is a barrel-shaped
structure made up of four rings; two outer rings consisting of seven distinct a-
subunits and two inner rings made up of seven different B-subunits (Steverding,
2007). Three of the B-subunits of each inner ring contain the three major
proteolytic activities of the proteosome, commonly referred to as the peptidyl-
glutamyl peptide hydrolysing activity, the trypsin-like activity, and the
chymotrypsin-like activity located on the 81, B2, and BB5 subunits, respectively
(Steverding, 2007). The proteasome of T. brucei resembles those of mammalian
cells structurally (Steverding, 2007), however, the T. brucei 20S proteasome
appears less complex than that of the mammalian cells as it shows fewer protein
spots in two-dimensional gel electrophoresis than its mammalian homologue
(Claverol et al, 2002).

The substrate specificity of the trypanosomal proteasome differs from
that of mammalian cells (Steverding, 2007). Similarly, inhibitor studies show
that mammalian proteasome differs from its trypanosomal homologue in its
response to inhibitors (Steverding, 2007). For instance, two epoxyketones,
epoxomicin [Ac(methyl)-lle-lle-Thr-Leu-EX] and YU101 [Ac-homoPhe-Leu-Phe-
Leu-EX] were tested and found to inhibit the chymotrypsin-like activity of the

rat proteasome much more strongly than that of the trypanosomal proteasome
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(Glenn et al, 2004). Epoxomicin also inhibited the trypsin-like activity of the
trypanosome proteasome very strongly, while YU101 inhibited the same activity
rather moderately (Glenn et al, 2004). It was therefore suggested that the
structure of epoxomicin could be altered to produce a more potent trypanocide
with an improved inhibition of the trypsin-like activity of the trypanosomal
proteasome (Glenn et al, 2004). Using fluorogenic peptides as substrates, the
trypanosomal proteasome was found to possess a high trypsin-like but a low
chymotrypsin-like activity, while the reverse was found to be the case with the
mammalian homologue (Hua et al, 1996). This finding suggests that proteasome
inhibitors could be designed to specifically target the trypsin-like activity of the
trypanosomal proteasome; such new drugs would rarely be toxic to the host cells

whose proteasomes have a low trypsin-like activity (Steverding, 2007).
1.11.9. Purine Salvage

A unique biochemical feature of parasitic protozoa is their complete
dependence on the salvage of preformed purines from their vertebrate and
invertebrate hosts, either in the form of nucleosides or as nucleobases (Landfear
et al, 2004). The uptake of these purine nucleosides or nucleobases from the
host system has been identified as the first step in the salvage pathway, and is
carried out by various nucleoside or nucleobase transporters located in the
plasma membrane of the parasite (Landfear et al, 2004). All the protozoan
nucleoside and nucleobase transporters that have been identified were grouped
as members of the equilibrative nucleoside transporter (ENT) family (Landfear et
al, 2004). The interest in purine transport arose from the fact that purine
salvage has been found to be essential to the survival of the parasites, and
because purine transporters mediate the uptake into the parasites, of a range of

cytotoxic drugs, many of which are purine analogues (Carter et al, 1995).
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Twelve transporters of the ENT family (designated TbAT1 and TbNT2 -
TbNT12) are expressed by the parasite (Ortiz et al, 2009). The TbAT1 gene was
found to encode the transport activity previously designated as P2 (Maser et al,
1999), which was originally found to transport adenosine and adenine into the
intact bloodstream form (TbAT1 is actually bloodstream form-specific) of the
parasite (Carter & Fairlamb, 1993). This implies that pentamidine transport may
be mediated by 5 different transporters (TbAT1, HAPT1, LAPT1, TbNT11.1 and
TbNT12.1) in the bloodstream form, unless future studies prove that HAPT1 and
LAPT1 are identical to TbNT11.1 and TbNT12.1, respectively (Ortiz et al, 2009).
TbNT2 - TbNT7 are P1 type nucleoside transporters; TbNT2, TbNT5, TbNT6 and
TbNT7 were found to be high affinity adenosine/inosine transporters (with Kp
values <5uM), while TbNT5, and to a lesser extent TbNT6 and TbNT7 also
mediate the transport of hypoxanthine (Sanchez et al, 2002). Ribonuclease
protection assays showed that TbNT2 - TbNT7 are all expressed in the
bloodstream form T. brucei, while the TbNT2 and TbNT5 genes are also
expressed in the procyclic form (Sanchez et al, 2002).

The procyclic form of T. b. brucei was found to express one high affinity
purine specific nucleobase transporter (H1), which was described as a
nucleobase/proton symporter (de Koning & Jarvis, 1997a). The second procyclic
purine nucleobase transporter (TbNBT1 or H4) however lacks this specificity but
exhibits a high affinity for all natural purine nucleobases as well as uracil,
guanosine and allopurinol (Burchmore et al, 2003). Similarly, in the bloodstream
form, two transporters for hypoxanthine, described as guanosine-sensitive (H2)
and guanosine-insensitive (H3), were found (de Koning & Jarvis, 1997b). H2 was

shown to be a proton/hypoxanthine symporter capable of transporting guanosine
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and some pyrimidine bases, while H3 showed high affinity and selectivity for
purine nucleobases only (de Koning & Jarvis, 1997b).

It is quite clear from the above that the bloodstream form of T. brucei,
like other protozoa, expresses multiple purine transporters with overlapping
substrate specificities (de Koning et al, 2005). The implication is that it would
be very difficult to starve the trypanosomes of purines by inhibiting all these
transporters (Luscher et al, 2007), since trypanosomes have been found to react
to purine starvation by up-regulation of their purine transporters, and by
expression of higher-affinity permeases (de Koning, 2001b). It may however be
useful to consider designing nucleobase or nucleoside analogues that will only be
recognized by the parasitic enzymes, and whose nucleotide products will turn
out poisonous to the parasite (Wang, 1995).

Quite a number of enzymes in the purine salvage pathway can also be
selectively inhibited by use of specific analogues (El Kouni, 2003). For instance,
phosphoribosyltransferases play an important role in purine salvage in most
parasites, and are therefore considered as targets for drug design (El Kouni,
2003). More importantly, xanthine is a substrate for parasitic purine
phosphoribosyltransferases, but not for the mammalian host enzyme (Reyes et
al, 1982). Hence, xanthine analogues may be employed to inhibit the parasitic
phosphoribosyltransferases selectively in order to interfere with purine salvage
in the parasite but not the host (El Kouni, 2003). The effect of this interference
will be potentiated by the common lack of de novo purine biosynthesis in the
parasites (El Kouni, 2003). In cases where the parasite can salvage the purines
using other enzymes (for instance, the kinase reaction), then the introduction of

xanthine analogues as “subversive substrates”, which would be activated to
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toxic nucleotides only in the parasite, may be preferable to inhibitors of specific

salvage enzymes (El Kouni, 2003).
1.11.10. The Kinetoplast

The existence of dyskinetoplastic or akinetoplastic trypanosomes tends to
suggest that kDNA is not essential for viability of BSFs and therefore would not
be a drug target (Roy Chowdhury et al, 2010). Results of some other studies
however indicate that RNA editing proteins and the Aé subunit of ATP synthase,
are essential in BSF trypanosomes (Schnaufer et al, 2005), and since the
compensating mutation (described in 1.5.2) occurs at a low frequency,
kinetoplast DNA and proteins involved in its replication and expression should be

valid drug targets in bloodstream forms (Roy Chowdhury et al, 2010).
1.11.11. The Trypanosome Alternative oxidase

Since trypanosomes lack lactate dehydrogenase (Wang, 1995), the NADH
produced in the glycosomal glycolytic pathway must be reoxidized via a
dihydroxyacetone phosphate (DHAP) a-glycerophosphate (a-GP) shuttle which
consists of a glycosomal NAD'-dependent a-GP dehydrogenase and a
mitochondrial a-GP oxidase (Visser & Opperdoes, 1980). The oxidase cannot
function under anaerobic conditions, causing a-GP, NADH, and ADP to
accumulate to high concentrations in the glycosome; these accumulated
metabolites can inhibit the glycerol kinase (GK)-catalyzed conversion of the
accumulated a-GP and ADP to glycerol and ATP (Visser & Opperdoes, 1980).
Also, a-GP oxidase can be inhibited by salicylhydroxamic acid (SHAM) to bring T.
brucei brucei to a condition similar to anaerobiosis; glycolysis can then be
completely blocked under this condition by inhibiting the GK-catalyzed
reversible reaction with glycerol, with the resultant lysis of the trypanosomes

within minutes (Clarkson, Jr. & Brohn, 1976). Mice infected with T. b.
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rhodesiense were completely cured 24 hours after injection with a combination
of SHAM and glycerol. The parasites however reappeared in the blood of the
mice, and killed them a few days later; an occurrence attributed to either the
existence of a few resistance cells in the initial parasite population, or the
failure to reach the effective trypanocidal levels of SHAM and glycerol in some
tissues, resulting in survival of parasites in those tissues (Clarkson, Jr. & Brohn,

1976).
1.12. Mechanisms of resistance to trypanocides

Resistance is the inheritable, temporary or permanent loss of the
original sensitivity of a microbial population to a drug; resistance is not usually
absolute since resistant parasites can still be eliminated at much higher drug
dosages, but this concentration may be harmful to the host (Matovu et al, 2001).
Management practice and the nature of the drug are both important factors in
the induction of resistance. For instance, it is believed that the nature of
ethidium bromide as a potent mutagen may enhance selection for resistance
(Matovu et al, 2001). Block treatment is a traditional management practice used
in the control of nagana; this practice has increased the magnitude of the
resistance problem in nagana when compared to human trypanosomiasis where
hospitalization aids adequate drug administration (Matovu et al, 2001). Hence
drug resistant trypanosomes from animals are far more prevalent in Africa

(Matovu et al, 2001).
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Figure 1.9 The distribution of trypanocidal resistance in sub-Saharan Africa. Taken from Matovu

etal., 2001.

Studies have shown that drugs must enter the interior of the cell in
sufficient quantities in order to kill the parasite (Matovu et al, 2001). Sutherland
and his co-workers (1992) proposed an inverse relationship between ISM uptake
by trypanosomes and resistance, in which an increase in resistance by parasites
could be attributed to a reduction in drug accumulation caused by a change in a
specific cell-surface receptor or transporter and/or the involvement of a drug
efflux mechanism (Sutherland et al, 1992). It is generally accepted that drug
accumulation differs between ISM-sensitive and ISM-resistant trypanosomes, with
reduced net drug uptake enhancing the survival of the latter in the presence of
drug concentrations which are lethal to the sensitive parasites (Matovu et al,
2001). This was shown to be true by studies in which sensitive and resistant T. b.
rhodesiense were cultured in medium with tryparsamide, followed by bioassay of
supernatants against sensitive trypanosomes. It was found that supernatants in
which resistant parasites had been incubated was still able to kill susceptible

trypanosomes, indicating that the former had not absorbed any appreciable
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quantity of the drug from the medium (Matovu et al, 2001). The implication of
this model is that the loss of a particular membrane transporter involved in the
uptake of trypanocides would cause the cross-resistance to the drugs it
transports; for instance, the loss of the P2 transporter causes a cross-resistance
between melarsoprol and diminazene aceturate (Delespaux & de Koning, 2007).
It is therefore not safe to introduce diminazene aceturate for human use since it
could cause an increase in resistance to melarsoprol, the only approved drug for
late stage sleeping sickness (Delespaux & de Koning, 2007).

Reduction of net drug uptake could be as a result of either decreased
drug import or increased drug export (Maser et al, 2003). The transporters
usually involved in the export of drugs are those of the ABC superfamily; large
membrane proteins with two ATP-binding cassettes per transporter (Maser et al,
2003). The best known members of this superfamily are the P-glycoproteins that
function in the elimination of foreign molecules from the cell (Upcroft, 1994),
and are therefore useful in the active detoxication of the cytosol (Matovu et al,
2001). Three ABC transporter genes were identified in T. brucei: TbMRPA,
TbABC2, and TbABC3; and all three were found to be expressed in both the
bloodstream and the procyclic forms (Maser & Kaminsky, 1998). TbMRPA has
been localized to the plasma membrane in the bloodstream form of T. b. brucei
(Shahi et al, 2002), and an over-expression of TbMRPA in trypanosomes was
found to increase resistance to melarsoprol (Shahi et al, 2002). It was
nevertheless proposed that of the three possible mechanisms of resistance to
arsenicals and antimonial drugs (loss of uptake, failure to activate the drug and
active extrusion), the only mechanism relevant to anti trypanosomal drugs
concerns the loss of uptake (Shahi et al, 2002). Alternative mechanisms of

resistance, such as failure to undergo apoptosis (as triggered by the
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trypanocide), have been suggested (Maser et al, 2003). These different possible
mechanisms are however not mutually exclusive, and may complement each

other to produce high levels of resistance (Maser et al, 2003).

1.13. Plans for the PhD project

ISM is the only recommended prophylactic drug, and is widely used in the
treatment of, and protection against, trypanosome infections in cattle and small
ruminants across sub-Saharan Africa (Afework et al, 2006). Resistance to ISM
usually goes with cross-resistance to ethidium bromide (Peregrine et al, 1997),
and since diminazene aceturate is employed for curative purposes only, as it is
cleared too rapidly to give longer-term protection (Delespaux et al, 2008),
resistance to ISM is a serious problem in many parts of sub-Saharan Africa
(Afework et al, 2006).

Probably, the main cause of drug resistance in African trypanosomes is
changes to specific transporters in the plasma membrane that are responsible
for the internalisation of the drug (Bray et al, 2003). Therefore, the presence of
a mutation in the nucleotide transporter gene, TbAT1 in T. b. brucei was linked
to ISM resistance (Afework et al, 2006). However, LAPT1 has been identified as
the resistance marker for EtBr and ISM, with the TbNT2/P1, TbAT1/P2 and
HAPT1 transporters making minor contributions to the transport of both drugs
(Dietrich and De Koning, unpublished). Certainty about this has been hampered
by lack of specific inhibitors for the diamidine transporters, and LAPT in
particular. This project therefore aims:

i to identify specific inhibitors of the LAPT1 transporter;
ii. to identify the transporter of ISM in T. b. brucei at the

biochemical and molecular level;
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iii. to determine the mechanism of resistance to ISM in T. b.

brucei.



2. Materials and Methods
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2.1 Materials.

2.1.1 In vitro culture of bloodstream forms (BSF) of T.
b. brucei, transformed yeasts and other cells.

HMI-9 powder was purchased from Invitrogen, heat-inactivated fetal calf
serum was from PAA laboratories, Austria while NaHCO; was purchased from
BDH. B-mercaptoethanol was a product of Sigma. For the synthetic complete
medium minus uracil, D-glucose was purchased from Fisher Scientific while yeast
nitrogen base without amino acids was bought from Sigma. The amino acids for
the synthetic complete drop out mix were all purchased from Sigma; while the
Bacto-agar was bought from BD. Peptone for the yeast extract-peptone-dextrose
and adenine medium (YPAD) was supplied by Formedium Ltd., England, while
the yeast extract was a product of Sigma. HOMEM for culturing Leishmania

promastigotes was purchased from Life technologies corporation, U.K.

2.1.2 Induction of resistance to isometamidium and
ethidium bromide in bloodstream forms of T. b.
brucei.

Isometamidium used throughout this project was in the form of Samorin
donated by Merial, while Ethidium bromide was supplied by Sigma. Stock
solutions of these and most other drugs used in this project were made in

dimethyl sulfoxide (DMSO) purchased from Sigma.

2.1.3 Alamar blue and propidium iodide drug
sensitivity assays

Resazurin sodium salt and propidium iodide were both purchased from
Sigma, so also was digitonin. The library of bisphosphonium compounds were

synthesized by our collaborator, Dr. Christophe Dardonville of Instituto de
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Quimica Medica, Spain, while the RT compounds were synthesized by Dr Richard

Tidwell of the University of North Carolina, Chapel Hill, USA.

2.1.4 In vitro uptake of isometamidium and [*H]-
pentamidine

[*H]-Pentamidine isethionate was supplied by Amersham, and contains
3.26 TBg/mmol. Unlabelled pentamidine isethionate was however purchased
from Sigma. The constituents of the assay buffer were purchased as follows:
Hepes, NaCl, KCl, NaHCO;, MgCl.6H,0, MgS04.7H,0 were supplied by BDH,
NaH;P04.2H20 by MERCK, while CaCl;.2H20 and MOPS were purchased from
Sigma. Mineral oil, di-n-butylphthalate and SDS were produced by Sigma, while

the Optiphase ‘Hisafe’ 2 scintillation fluid was supplied by Perkin Elmer.

2.1.5 Site-directed mutagenesis of genes of interest.

Pfu Turbo DNA polymerase was purchased from Stratagene while Dpn |

restriction enzyme was produced by Promega.

2.1.6 Transfection of T. b. brucei (BSF), yeasts and
Leishmania mexicana

Go Taq polymerase and the dNTPs were bought from Promega, while the
Luria broth (LB) media and Luria broth agar were supplied by Sigma. The primers
used in this project were all synthesized either by Sigma or by Eurofins MWG
Operon. Phusion high fidelity polymerase was produced by New England Biolabs
while the ultra pure agarose used was supplied by Invitrogen. The Lithium
acetate, polyethyleneglycol and ethylenediaminetetraacetic acid (EDTA) used
for yeast transformation were supplied by Sigma while the Tris-HCl was

produced by MP Bio medicals, Germany.
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2.1.7 Sequencing of genes of interest.

pGEM-T Easy vector was purchased from Promega, while the plasmid
extraction and gel extraction kits were bought from Macherey-Nagel. The
competent XL1 strains of Escherichia coli were purchased from Stratagene
initially, but were subsequently prepared in-house using the calcium chloride

method (Sambrook & Russell, 2001).

2.1.8 Mitochondrial membrane potential Assays.

Phosphate buffered saline (PBS) was supplied in tablet form by Sigma.
Other reagents used namely, tetramethylrhodamine ethyl ester (TMRE),

valinomycin and Troglitazone were also produced by Sigma.

2.1.9 Fluorescence microscopy

Methanol was purchased from Fisher Scientific while vectashield mounting
medium (containing 4',6-Diamidino-2-phenylindole dihydrochloride, DAPI) was

supplied by Vector Laboratories, U. S. A.

2.2 Methods

2.2.1 Invitro culture of bloodstream forms (BSF) of T.
b. brucei, transformed yeasts and other cells.

Five different published strains of T. b. brucei (BSF) were used in this
project namely, 1) Trypanosoma brucei brucei 427 wild type from which the
following other strains were derived; 2) TbAT1/P2 knock out (KO) was derived
from T. b. b. 427 wt by sequential replacement of both alleles of TbAT1 gene
with resistance markers for the antibiotics neomycin and puromycin (Matovu et
al, 2003); 3) TbAT1-KO B48 was derived from TbAT1-KO by selection in

increasing pentamidine concentrations until these cells also lost the high affinity
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pentamidium transporter, HAPT1 (Bridges et al, 2007); 4) 2T1 cells were derived
from T.b.b.427 wt by the incorporation of a T7 RNA polymerase driven by an
inducible ribosomal RNA; 2T1 also displays an improved transfection efficiency
compared to T.b.427 wt (Alsford et al, 2005); 5) RNAi of ATE1 in 2T1 cells was
performed by transfecting with the plasmid, pHDKO2 to knock down the
expression of ATE1 gene (Teka, 2011). These trypanosome strains were all
maintained in vitro in HMI-9 medium (Hirumi & Hirumi, 1989) containing 10%
fetal calf serum (FCS) and 14.3 pul of B-mercaptoethanol per litre at pH 7.4. The
parasites were incubated at 37 °C under 5% CO, and sub-cultured every 48 hours.

The Saccharomyces cerevisiae strain MG887-1 (fcy2-) used in this project
was made to be auxotrophic for uracil by Gillissen and colleagues by the excision
of truncated URA3 gene with EcoRl and Smal from pAura3 (Gillissen et al, 2000).
S. cerevisiae MG887-1 was grown on solid YPAD medium plates (see Appendix A)
at 30 °C and sub-cultured to a fresh plate once a week. Transformed S.
cerevisiae MG887-1 was plated on synthetic complete medium minus uracil (see
Appendix A).

Leishmania mexicana (L. mexicana) promastigotes (M379) were grown in
HOMEM medium (pH 7.4) supplemented with 10% heat-inactivated fetal calf
serum (FCS) at 27 °C. Cultures were passaged into fresh medium twice weekly.

Competent XL1 strains of Escherichia coli, used for cloning of T. b. brucei
genes of interest after they have been subcloned into the appropriate plasmid
vectors, were stored as glycerol stabilates at -80 °C. After transformation, XL1
cells were cultured overnight in LB broth containing 100 pg/ml ampicillin at 37
°C.

Stabilates were regularly prepared from all parasitic strains used in this

project for long term storage. Cell cultures of density between 10® and 2 x 10°
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were diluted in a 1:1 proportion by a 30% glycerol mixture in the corresponding
culture medium, thus ending up with cells in a 15% glycerol/media mix. 1 ml
aliquots of this mix was transferred into properly labelled cryo vials and kept at
-80 °C for at least 24 hours before transferring to liquid N, storage.

Cells from stabilates were returned to culture by thawing at room
temperature. The entire 1 ml of thawed stabilate was added to 10 ml of warm
medium, incubated on the appropriate incubator and passaged the next day or

as necessary.

2.2.2 Induction of resistance to isometamidium and
ethidium bromide in blood stream forms of
Trypanosoma brucei brucei.

Induction of resistance to ISM or EtBr in Tb427 wt was started from a
concentration of 0.05 nM for either drug in complete HMI-9 media after this
concentration was arrived at using halving dilutions in 96-well plates to
determine the concentration at which trypanosomes can survive in the drug. This
halving dilution for the determination of start concentration was done with ISM
alone, starting from its 1Cso of 23.4 nM, since the ICso of ISM is much lower than
that of EtBr. Trypanosomes were incubated in the drug-containing media, while
the concentration of each drug was slowly increased; the ISM concentration was
increased to 1 uM before the first set of clones was selected by plating out
(designated ISMR1). Similarly, the EtBr concentration was raised to 4 uyM before
individual clones were generated. These were named EBR4. ISMR clones were
generated as ISM concentration was raised until the last set of clones were

generated from 15 pM ISM and was named ISMR15.



Anthonius Anayochukwu Eze, 2013 Chapter 2. 57

2.2.3 Alamar blue and propidium iodide drug
sensitivity assays.

Alamar blue end point assays were used to estimate the cytotoxicity of
drugs and potential drugs candidates to parasitic cells in vitro (Raz et al, 1997).
Viable parasites are able to reduce the dye (converting resazurin to the
fluorescent resorufin) to the fluorescent metabolite which is measured. Since a
linear correlation exists between the strength of the fluorescence and the
density of viable cells (Raz et al, 1997), the amount of living cells can be
estimated from the fluorescence values. Sigmoidal dose-response curves with
variable slopes were generated using the GraphPad Prism software to plot the
fluorescence values against the logarithm of drug concentration, and the ECs
values (effective concentration that inhibits growth by 50%) were estimated
automatically.

Alamar blue dye was prepared by dissolving 12.5 mg of Resazurin sodium
salt in 100 ml of phosphate buffered saline (PBS) at pH 7.4. The mixture was
filter-sterilized and stored at -20 °C in foil-wrapped tubes to shield from
exposure to light. Test compounds were diluted to 200 uM in the corresponding
medium, starting from a 20 mM stock solution in DMSO (water or ethanol if the
compound is insoluble in DMSO). 200 pl of this solution was added to the first
well of the 96-well plate, while 100 pl of fresh medium was added to the
remaining wells. Halving dilution was done by taking 100 ul from the first well
into the second, mixing well by pipetting up and down several times before
moving 100 pl from the second to the third well, and so on. The last well was
left drug-free. 100 pl of 2 x 10° cells (trypanosomes) or 2 x 10° cells (leishmania)
was introduced to all wells, giving a final concentration of 100 pM in the first

wells and 10° cells (trypanosomes) in all wells. 20 pl of alamar blue dye was
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added to all wells after incubating at 37 °C and 5% CO, for 48 hours, and the
plate was read 24 hours later in the Fluostar Optima at 530 nm and 590 nm,
excitation and emission respectively. For Leishmania promastigotes, the dye was
added after 72 hours from the start of the assay, and the plate was read 48
hours after. A modified alamar blue assay was employed to magnify the
difference in ISM sensitivity between Tb427 wt and Th427 wt cells expressing
mutated ATPase y gene. In the modified assay, 5 x 10° cells/ml final cell density
was used, and the assay was incubated at 37°C and 5% CO, for 72 hours before
addition of alamar blue dye, and the plates were read 18 hours after.

Propidium iodide real time assay measures fluorescence over 250 cycles (8
hours) and was used to estimate how quickly a drug Kkills trypanosomes.
Propidium iodide binds to nucleic acids to produce fluorescence, and this
happens when the test agent causes the cell to lyse. 500 pM of each drug was
prepared in HMI-9 medium and 200 pl of it introduced into the first wells.
Halving dilutions were performed, as in alamar blue, up till the 9*" wells while
100 pl of 40 uM digitonin in HMI-9 (positive control) was added to the 10%. 100 pl
of fresh media was added to the 11" wells while the addition of 200 pl of 5 x 10°
cells was alternated with 200 pl of fresh media on the last column. Two rows
were prepared for each drug as described above; 100 pl of 107 cells in 18 pM
propidium iodide was introduced into the first 11 wells of the first row (the 12"
already contains 200 pl 5 x 10° cells/ml in HMI-9). 18 puM propidium iodide in
HMI-9 was also added to the first 11 wells of the 2" row for the same drug (the
12*" already holds 200 pl of HMI-9 medium). Hence, the final concentrations of
each drug were from 250 pM to 0.98 pM, 9 pM of propidium iodide and 5 x 10°

cells/ml. Plates were then read in the plate mode using the Fluostar Optima
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(BMG Labtech) at 544 nm and 620 nm, excitation and emission respectively.

EC50 values were subsequently determined using the prism software.

2.2.4 Harvesting and purification of cells for uptake
assays

Trypanosome cultures of between 300 ml and 600 ml were set up in order
to achieve the cell density of the order of 10® cells/ml needed for uptake assays.
After 48 hours of incubation (in HMI-9, at 37 °C and 5% CO,), parasites were
harvested while in the mid-log phase of growth by centrifugation at 1100 x g for
10 min, followed by a double wash in assay buffer (pH 7.3) before a final
resuspension and adjustment of density to ~ 10® cells/ml in assay buffer. Cells
were usually left for 20 - 30 minutes on the bench (with intermittent gentle
shaking) before use to allow them to adapt to the conditions of the experiment.
Leishmania cells for uptake were grown up in cultures of between 150 ml and
300 ml, and were harvested in much the same way as for trypanosomes, after 72
hours of incubation.

Yeast culture for uptake was initiated as a starter culture in 5 ml
synthetic complete medium minus uracil (SC-URA) which was incubated for 6
hours at 30 °C in a shaker-incubator before the addition of an extra 45 ml of the
same medium followed by incubation overnight. Cells were harvested by
centrifugation at 1100 x g for 10 minutes at 4 °C, followed by a double wash of
the pellet in assay buffer (without glucose). The cells were then re-suspended in
assay buffer at a density of about 10® cells/ml, and the cell suspension divided in
three tubes which were kept on ice. Each tube was used for one set of
triplicates after being left on the bench for 15 minutes to return to room

temperature.
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2.2.5 In vitro uptake of isometamidium, [°H]
pentamidine and [*H] diminazene.

Uptake of ISM was monitored using the innate fluorescence as described
for DB829, other diamidines and ethidium bromide (Ward et al, 2010). A 20 pM
solution of ISM was prepared in the appropriate medium, and 100 pl of this
solution was layered on 100 pl of oil mix (1:7 mixture of light mineral oil and di-
n-butylphthalate) in a microfuge tube and mixed with 100 pl of trypanosome
suspension in the same media. This mixture was incubated on the bench for the
appropriate time before uptake was stopped by centrifugation at 12500 x g for 1
min. The oil and media were carefully removed with a 200 pl pipette tip
attached to a vacuum pump before incubation of pellet in 50 pl (1:8) 0.1N
HCl/methanol buffer for 1hr at room temp. Fluorescence was thereafter
measured in the Fluostar Optima at 355 nm and 620 nm, excitation and emission
respectively (Wilkes et al, 1995).

Assay for the uptake of [*H]-pentamidine and [*H]-diminazene was carried
out using the general uptake assay technique as described by De Koning (2001b).
The concentration of the permeants was adjusted to suit the affinity of the
transporter of interest for the particular permeant. For instance, HAPT1 with a
Km value of 36 + 6 nM (De Koning, 2001b) is fully saturated by 1 uM of permeant;
hence HAPT1-mediated uptake was usually measured using 30 nM [*H] permeant
concentrations or less. On the other hand, LAPT1 with a K, value of 56 + 8 pM
(De Koning, 2001b) requires millimolar concentrations to saturate, and so LAPT1-
mediated uptake was usually measured at 1 pM [*H] permeant concentrations.
When HAPT1 activity was studied in s427 wt, 1 mM unlabelled adenosine was
usually added to saturate the P2 transporter (Bridges et al, 2007). All uptake

assays were performed in triplicate and all parameters were determined
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independently at least three times unless stated otherwise. 100 pl of [*H]
permeant solution (containing 2 x the desired permeant concentration in assay
buffer) was layered on 300 pl of oil mix in a microfuge tube. Uptake assays were
then initiated by adding 100 pl of cell suspension at ~ 10® cells/ml, followed by
incubation on the bench for a pre-determined time. Uptake was stopped by the
addition of 1 ml of 1 mM unlabelled permeant in assay buffer and subsequent
centrifugation at 12500 x g for 45 seconds. The tubes were then flash frozen in
liquid nitrogen and the bottom (containing the cell pellet) cut off and collected
in numbered scintillation vials containing 300 pl of 2% sodium dodecyl sulphate
(SDS). Vials were incubated at room temperature for 30 minutes to solubilise the
pellets before the addition of 3 ml Optiphase ‘Hisafe’ 2 scintillation fluid.
Scintillation count was determined on the 1450 Microbeta Liquid Scintillation
and Luminescence Counter (PerkinElmer Lifesciences) after an overnight

incubation at room temperature.

2.2.6 Molecular procedures utilized

2.2.6.1 Genomic DNA extraction

Genomic DNA extraction for polymerase chain reaction (PCR) was done
using the Nucleospin tissue kit (Macherey-Nagel) and the standard protocol for
human or animal tissue and cultured cells. DNA concentrations were measured
on the NanoDrop ND 1000 spectrophotometer, and DNA samples were stored at -

20°C.

2.2.6.2 Primer design

The primers were designed to flank the gene of interest, one
complementary to the sequence upstream of the 5 end and the other

complementary to the sequence downstream of the 3’ end. Primers may be
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designed to incorporate restriction sites when it will subsequently be ligated into

a specific vector. Whenever possible, primer sequences were designed to have

between 50 to 60% GC content and to have a G or C at both ends.

Primers for site-directed mutagenesis PCR were designed to be

complementary to each other so they could anneal to the opposite strands of the

sequence of interest. They were designed to be between 25 and 45 nucleotides

in length with the desired mutation in the middle and about 10 to 15 nucleotides

of correct sequence on both sides. They were also designed to begin and end in

C or G nucleotides and to have at least 40% GC content.

Primer use Primer sequence Fragment size
TbAT-1 5’-CTCGAGATGCTCGGGTTTGACTCA-3’ 1404 bp
forward.

ThAT-1 5’-GGATCCCTACTTGGGAAGCCCCTC3-

reverse

Forward,ATE | 5’-GCCGTTGTGTGGGGTGTC ~750 bp
Reverse,ATE | 5’-TATTAGCGCCATCCCGCC

TbATA 5’-ACTCAAAGGTGTGCTGGCTG-3’ 1500 bp
forward.

TBATA 5’-CGGCGGTGTCAAAATCCAAG-3

reverse
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ATPase v | 5’CGGCGGCCGCATGTCAGGTAAACTTCGTCTTTACAAAG | 937 bp
Forward
ATPase Y

5’ -ATAGGATCCCTACTTGGTTACTGCCCCTTCCCAG
Reverse
Fwd: ATPase 5 -CTTTCTGCTATGAGTTAGTTGGAGGCAATGCG-3’ 5567 bp
Y
mutagenesis

5’CGCATTGCCTTCCAACTAACTCATAGCAGAAAG-3’

Rev: ATPase
Y
mutagenesis
A6 Forward 5-AAAAATAAGTATTTTGATATTATTAAAG-3 | 381 bp
A6 Reverse 5-TATTATTAACTTATTTGATC-3’
ND4 Forward 5-TGTGTGACTACCAGAGAT-3 256 bp
ND4 Reverse 5-ATCCTATACCCGTGTGTA-3’
ND5 Forward 5-TGGGTTTATATCAGGTTCATTTATG-3’ 395 bp
ND5 Reverse 5- CCCTAATAATCTCATCCGCAGTACG-3
ND7 Forward 5-ATGACTACATGATAAGTA-3 161 bp

ND7 Reverse

5- CGGAAGACATTGTTCTACAC-3
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Forward: 5’-CCGAGTCACACAACGT-3’ 456 bp
Actin

Reverse:

Actin 5’-CCACCTGCATAACATTG-3’

Fwd: TbAT1 5’-CTCGAGATGCTCGGGTTTGACTCA-3’ 789 bp
Screen in

yeast

Rev: TbAT1 5’-CATCGCCTCCGTGGGGGTC-3’

Screen in

yeast

Fwd: pDR195 5’-GCGGCATTTTGCCTTCCTGT-3’ 815 bp
screen in

yeast, REF:

TbAT1

Rev: pDR195

screen in 5’-CCAATGCTTAATCAGTGAGGCACC-3’

yeast, REF:

TbAT1

Fwd: ATA-1, 5’-GGATGCTTGGCTTCGGTTCT-3’ 1404 bp
ATA-6 screen

in yeast

Rev: ATA-1, 5’CTGTGACTCATCTTTCGGGA-3’

ATA-6 screen

in yeast
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Fwd: pDR195 5’-CGTAGAACCAGCCGCACA-3’ 1780 bp
screen in
yeast, REF:
ATA1, ATAG6.

Rev: pDR195
screen in 5’-AAAGGGGGATGTGCTGCAAG-3’

yeast, REF:
ATA1, ATA6.

Fwd: pDR195 | 5’-GCGGCATTTTGCCTTCCTGT ~810 bp
screen in
yeast, REF:
ATE1, ATE2.

Rev: pDR195
screen in | 5’-CCAATGCTTAATCAGTGAGGCACC

yeast, REF:
ATE1, ATE2.

Table 2.1 List of primers used in this project. Restriction endonuclease recognition sequences

and mutated nucleotides are shown in colour.

2.2.6.3 Polymerase chain reactions (PCR)

PCR was employed in the amplification of DNA sequences for various
purposes in the course of this project work. Go Taq polymerase was used for
routine PCR screening, Phusion polymerase was employed when high fidelity
amplification was necessary and Pfu Turbo DNA polymerase (QuickChange Site-

Directed mutagenesis kit) was used for the site-directed mutagenesis. The
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thermal cycler used was a product of G-STORM. PCR with Go Taq polymerase
was done using 1 unit of the enzyme in 20 pl, and following the manufacturer’s
instruction. Similarly, PCR with Phusion polymerase was done using 1 unit of
Phusion DNA polymerase in 50 pl of PCR reaction, also following the

manufacturer’s instruction.

2.2.6.4 Site-directed mutagenesis

The endogenous replacement construct for the site-directed mutagenesis
of ATPase y was based on the pEnT6-GFP tagging plasmids generated by Kelly et
al, (2007), and the wildtype ATP synthase gamma version of the construct was
generated and supplied by Matt Gould and Achim Schnaufer (University of
Edinburgh). PCR primers were designed to amplify the WT ATP synthase gamma
gene from genomic DNA, with a Notl-recognition sequence immediately 5 and a
BamHI-recognition sequence immediately 3' of the open reading frame. A 260 bp
region of the ATP synthase gamma 3' Untranslated Region (UTR) was also
amplified with Hindlll and Notl recognition sequences at the 5 and 3' ends,
respectively. The pEnT6B-GFP vector (B means blast) was restriction enzyme
digested with Hindlll and BamHI to remove the GFP and TY tag sequence. The
PCR products were also digested with their respective restriction enzymes and
ligated in a single reaction into the pEnTé6-Blast vector backbone to give one
circular plasmid.

Templates for site-directed mutagenesis were supercoiled double
stranded DNA plasmids bearing the gene of interest. The desired mutation was
incorporated in the primers, so that the PCR replicates the plasmid to carry the
mutation. The non-mutated parental DNA templates were sourced from

Escherichia coli and were therefore methylated. PCR for site-directed
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mutagenesis was done with 2.5 units of Pfu Turbo DNA polymerase in 50 pl of

PCR reaction, following the manufacturer’s instruction.

Dpn | was thereafter employed to selectively digest the methylated
template plasmids as follows: 10 units of Dpnl restriction enzyme and 10 pl
Promega buffer B were added to the above PCR product which was then pipetted
up and down to mix and centrifuged for a few seconds before it was incubated
at 37 °C for 1 hour. The mutated, circular, nicked double-stranded DNA plasmid
was subsequently transformed into XL1 blue E. coli as described below in
2.2.6.5. Transformed E. coli cells were plated out on ampicillin-containing agar
plates (100 pg/ml ampicillin) and incubated overnight at 37 °C. Next day,
colonies were selected, streaked on fresh ampicillin-containing agar plates
(numbered and incubated at 37 °C overnight) while the residual bacteria on the
tips were used to grow up overnight cultures on a 37 °C shaker. Cultures were
miniprepped using the Nucleospin plasmid kit from Macherey-Nagel, and plasmid
concentration measured on the Nano-drop spectrophotometer. The plasmids
were then sent for sequencing to check for the presence of the desired
mutation. Sequencing was done by Eurofins MWG, and a colony bearing plasmids
with the desired mutation was grown up in ampicillin-containing LB broth,
overnight on a 37 °C shaker. Mutated plasmids were extracted the next day and
used for the transfection of trypanosomes as described below in section 2.2.7.1.
The pEnT6B-GFP vector was linearized with Notl to enhance integration into the
trypanosome genome. The linearized plasmid was purified using the Nucleospin
PCR clean up kit from Macherey-Nagel, and concentrated using the ethanol
precipitation method as follows: Twice the volume of 100% ethanol and 0.1
times volume of 3 M NaCl were added to the DNA solution and mixed. DNA

appeared as a white fluff and was removed to a new tube with a pipette tip,
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washed twice in 1ml 70% ethanol, air-dried and re-suspended in a suitable

volume of sterile distilled water.

2.2.6.5 Generation of a TbAT-1 yeast expression vector.
2.2.6.5.1 Copying of gene of interest and sub-cloning into pGEMT.

The primers for 3’ and 5’ ends of TbAT-1 were designed to incorporate a
BamHI restriction enzyme site and an Xhol site respectively, to facilitate the
insertion of the gene into the final vector. The PCR reaction was done using the
Phusion DNA polymerase, and the PCR product was A-tailed to facilitate
insertion into the pGEMT Easy vector, as follows: 1 pl 10 mM dATP, 10 pl Go Taq
reaction buffer and 1 unit of Go Taq polymerase were added to the PCR product
and incubated at 72°C for 15 minutes. Loading dye was then added to the
reaction and it was separated on an agarose gel electrophoresis, using 1%
agarose gel and visualized with SYBR safe. The correct band (1404 base pairs)
was identified under ultraviolet light, cut out and purified using the Macherey-
Nagel gel and PCR purification kit. Purified DNA was sub-cloned into pGEMT easy
vector as follows: 5 pl 2 x buffer, 3 units of T4 ligase and 0.5 ul pGEM-T vector
were added to 3.5 pl gel-extracted DNA and incubated for 1 hour at room
temperature.

2.2.6.5.2 Transformation into competent E. coli cells.

TbAT-1 in the pGEMT vector was transformed into XL1-blue E. coli as
follows: An aliquot of XL1-blue E. coli was defrosted on ice; 5 pl of TbAT1
ligation in pGEMT was put in an eppendorf tube followed by 50 pl of XL1-blue
cells; the transformation was incubated on ice for 30 minutes, heat-shocked for
45 seconds at 42 °C and incubated again for 2 minutes on ice. This was followed

by the addition of 100 pl of LB broth and 45 minutes incubation at 37 °C with
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shaking. The transformation was finally spread on an ampicillin-containing agar

plate (100 pg/ml ampicillin) and incubated at 37 °C overnight.

2.2.6.5.3 PCR screen of colonies

The following day, colonies were screened by PCR; bacterial colonies
were picked from the agar plate with sterile 200 pl pipette tips, streaked on a
new LB agar plate, numbering each streak and dipping each tip thereafter in the
PCR tube bearing the corresponding number. The new agar plate was incubated
at 37 °C overnight and PCR using the universal primers, M13F and M13R, was
done followed by electrophoresis on 1 % agarose gel. Positive colonies were
identified and overnight cultures were set up from the numbered streaks on the
new agar plate. An overnight culture of pDR195-transformed E. coli was also set
up, and both cultures were mini-prepped the next day using the Nucleospin

plasmid kit from Macherey-Nagel.

2.2.6.5.4 Digestion of DNA with restriction enzymes

Test restriction digest of TbAT-1 in pGEMT was done with the restriction
enzymes, BamH| and Xhol and subsequently electrophoresed on agarose gel to
confirm that the restriction enzymes will cut out the right size of product.
Cultures that gave the correct size of drop out were restriction-digested along
with the yeast expression vector (pDR195) as follows: 45 pl of mini-prepped DNA
was placed in an eppendorf tube together with 7 pl of 10 x bovine serum
albumin, 7 pl Promega buffer C, 30 units of Xhol, 30 units of BamHI and
incubated overnight at 37°C on a heat block. Digest reactions were
electrophoresed the next day, and the bands for TbAT-1 obtained from pGEMT

and linearised pDR195 expression vector were both gel-extracted.
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2.2.6.5.5 Ligation of digested DNA into the final vector.

This was followed by the ligation of TbAT-1 and pDR195 expression vector
in a 10 pl ligation reaction made up of 1 pl 10 x buffer, 3 units of T4 ligase, 2 pl
pDR195 vector backbone and 6 pl TbAT-1 insert in a sterile eppendorf tube. The
ligation was incubated at 4°C overnight, and then transformed into XLI blue E.
coli as described above. Colonies were screened by PCR as stated earlier
(section 2.2.6.5.4) and positive colonies were test-digested with the
corresponding restriction enzymes, and colonies which dropped out correct size
of band were sequenced to confirm that start and stop sites were present
correctly. The correct colony was then grown up in an overnight culture, mini-
prepped as before, and plasmid DNA used to transform Saccharomyces cerevisiae

MG887-1.

2.2.7 Transfection of T. b. brucei (BSF), yeasts and
Leishmania mexicana

TbAT1 KO B48 cells were transfected with TbATE1, TbATE2, A728G-
TbATE2, TbAQP2 (all sub-cloned into pHD1336) and empty pHD1336 vector;
Tb427 wt cells were transfected with wt ATPase y and C851A (5284*) ATPase v,
both sub-cloned into pEnT6B-GFP vector (B = blasticidin); Saccharomyces
cerevisiae MG887-1 was transformed with TbATA1, TbATA3, TbATA6, TbATE1,
TbATE2 and TbAT1/P2 (all sub-cloned into pDR195) and empty pDR195; L.
mexicana promastigotes (M379) were transfected with TbATA1, TbATA3,
TbATA6, TbATE1 and TbATE2 (all sub-cloned into pNUS-HCN vector) and pNUS-

HCN empty vector (Tetaud et al, 2002).
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2.2.7.1 Transfection of T. b. brucei

10 pg of pHD1336-based plasmid DNA and 2 x 10’ trypanosome cells were
used for each transfection. Cells were counted and the volume of culture
required for transfection was removed and centrifuged at 1500 x g for 10
minutes. The supernatant was completely removed and the cell pellet was re-
suspended in the pre-determined volume of T-cell buffer. 10 pg of plasmid was
placed in each labelled cuvette, while distilled water was placed in the control
cuvette. 100 pl of cell suspension in T-cell buffer was transferred to each
plasmid-containing cuvette and also to the control, and the cuvettes were all
pulsed in Amaxa Nucleofection machine with program X-001. Cells were
transferred into pre-warmed HMI-9 medium and allowed to recover for 8 - 16
hours at 37 °C and 5% CO,. Relevant antibiotics were then added before the cells

were diluted out for clones.

2.2.7.2 Transfection of Leishmania mexicana

Each transfection was performed on 10’ cells Leishmania mexicana M379
WT cells using 10 pug of pNUS-HcN-based plasmid DNA (Tetaud et al, 2002). Cells
were counted and the volume of culture needed for the plasmids removed and
centrifuged at 1000 x g for 10 minutes. The supernatant was removed, and cells
were washed in 5 ml HOMEM medium, centrifuged again at 1000 x g for 10
minutes before the supernatant was removed completely and the cell pellet re-
suspended in the pre-determined volume of T-cell buffer. 10 yg of plasmid was
placed in each labelled cuvette, while distilled water was placed in the control
cuvette. 100 pl of cell suspension in T-cell buffer was transferred to each
plasmid-containing cuvette and also to the control, and the cuvettes were all
pulsed in Amaxa Nucleofection machine with program U-033. The cuvettes were

subsequently placed on ice for 10 minutes before the parasites were transferred
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into 10 ml pre-warmed HOMEM medium and allowed to recover for 16 - 18 hours.

G418 (50 pg/ml) was then added before the cells were diluted out for clones.

2.2.7.3 Transformation of yeast cells

5 ml YPAD medium was inoculated with an MG887-1 yeast colony, and
grown overnight at 30 °C. Next day, cells were sub-cultured into 30 ml fresh
medium at 2 x 10°® cells/ml and incubated to 2 x 107 cells/ml (takes about 5
hours at 30°C). 25 ml of culture at 2 x 10’ cells/ml were centrifuged at 1100 x g
for 10 minutes, washed in 10 ml sterile distilled water, re-centrifuged, re-
suspended in 1ml sterile distilled water and transferred to a 1.5 ml sterile
microfuge tube. The cells were centrifuged again at 2700 x g, re-suspended in 1
ml sterile 1 x TE/LiAc, and centrifuged one final time at 2700 x g before being
re-suspended in 0.25 ml 1 x TE/LiAc at a final density of 4 x 10° cells/ml. 100 pl
of this cell suspension was mixed with 5 pl of plasmid DNA and 2 pl single
stranded carrier DNA (10 mg/ml salmon sperm DNA, boiled and quick-chilled on
ice) in a 1.5 ml sterile microfuge tube. The mixture was incubated for 10
minutes at room temperature followed by the addition of 300 pl sterile
PEG/LiAc/TE and subsequent incubation at 30 °C for 60 minutes with shaking. 43
ul of DMSO was added and mixed before the tube was heat-shocked at 42 °C for
5 minutes. This was followed by centrifugation at 2700 x g and a wash in 1 ml 1 x
TE, another centrifugation and a final re-suspension in 500 pl of 1 x TE. The cells
were then plated on a synthetic complete medium minus uracil agar. Incubation

was at 30 °C for between 24 and 48 hours, until colonies were visible.
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2.2.7.4 Dilution of transformed trypanosomes (L. mexicana)
and selection for clones

After transformation, trypanosomes or L. mexicana were cloned by

dilution in HMI-9 or HOMEM medium as shown below in 50 ml centrifuge tubes.

1 ml of 3 ml of 12 ml of
undiluted dilution 1 dilution 2

"' Y A T A <

Dilution 1 Dilution 2 Dilution 3 -

Undiluted - 23 ml of -33 ml of 12 ml of
HMI-9 HMI-9 HMI-9

Figure 2.1 Dilution of trypanosomes and L. mexicana for clones. Dilution was done at about 16
hours after transfection (immediately after introducing the selective antibiotic). Antibiotic

selection combines with dilution to produce clonal lines.

Each dilution was then plated out in 96 well plates at 200 ul per well.
Hence plate 1 (containing dilution 1) would be at 1/24 times dilution, while
plates 2 and 3 would be at 1/288 and 1/576 times dilution respectively. Clones

were usually obtained from plates 2 and 3.

2.2.8 Sequencing of genes of interest.

Each gene for sequencing was duplicated by PCR with Phusion DNA
polymerase. The PCR product was a-tailed and subsequently sub-cloned into the
pGEMT easy vector as described above in section 2.2.6.5.1. The resulting ligation
was transformed into XLI blue E. coli and colonies of transformed bacteria were

screened for the presence of the DNA insert. PCR to screen for all DNA inserted
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in pGEMT was with standard primers M13F and M13R. Overnight cultures of
positive colonies were grown, miniprepped and test-digested with the relevant
restriction enzyme. DNA samples that dropped out the correct size of band were
sent to be sequenced either by Source BioScience or Eurofins MWG Operon.

Sequences were ultimately aligned with CLC genomic workbench 5.5.1.

Sequencing of PCR products was also carried out following a PCR clean-up
step with the Nucleospin PCR clean up kit from Macherey-Nagel. Samples for

sequencing were sent to Eurofins MWG Operon.

2.2.9 Mitochondrial membrane potential assays.

Fluorescence Activated Cell Sorting Technology (FACS) was employed in
the determination of the change in mitochondrial membrane potential (MMP)
due to exposure of trypanosomes to isometamidium, valinomycin and
troglitazone in culture. Valinomycin (100 nM) and trolitazone (10 pM) were
employed as negative and positive controls respectively. MMP was evaluated
using tetramethylrhodamine ethyl ester (TMRE) at 25 nM conc (lbrahim et al,

2011).

Cell cultures were centrifuged and the density adjusted to 10° cells/ml in
fresh HMI-9 media. Four different cultures were set up for each cell line as
follows: drug-free, isometamidium (500 nM), valinomycin (100 nM) and
troglitazone (10 pM). After incubation of these cultures for a predetermined
time (at 37 °C and 5% CO;), 1 ml of cells (10° cells/ml) was centrifuged for 10
min at 1500 x g (room temp.). The pellet was re-suspended in 1 ml of PBS
containing 25 nM TMRE and incubated at 37 °C for 30 min in the absence of the

test compounds. Samples were subsequently placed on ice for at least 30



Anthonius Anayochukwu Eze, 2013 Chapter 2. 75
minutes before analysis by flow cytometry using the FL2-Height detector and

CellQuest software.

2.2.10 Fluoresence microscopy.

Fluoresence microscopy was employed to visualize the presence or
absence of kinetoplasts in the isometamidium resistant clones. Trypanosome
cultures were counted and the density adjusted to 5 x 10° cells/ml in fresh HMI-9
media. 50 pl of this cell suspension was spread out on a microscope slide and
allowed to dry. The slides were placed in ice-cold methanol overnight at -20 °C
to fix the parasites to the slides. Slides were subsequently removed from the
methanol, dried in a fume hood and stored at 4 °C. Rehydration of the slide was
done by gently putting 1 ml of PBS on the slide and allowing to stand for 5 min.
The PBS was gently removed by inclining the slide on a soft tissue, and a drop of
vectashield mounting medium containing DAPI (4',6-Diamidino-2-phenylindole
dihydrochloride) was placed on the slide before covering with a cover slip. The

slide was then viewed under the Delta vision microscope.

2.2.11 Infectivity studies in mice.

Infectivity study was done with the clones generated for ISM resistance to
test their ability to mount and sustain an infection. Twenty female ICR mice
were procured from Harlan, UK. They were allowed 7 days to acclimatize before
being used for the experiment. The study was done in 4 groups of 5 mice, and
each group was inoculated with one of Tb427 wt, ISMR1 clone 3, ISMR15 clone 1
and Tb427 wt + 5284* ATPase y clone 3. 200,000 trypanosome cells in phosphate-
buffered saline, PBS were inoculated per mice via the intra peritoneal route.

Blood was drawn from tail puncture and diluted 1:10 in lysis buffer for counting.



3.Isometamidium shares at least 1 transporter with
pentamidine: Analysis of issues and

possibilities.
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3.1. Introduction.

It is now banal to state that new drugs are needed for the treatment of
African trypanosomiasis. Few drugs are available for the treatment of this
disease both in man and in livestock even though chemotherapy is the main
method of control. Development of new drugs can however be achieved through
the elucidation of the mode of action and the underlying mechanisms of
resistance to existing drugs (Carter et al, 1995). The identification of the
membrane transporters responsible for the uptake of the available trypanocides
will enhance the development of new methods of diagnosis and improve the
treatment of drug-resistant sleeping sickness (Maser et al, 1999), since the
development of resistance to most trypanocides has been linked to a reduction
in drug accumulation. Hence, alterations to the P2 aminopurine transporter have
been implicated in resistance of trypanosomes to melaminophenyl arsenicals
(Carter & Fairlamb, 1993) and to diamidines (Carter et al, 1995). Some reports
also found a role for the P2 transporter in isometamidium transport in T. b.
brucei (Afework et al, 2006;Maser et al, 1999), although the level of
contribution to this process was not quantified. We have investigated these
claims, and also assessed the contribution of other closely related pentamidine
transporters to the uptake of isometamidium in T. b. brucei.

This chapter presents the results of studies on the membrane transport of
isometamidium. These studies aimed to identify the transporters of
isometamidium in Trypanosoma brucei brucei in order to determine their
contribution to the uptake, and resistance to the trypanocide. Three candidate
transporters were studied, namely: the P2 aminopurine transporter encoded by

the TbAT1 gene (Maser et al, 1999;Stewart et al, 2010), the TbAT-E1 allele and
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the TbAT-A genes. Each was expressed either in yeast or Leishmania mexicana,
and the contribution to isometamidium uptake measured.

Finally, the contribution of drug efflux by ABC transporters to ISM
resistance was investigated. These transporters are known to use the energy of
ATP to export drugs from cells against a concentration gradient (Maser et al,
2003) Hence, clinical drug resistance cases experienced during the treatment of
many diseases have been attributed to the activities of these multidrug
resistance proteins, MRPs (Deeley et al, 2006). Expression of some efflux pump
genes in E. coli produced a multidrug resistance phenotype (Swick et al, 2011),
while some inhibitors of microbial efflux pumps significantly enhanced the
antimicrobial effects of cationic phenothiazinium dyes on Staphylococcus aureus
(Tegos et al, 2008). Similarly, antimony resistance in Leishmania donovani
promastigotes was attributed to the activity of multidrug resistance-associated
protein (MRP)-like pumps that were in resistant isolates (Mandal et al, 2009),
and efflux pumps were also found to expel pentamidine from the cytosol of
resistant Leishmania mexicana while the cytosolic pentamidine in the wild type
cells was accumulated in the mitochondria, driven by the high mitochondrial
membrane potential (Basselin et al, 2002). Since it had been found that the
trypanosome genome contains three ABC transporter genes, all of which are
expressed in both the bloodstream and procyclic forms (Maser & Kaminsky,
1998), we studied the possible contribution of drug efflux to ISM resistance in

the ISMR clones.

3.2. Expression of TbAT1 in yeast cells.

The TbAT1 gene was sub-cloned into the pGEMT vector to create sticky

ends needed for ligation into the final expression vector. The size of the TbAT1
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gene is 1404 bp; hence, sub-cloning into pGEMT generated a product of about

1600 bp (figure 3.1).

Figure 3.1 Agarose gel electrophoresis of TbAT1 subcloned in pGEMT vector. Bands represent the
PCR screen of XLI blue E. coli colonies using M13F and M13R primers, after transformation with

TbAT1 subcloned in pDR195 plasmid.

TbAT1 was cut out of pGEMT using Xhol and BamHI restriction enzymes.
The same restriction enzyme pair was used to linearize the pDR195 expression
vector (figure 3.3), cutting out the sequence between the restriction sites,
before TbAT1 was ultimately ligated into the yeast expression vector pDR195.
After ligation into pDR195, a test restriction digest was performed to check for
correct ligation. The bands at ~6 kb (figure 3.2) represent the empty pDR195
vector, while the bands at ~1.5 kb represent TbAT1 genes dropped out of the

expression vector by the restriction enzymes.
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10, 000 bp
6000 bp

1500 bp

Figure 3.2 Agarose gel electrophoresis of BamHI/Xhol dropout of TbAT1 from pDR195 vector.
TbAT1 was excised from TbAT1/pDR195 plasmid, after ligation, to check for correct insertion
into the plasmid. Bands at ~6kb represent linearised pDR195 plasmid, while bands at ~ 1.5kb
represent TbAT1 restriction drop out. The single band at ~ 8kb represents intact TbAT1/pDR195

plasmid.

TbAT1 in pDR195 was subsequently sequenced to ensure that start and
stop sites are present correctly before the construct was used to transform yeast
cells. The transformed yeast was then screened by PCR using primers that copied
a segment of the TbAT1 (789 bp, figure 3.4). The presence of the plasmid was
also demonstrated by PCR with primers that copied a section of the Ampicillin
resistance gene (815 bp; figure 3.4). Primer sequences were presented in table

2.1.
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"Ampicillin R™

TbAT-1_in_pDR195
7,272bp

URA3

pstl}———

Figure 3.3 Vector map of TbAT1 in pDR195 expression vector. This was generated by subcloning

TbATT1 into the Xhol/BamH]I site in pDR195 plasmid.

Figure 3.4 Agarose gel electrophoresis of PCR screen for ThAT1 in yeast. Band 1: TbAT1 gene in
TbAT1-expressing yeast; 2: pDR195 vector in TbAT1-expressing yeast; 3: pDR195 in empty vector
control yeast; 4: 1 kb ladder. The nucleotide sequences of the primers used were presented in

table 2.1.
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3.3. Isometamidium uptake through the P2
transporter.

Yeast cells expressing TbAT1 showed a clear increase in the amount of
isometamidium (ISM) taken up, which was significant from the 6™ minute of

uptake, compared to cells expressing the empty pDR195 vector (figure 3.5).

600
* - * pDR195 expression

p= x _
%) 400 4 TbAT1 expression
S5 * P=0.0143
=)
=2 = P =0.0047
° 200 P =0.0058
= unpaired
. student's t-test

0 I I

0 5 10

Time (min)

Figure 3.5 Uptake of ISM by MG887-1 yeast cells expressing TbAT1 and empty pDR195. Assay was
performed in triplicate with 9 x 107 cells/ml of ThAT1 expressing yeast and 1.026 x 10® cells of
pDR195-transformed yeast (control) in assay buffer at room temperature; [ISM] = 10 pyM. Yeast
cells were harvested from culture as described in section 2.2.4, and ISM uptake monitored using

the same method described for trypanosomes in section 2.2 5.

Next, the rate of ISM uptake was determined in TbAT1 KO cells (ThAT1¢/”
or wild type Tb427 cells from which the TbAT1 gene has been deleted) When the
rate of uptake in the wild type Th427 was however compared to that in TbAT1
KO cells (ThAT1’?), no significant difference was found (figure 3.6). This
suggests that the contribution to the uptake of ISM by TbAT1? or P2 in T. b.
brucei is very minimal. The rate of ISM uptake was only 20% lower when the
TbAT1 gene was deleted (figure 3.6). Hence the contribution to the in vitro

uptake of ISM by the P2 transporter may be put at just 20 %. However, it must be
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remembered that the P2 expression level is very low in cultured cells, compared
to in vivo levels (Ward et al, 2011), thus the real contribution of P2-mediated
ISM uptake may be much higher.

Tubercidin sensitivity in T. brucei can be used as an indicator for TbAT1
expression levels (Geiser et al, 2005;Munday et al, 2013). The significant cross
resistance to tubercidin in ISM resistant clone 3 (ISMR1 clone 3 is an ISM resistant
trypanosome line selected by growing in the presence of ISM; sections 2.2.2 &
4.2 ) is a further strong indication that ISM is transported by the P2 transporter,
as P2 expression appears to be much-reduced in the ISM-resistant strain (figure
3.7). The significant difference between the ICso found for ISMR1 clone 3 and
that found for the TbAT1 knock out may be an indication that the P2 transporter
is still partly functional in the resistant clone whereas it has been deleted in the
TbAT1 KO. Consistent with this interpretation, the TbAT1 open reading frame
from ISMR1 was cloned and sequenced, but no mutations in the coding sequence

were found (appendix C).
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Figure 3.6 Uptake of ISM by Tb427 wt and TbAT-1 KO. Assay was performed in triplicate with

1.48 x 10® cells/ml of Th427 wt and 1.08 x 108 cells/ml of ThAT1"’” in complete HMI-9 medium
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(+ 10% fetal bovine serum) at room temperature; [ISM] = 10 pM. ISM uptake was measured as
described in section 2.2.5. Experiment shown is representative of three independent assays

performed in triplicate and showing similar outcomes.

IC50 (uM)

Figure 3.7 Sensitivity to tubercidin in ISM resistant clone, ISMR1 clone 3. ICs, values were
determined from alamar blue assays with tubercidin, using 10° cells/ml of each cell line (section
2.2.3). Each bar represents the average of three independent assays; errors bars are SEM. ***P <

0.01, one way ANOVA with Turkey’s correction, using Graphpad prism 5.0.

3.4. Expression of TbAT-E1 and TbAT-E2 in
Yeast and Leishmania mexicana.

3.4.1. Expression of TbAT-E1 and TbAT-E2 in yeast
cells.

Cloning of TbAT-E1 into pDR195 (figure 3.8) was performed by Dr Jane
Munday. The expression of this gene in yeast was done by Dagmara Wiatrek, an
exchange student from Poland; TbAT-E2 was cloned and expressed in yeast by
Mounir El Mai, a student from France (both with my involvement and
supervision). Yeast cells expressing TbAT-E1 were found to display a significantly
higher uptake of ISM compared to the empty vector-expressing control (P<0.05

even before the 2" minute of uptake; figure 3.9). Figure 3.9 is a graph of the
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mean of four independent uptake assays. TbAT-E2 expression in yeast also
increased the uptake of ISM significantly but only in the 6 minute of uptake
(figure 3.10), and to a lesser extent compared to TbAT-E1. Figure 3.10 is a graph

of a single assay performed in triplicate.

pHDK29
7,289bp

Figure 3.8 Vector map of TbAT-E1 in pDR195 expression vector. This was generated by subcloning

TbAT-E1 into the Xhol/BamHI site in pDR195 plasmid.
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Figure 3.9 ISM uptake by MG887-1 yeast cells expressing TbAT-ET; [ISM] = 10 uM. Graph is a plot

of the mean of 4 independent assays. Each of the assays was performed in triplicate with ~ 108
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cells/ml of ThAT-E1 expressing yeast and pDR195-transformed yeast (control), respectively, in
assay buffer at room temperature; [ISM] = 10 pM. Yeast cells were harvested from culture as
described in section 2.2.4, and ISM uptake monitored using the same method described for

trypanosomes in section 2.2 5.
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Figure 3.10 ISM uptake by MG887-1 yeast cells expressing ThbAT-E2. Assay was performed in
triplicate with 6.32 x 107 cells/ml of ThAT-E2 expressing yeast and 7.96 x 10’ cells of pDR195-
transformed yeast (control) in assay buffer at room temperature; [ISM] = 10 pyM. Yeast cells were
harvested from culture as described in section 2.2.4, and ISM uptake monitored using the same

method described for trypanosomes in section 2.2 5.

Primers used for PCR to check for the presence of the inserted genes in the
transformed yeast were presented in table 2.1. TbAT-E1 and TbAT-E2 were each
amplified to give a PCR product of ~750 bp (figure 3.11). A segment of the
ampicillin gene sequence was amplified (-810) to demonstrate the presence of

pDR195 plasmid (figure 3.11).
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1kb

Figure 3.11 Agarose gel electrophoresis of PCR screen of MG887-1 yeast cells.transformed with
TbAT-E2 and TbAT-E1 Band 1 and 4: TbAT-E2 and TbAT-E1 respectively, amplified from TbAT-E2
and TbAT-E1 transformed yeast cells; 2 and 5: pDR195 vector in E2 and E1 expressing yeasts
respectively; 3 and 6: pDR195 vector in empty vector yeasts. The primers used were presented

in table 2.1

3.4.2. TbAT-E1 and TbAT-E2 Expression in Leishmania
mexicana

TbAT-E1 and TbAT-E2 were both cloned into pNUS-HcN vector (Tetaud et
al., 2002) by Dr Jane Munday who also did the expression of TbAT-E1 in L.
mexicana. The expression of TbAT-E2 in L. mexicana was however done by me.
The expression of TbAT-E1 did not increase the susceptibility of L. mexicana to
pentamidine. Susceptibility to ISM was however increased significantly by TbAT-
E1 expression in L. mexicana, (P<0.05; figure 3.12). This correlates with the
increased ISM uptake found for AT-E1 expression in yeast (figure 3.9). In addition
to TbAT-E1, TbAT-E2, TbAT-A1 and TbAT-A3 all increased diminazene sensitivity
when expressed in Leishmania mexicana (figure 3.12). Amphotericin-B was

included as control.
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Figure 3.12 Sensitivity of TbAT-E and TbAT-A transfomed L. Mexicana promastigotes to
Pentamidine, Diminazene and ISM. ECsq (ICso) values were determined from alamar blue assays
using 10° cells/ml of each cell line (section 2.2.3). Each bar represents the average of at least
three independent assays; errors bars are SEM *P<0.05, ***P<0.01(one way ANOVA with Turkey’s

correction, using Graphpad prism 5.0); 1P = 0.049, 2P = 0.04 (unpaired students’t-test).
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3.5. Expression of TbAT-Al, TbAT-A3 and
TbAT-A6 in yeast and Leishmania mexicana.

TbAT-A was found to have multiple copies in Trypanosoma brucei. These
were cloned in pDR195 and pNUS vectors and expressed in yeast and L. mexicana
respectively by Dr. Jane Munday and a Masters student, Luke Woodford. The rate
of ISM uptake was increased on the expression of TbAT-A1 and TbAT-A6 in
MG887-1 yeast; however significant increase in ISM uptake was found only for
AT-A1 expression, from the first full minute of uptake onwards (figure 3.13).

Expression of each of TbAT-A1, TbAT-A3 and ThAT-Aé6 in L. mexicana led
to an increase in susceptibility to ISM, though not statistically significant except
for TbAT-A3 (figure 3.12), while TbAT-A6 was the least sensitive to ISM. This is
not a surprising observation since TbAT-A6 has about 44 nucleotides missing from

its sequence when compared to TbAT-A1 and ThAT-A3.

300+ okkok * ISM uptake by yeast with ATAL
*x — = ISM uptake by yeast with ATA6
+ ISM uptake by yeast with E. V.
2004 *
* P =6.467E-05

** P =0.000185

100 *** P =0.001223

****pP = (0.009481, for ATAl(unpaired
student's t-test).

Fluorescence

C 1 1
0 2 4 6

Time (min)

Figure 3.13 ISM uptake by yeast cells expressing TbATA-1 and TbATA-6. Graph is the average of 2
independent repeats. Each of the assays was performed in triplicate with ~ 108 cells/ml of ThAT-
A1 expressing yeast, TbAT-A6 expressing yeast and pDR195-transformed vyeast (control),
respectively, in assay buffer at room temperature; [ISM] = 10 pyM. Yeast cells were harvested
from culture as described in section 2.2.4, and ISM uptake monitored using the same method

described for trypanosomes in section 2.2 5.
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Screen of transformed yeast cells was done by PCR using primers that
amplify TbAT-A1 and TbAT-A6 (-1400 bp each; figure 3.14). Amplification of the
URA3 gene was employed to demonstrate the presence of the pDR195 expression
vector (~1800 bp; figure 3.14). An additional PCR reaction to amplify the PMA1
promoter + the downstream sequence (~1000 bp; figure 3.14) was done on the

empty vector yeast.

Figure 3.14 Agarose gel electrophoresis of PCR screen of TbAT-A1 and TbAT-Aé6 in transformed
MG887-1 yeast cells. Bands 1 and 2, ThAT-A1 and TbAT-A6 respectively amplified from TbAT-A1
and TbAT-Aé6 transformed yeast cells; 3, 4 and 5, URA3 gene in TbAT-A1, TbAT-A6 and empty
vector expressing yeast cells respectively; 6, pDR195 vector in empty vector expressing yeast

cells. The primers used were presented in table 2.1.

3.6. RNAIi of TbAT-Ein 2T1

RNA interference, RNAi was used to decrease the cellular levels of TbAT-E
expression in 2T1 cells. The 2T1 strain was generated to eliminate the problems
created by variable expression levels at different rRNA spacer loci. Hence, 2T1
enhances integration at a tested and marked locus, thereby eliminating the need
to screen multiple recombinant clones to identify those that display desirable
features (Alsford & Horn, 2008). RNAi of AT-E was performed by my colleague,
Ibrahim Teka, a former PhD student in our group (Teka, 2011). RNAi of AT-E
caused an average reduction in the rate of uptake of ISM to 45 % of the original
rate on the induction of RNAi (Fig. 3.15). This reduction was however found to

be statistically insignificant (p=0.070; figure 3.16) in an unpaired t-test due to
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variations between individual experiments which may be due to variations in the
phase of life of the parasites at the time of mobilization for uptake or
differences in the room temperature value on the individual experiment days
(each assay was performed at room temperature). However, in a paired t-test,
the reduction was found to be significant (p = 0.04; figure 3.16), suggesting that
the difference between samples within the individual experiments was

consistently significant.
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Figure 3.15 Uptake of ISM by RNAi of AT-E in 2T1 Tetracycline at 1 pg/ml final concentration was
added to the culture 48 hours before ISM uptake to induce RNAi of AT-E. Assay was performed in
triplicate with ~ 10® cells/ml of induced and non-induced cell lines in complete HMI-9 medium (+
10% fetal bovine serum) at room temperature; [ISM] = 10 pM. ISM uptake was measured as
described in section 2.2.5. Experiment shown is representative of three independent assays
performed in triplicate and showing similar outcomes. The slope of each line represents the rate

of uptake (UM/min).
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Figure 3.16 Summary of repeats for ISM uptake by 2T1 RNAi of AT-E. Bar graphs represent
average of rate of ISM uptake and SEM obtained from 3 independent assays done in triplicate,

and represented by the graph in figure 3.15.

3.7. Drug efflux by ABC transporters is not
involved in ISM resistance in T. brucei bruceil.

It was recently found that a combination of ISM with tetracycline or
enrofloxacin killed resistant trypanosomes much more effectively than ISM alone
(Delespaux et al, 2010). This finding supports the hypothesis that tetracycline
can inhibit ABC transporters (Chopra & Roberts, 2001;Warburton et al, 2013)
thus compromising the activity of these transporters, thereby reducing the rate
of efflux and hence reversing the drug resistance (Delespaux et al, 2010). We
investigated the relevance of this hypothesis in our resistant clones by carrying

out a series of ISM uptake in the presence or absence of tetracycline.
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Figure 3.17 Uptake of ISM by Th427 wt and ISMR15 clone 1 Assay was performed in triplicate with
1.50 x 108 cells/ml of Th427 wt and 2.13 x 10® cells/ml of ISMR15 clone 1 in complete HMI-9
medium (+ 10% fetal bovine serum) + 40 pM (17.78 pg/ml) tetracycline at room temperature
(fluorescence was normalised for different cell densities); [ISM] = 10 pM. ISM uptake was
measured essentially as described in section 2.2.5, except that cells were washed, after the 60"
minute time point, by centrifuging for 5 minutes at 2600 rpm and 4°C (to remove ISM) and

subsequently resuspended in ISM-free media to continue the assay.

Though we were able to clearly demonstrate ISM efflux after washing out

the drug and placing the cells in fresh medium, there was no difference in the

rate of efflux of ISM in ISMR15 clone 1 in the presence or absence of
tetracycline, as evidenced by the overlapping graphs of uptake (figure 3.17).
This indicates that tetracycline-inhibitable ABC transporters are not involved in

drug extrusion in ISM resistant T. brucei brucei. Also, the drop in the level of

intracellular ISM after the 60™ minute wash and re-suspension in tetracycline-
containing media is uniform in both the wild type and resistant lines (figure 3.18).
This clearly demonstrates that ABC transporter activity may not be involved in ISM

resistance.
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Figure 3.18 Uptake of ISM by Tb427 wt, ISMR1 clone 3 and ISMR15 clone 1 Assay was performed in
triplicate with 2.04 x 10® cells/ml of Th427 wt, 2.68 x 108 cells/ml of ISMR1 clone 3 and 2.62 x
10® cells/ml ISMR15 clone 1 in complete HMI-9 medium (+ 10% fetal bovine serum) + 40 pM (17.78
pg/ml) tetracycline at room temperature (fluorescence was normalised for different cell
densities); [ISM] = 10 pyM. ISM uptake was measured essentially as described in section 2.2.5,
except that cells were washed, after the 60" minute time point, by centrifuging for 5 minutes at
2600 rpm and 4°C (to remove ISM) and subsequently re-suspended in tetracycline-containing ISM-

free media to continue the assay.

Next, Tb427 wt, ISMR1 clone 3 and ISMR15 clone 1 were all exposed to
either 5 pM ISM alone, or 5 pM ISM in the presence of 40 pM (17.78 pg/ml)
tetracycline, for six hours, after which they were all washed and re-suspended in
fresh, drug-free HMI-9 media and the rate of recovery and multiplication
monitored by 12 hourly cell count (figure 3.19). The resistant clones exposed to
ISM + tetracycline did not become more sensitive to ISM compared to those
exposed to ISM alone (figure 3.19). This demonstrates that tetracycline-sensitive

ABC transporters are not involved in resistance to ISM in T. brucei brucei.
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Figure 3.19 Effect of tetracycline on rate of ISM efflux from cells and on the growth rate of
ISMR1, ISMR15 and s427wt. Each cell line at 2 x 10* cells/ml was exposed to either 5 uM ISM
alone or 5 pM ISM + 40 pM (17.78 pg) tetracycline for six hours before centrifugation and
resuspension in fresh, drug-free HMI-9 medium. Cells were subsequently counted every 12

hours.Each graph is the average of two independent growth measurements

Since tetracycline had no effect on the efflux of intracellular ISM in T.
brucei brucei, we screened a number of compounds known to either inhibit ABC
transporters directly or compromise energy transduction within the cells, as the
ABC transporters are ATP-dependent. Uptake of 10 pM ISM was measured in the

presence or absence of 50 pM concentration of each inhibitor (1 pM for
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valinomycin). Carbonyl cyanide m-chlorophenylhydrazone (CCCP), valinomycin
and oligomycin reduced ISM uptake to 60%, 59.5% and 49.6% respectively.
Though these reductions were not statistically significant (P~0.06; figure 3.20),
we decided to investigate the effect of oligomycin on ISM uptake since it had
earlier been demonstrated that oligomycin specifically inhibits the F{Fy-ATPase
of the trypanosomes (Schnaufer et al, 2005). Our findings on the contributions of
the F{Fo-ATPase to ISM uptake and sensitivity are presented in chapters 4 and 5.
Pentamidine did not inhibit ISM uptake at 50 pM (figure 3.20). This observation
goes contrary to our hypothesis that at least part of the ISM uptake in T. brucei

brucei is mediated by a pentamidine transporter.
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Figure 3.20 Uptake of ISM by Tb427 wt (from culture) in the presence of inhibitors of ABC
transporters. Assay was performed in triplicate with ~10® cells/ml of Th427 wt in complete HMI-9
medium (+ 10% fetal bovine serum) at room temperature; [ISM] = 10 pM and inhibitor
concentrations are as indicated. ISM uptake was measured as described in section 2.2.5;
incubation was for 20 minutes. Each bar represents the average of 3 independent repeats; error

bars represent the SEM.
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Therefore, in order to investigate this finding further, we increased both
the concentration of pentamidine and the incubation time (figure 3.21). On
increasing the pentamidine concentration from 50 pM to 100 pM, a 13% inhibition
of uptake was achieved while a 26% inhibition of uptake was found with 333 pM
pentamidine (figure 3.21). There was a 100% ISM uptake in the presence of 333
UM of adenosine (which saturates TbAT1/P2) while 100 pM and 333 pM
diminazene significantly reduced uptake of ISM to 62% and 50.2% respectively

(figure 3.21).

@8 100 uM of inhibitor + 10 pM ISM

unpaired student's t-test
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Figure 3.21 Inhibition of ISM uptake by 100 uM and 333 uM concentrations of pentamidine (PENT),
diminazene (DIM) and adenosine (ADO). Assay was performed in triplicate with ~10® cells/ml of
Tb427 wt in complete HMI-9 medium (+ 10% fetal bovine serum) at room temperature; [ISM] = 10
MM. ISM uptake was measured as described in section 2.2.5; Incubation was for 30 minutes Each
bar represents the average of 3 independent experiments. (ISM-free control experiment was

done once, also in triplicate); error bars represent the SEM.

3.8. Discussions

TbAT1 encodes the P2 transporter that transports adenosine, adenine,

melaminophenyl arsenicals, and diamidines (Carter & Fairlamb, 1993;Matovu et
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al, 2003;de Koning et al, 2004). However, when this gene was expressed in yeast
it mediated the uptake of adenosine which was strongly inhibited by
isometamidium and the melaminophenyl arsenicals (melarsoprol and melarsen
oxide) but insensitive to pentamidine and diminazene aceturate (Maser et al,
1999). But P2 mediates pentamidine uptake in T. b. brucei, and adenosine
uptake in T. b. brucei was found to be strongly inhibited by pentamidine (Carter
et al, 1995;de Koning & Jarvis, 1999). Hence the insensitivity of TbAT1
expression in yeast to pentamidine was attributed to the possible absence of a

trypanosomal cofactor or modification required for diamidine recognition (Maser

et al, 1999).
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Figure 3.22 Summary of drug uptake routes in T. b. brucei. Equilibrative diffusion (facilitated or
simple) is shown by double-headed arrows; suspected active transport is shown by single-headed
arrows. R = low-density lipoprotein receptor; S = suramin molecule. Figure taken from De

Koning, 2001.

Currently, P2 is the only pentamidine transporter in the trypanosomes
that has been fully characterized at both the biochemical and molecular levels
(figure 3.22). The current situation is that research findings suggest that 3

pentamidine transporters exist in T. brucei brucei, namely the P2 transporter,
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the High affinity pentamidine transporter (HAPT1) and the Low affinity
pentamidine transporter (LAPT1); however, the genes encoding either the HAPT1
or the LAPT1 are yet to be found and the most likely candidates for these roles
are the closely related genes, TbAT-E, TbAT-A and TbATG (de Koning et al,
2005).

Our findings indicate that P2 transporter activity accounts for about 20%
of ISM uptake in T. b. brucei, but this just failed to reach a significant level
(figure 3.6). Inhibition studies were not done on the uptake in yeast, but there
was a significant increase in uptake of ISM due to the expression of TbATT in
yeast. The significant insensitivity to tubercidin found in the ISMR1 resistant
clone (figure 3.7) also suggests that a reduced expression or activity of ThAT1
contributes to ISM resistance. ISM uptake through the P2 transporter should
however be sensitive to inhibition by both adenosine and diminazene. But only
diminazene was able to inhibit this uptake significantly in our wild type T. b.
brucei (P < 0.01, student’s t-test; figure 3.21).

ISM uptake assays in yeast cells expressing TbAT-E1 indicate that the
transporter encoded by the TbAT-E1 makes a major contribution to the uptake
of ISM in T. b. brucei (figures 3.9). This is evidenced by the significantly
increased ISM accumulation (P < 0.05) due to expression of the gene in yeast.
Similarly, significantly increased susceptibility (P < 0.05) to ISM was observed
with the expression in Leishmania mexicana (figure 3.12). The second allele of
TbAT-E, the TbAT-E2 also produced a significantly increased ISM uptake in yeast,
but this assay was done only once. Conversely, the expression of TbAT-E2 in L.
mexicana did not produce a significantly increased sensitivity to ISM (figure

3.12).
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Furthermore, TbAT-A was also expressed in yeast and tested for ISM
uptake. TbAT-A1 and TbAT-Aé6 are two alleles (copies) of this gene and both
were tested for ISM uptake. TbAT-A1 expression produced a significantly
increased uptake of ISM in yeast (figure 3.13). TbAT-A was expressed in null
mutants of Leishmania deficient in purine nucleoside or nucleobase uptake and
was found to be a high affinity purine transporter, designated TbNT11.1 and
TbNT11.2 (Ortiz et al, 2009). TbNT11.1 was also able to transport pentamidine
when expressed in Xenopus oocytes (Ortiz et al, 2009). However, when we
expressed each of the three sequences for TbAT-A, namely TbAT-A1, TbAT-A3
and TbAT-A6 in L. mexicana, there was no significant difference in pentamidine
sensitivity between each of them and the empty vector expression (figure 3.12).
Furthermore, the alighment of the nucleotide sequences for TbAT-A1, TbAT-A3,
TbNT11.1 and TbNT11.2 could not give a clear picture of which of the two
alleles, TbNT11.1 or TbNT11.2 corresponds to either TbAT-A1 or TbAT-A3
because each one varied with about the same number of nucleotides from the
other (see appendix). TbAT-A1 differed from TbNT11.1 and TbNT11.2 by 9 and
10 nucleotides, respectively, while TbAT-A3 differed from both TbNT71.1 and
TbNT11.2 by 10 nucleotides each. Since TbAT-A1 also varies from ThAT-A3 by 8
nucleotides, it is therefore possible that either could be the TbNT11.1. Similarly,
TbAT-E, designated TbNT12.1 in the same paper, was expressed in Xenopus
oocytes and was found to mediate the uptake of both adenine and pentamidine
(Ortiz et al, 2009). The nucleotide sequence for TbNT12.1 also differed from
TbAT-E1 and TbAT-E2 by 15 and 16 nucleotides, respectively, and since the
variation between TbAT-E1 and TbAT-E2 is about 16 nucleotides, it is not clear
which of them will be the TbNT12.1. Our findings on pentamidine uptake by

TbAT-E1 will be presented in chapter 6.



Anthonius Anayochukwu Eze, 2013 Chapter 3. 101

Finally, our findings suggest that drug efflux by ABC transporters is not
involved in the resistance of T. b. brucei to ISM. This contradicts the findings by
Delespaux et al (2010), that the antibiotics tetracycline and enrofloxacin
potentiated the effects of isometamidium against ISM-resistant T. congolense
strains; the explanation given was that both antibiotics are substrates for ABC-
transporters (Delespaux et al, 2010) and thus competititvely inhibit ISM-efflux.
However, we did not find any effects of tetracycline on the growth of T. b.
brucei, either in the presence or absence of isometamidium (figure 3.19). In
addition, the inability of verapamil or enrofloxacin to produce a significant
reduction in ISM uptake supports our conclusion that, at least in T. brucei, ABC
transporters do not seem to be involved in ISM efflux (figure 3.20). Earlier
reports of inability of verapamil to reverse resistance to ISM in T. b. brucei and
in T. congolense are consistent with our findings (Wilkes et al, 1997;Kaminsky &
Zweygarth, 1991). Furthermore, assuming that the theory of up-regulation of
ABC transporters in resistance was true for T. b. brucei, then intracellular ISM
levels in the resistant clones should be near constant after wash and re-

suspension in 40 pM tetracycline, instead of rapidly decreasing (figure 3.18).
3.9. Conclusion

ISM uptake is transporter-mediated in T. b. brucei and is not the result of
diffusion as figure 3.22 suggests. The balance of evidence suggests that P2
mediates the uptake of ISM in T. b. brucei, but may not facilitate a large
proportion of the flux. Similarly, the TbAT1-like gene TbAT-E1 also expresses a
transporter that is able to transport ISM. It is also clear that the efflux

mechanism does not contribute to ISM resistance in T. b. brucei.



4. Development and characterization of clonal lines
resistant to 1 uM and 15 pM isometamidium

respectively.
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4.1 Introduction

The control of African trypanosomiasis relies solely on chemotherapy in
the absence of large-scale vector control programmes or any hope for a vaccine
against the disease in the near future (Delespaux & de Koning, 2007). Most of
the drugs currently in use against African trypanosomiasis (sleeping sickness in
humans; Nagana in cattle) have been in use for a very long time and are
threatened by resistance. In many ways, the situation is worse for the treatment
of the veterinary condition as there is widespread resistance to the only two
drugs available to treat the condition in sub-Saharan Africa, namely diminazene
aceturate and isometamidium (Sow et al, 2012;Jamal et al, 2005;Matovu et al,
1997;Geerts et al, 2001). Hence, nagana is still a major constraint to the
development of livestock in thirty-seven countries of sub-Saharan Africa (Geerts,
2011). In addition, domestic animals and livestock are able to act as reservoirs
for the human infective species of T. brucei (Hide et al, 1994), particularly in
the case of T. b. rhodesiense. There is thus an urgent need to improve on the
control measures against African Animal Trypanosomiasis. This can be achieved
partly by increasing the effectiveness of the few available drugs through
reducing the rate of development of drug resistance in the field. It is therefore
important that the mechanism of resistance to isometamidium and other
veterinary trypanocides be fully elucidated to help develop a method for its
resolution and also for the easy identification of resistant trypanosomes. We
induced resistance to isometamidium in our 427 laboratory strains, and

characterized the resistant phenotype at the biochemical and molecular levels.

4.2 Induction of resistance
It took a period of nine months to adapt the wild type T. brucei brucei

427 wt to survive and multiply in 1 pM concentration of ISM and an additional
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three months to raise this level of resistance to 15 pM ISM. Cells were incubated
in the designated ISM concentration for at least 14 passages (not shown on
graph) before being cloned out to ensure complete viability in ISM at that conc.
The clones produced from 1 pM were designated ISMR1 while those produced at

15 uM were called ISMR15.
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Figure 4.1 Selection for resistance to ISM in concentration/passages. Cells were cultured in
increasing concentrations of ISM, starting from 0.05 nM ISM, in HMI-9 medium. Cells were
cultured in a particular ISM concentration for > 10 passages before cloning out (or moving to the
next ISM concentration; section 2.2.2). Cloning out was done in drug-free medium, and clones

were maintained in drug-free HMI-9 medium.

4.3 In vitro measurement of rate of
multiplication

Analysis of the rate of growth of ISMR1 clone 3 and ISMR15 clone 1 using
the one way ANOVA found no significant difference between their growth rate
and that of the wild type T. b.427. However it should be noted that Tb427 wt
was able to attain the stationary phase of growth after 48 hours of growth while
both resistant clones reached the same phase after 72 hours of growth (figure

4.2).
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Figure 4.2 Rate of growth of the Tb427 wt compared with the resistant clones. Cultures were
initiated in drug-free HMI-9, starting from a seeding density of 2 x 10* cells/ml for each cell line.

Cells were subsequently counted every 12 hours to monitor the cell density.

4.4  Assay for cross resistance to related
trypanocides

ISMR1 clone 3 was found to be 44-fold resistant to ISM compared to the

wild type control while ISMR15 clone 1 was 121-fold resistant (figure 4.3).

10
121-fold | [l Pentamidine
8- il @l Ethidium
5 £ ISM
= 6 44-fold 3 Diminazene
3 . /
O 4- H
w
* P <0.01;
2- i & (unpaired Student’s t-test)
0- - n

WT ISMR1.3 ISMR15.1

Figure 4.3 Sensitivity of the ISMR clones to trypanocides. ECs, values were determined from

alamar blue assays using 10° cells/ml of each cell line and incubating the assay at 37°C and 5%
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CO, for 48 hour before addition of alamar blue dye. Fluorescence was measured 24 hours after
addition of dye. (section 2.2.3). Each bar represents the average of at least three independent

assays; errors bars are SEM; *P < 0.01, unpaired Student’s t-test.

Both clones were in addition significantly cross resistant to pentamidine,
diminazene and to ethidium bromide (figure 4.3; p < 0.01, unpaired Student’s t-
test). Only a minor increase in ethidium ECsy values was observed for the two
strains, whereas slightly higher cross-resistance for pentamidine (33-fold; n = 5)
and diminazene (9-fold; n = 5) were observed in ISMR1, clone 3. Interestingly,
the further adaptation to 15 pM ISM only did not increase resistance to any of

the other drugs tested.

4.5 Uptake studies and kinetic
characterization

Uptake of [*H] pentamidine was characterized in the ISMR clones in order
to check whether any of the known pentamidine transporters have been altered

in the clones.

HAPT LAPT1

Km Vmax Propamidine Ki Km Vmax

AVG SE AVG SE  AVG SE | AVG SE__AVG  SE
WT427 | 0036 | 00060 | 00044 | 00004 | 46 07 56 8 [ 085] 015 | |
THATIKO | 0.029 | 0.0080 130 | 30 50 17
B48 not detectable 56 7 082 02
ISMR1 005 | 0014 | 00043 | 00016 | 169 | 48 38 7 11032 ] 006

Table 4.1 Kinetic parameters of pentamidine uptake in different Trypanosoma brucei clones.
[*H]-Pentamidine uptake was monitored as described in section 2.2.5. Kn, (M) and Vpax
(pmol/10e7 cells/s) values were subsequently derived from the Michaelis-Menten.saturation
curve. ISMR1 clone 3 showed a significantly reduced LAPT1 activity (P < 0.05, unpaired Student’s
t-test) compared to the same transporter activity in Th427 wt. Values of K, and V.« shown are

averages of at least 3 independent determinations.

The Vmax of LAPT1 was significantly reduced in ISMR1 clone 3 (P = 0.043,

unpaired Student’s t-test). This suggests a decrease in the number of LAPT1
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molecules on the plasma membrane of the trypanosomes. The significantly
reduced Km (P = 0.018, unpaired student’s t-test) means that the organism
balances reduced expression of the LAPT1 with an increased affinity (lower Km)
for pentamidine. Since pentamidine is not the physiological ligand for this
transporter, it suggests that pentamidine shares at least some functional
group(s) with the physiological substrate and it is for this functional group that
the affinity was increased.

Similarly, ISM uptake measured by the innate fluorescence was

significantly reduced in ISMR1 (P < 0.01; figure 4.4), compared to the wild type.

100

cell lines |ISM uptake |
rate (n= 3)

Tb427 wt | 1.64 + 0.28

o Th427 wt
¥ |ISMR1 clone 1

= 80 | |
n ISMR1 | 0.54 + 0.09**
‘—LU E ** P<0.01 (unpaired Student's T-
=25 60- test)
m e
&)
N
c 40- =
20

I I 1 I 1
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Figure 4.4 Isometamidium uptake in Th427 wt and resistant T. brucei. Assay was performed in
triplicate with ~10% cells/ml of Th427 wt and ISMR1 clone 1 in complete HMI-9 medium (+ 10%
fetal bovine serum) at room temperature; [ISM] = 10 yM. ISM uptake was measured as described
in section 2.2.5. Experiment shown is representative of three independent assays performed in
triplicate and showing similar outcomes. The slope of each line represents the rate of uptake

(UM/min).
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4.6  Sequencing and analysis of AT-like genes
from resistant clones.

AT-like genes sequenced include TbAT1, TbAT-E and TbAT-A. Each gene
was amplified from the ISMR1 and ISMR15 clones and Tb427 wt by PCR with
Phusion polymerase using the specific primers listed in table 2.1, A-tailed, sub-
cloned into pGEMT easy vector and sent for sequencing.

10 colonies each transformed with TbAT1 gene from Tb427 wt and ISMR15
clone 1, respectively, and 9 from ISMR1 clone 3 were sequenced. The sequences
from the two clones were identical to those from Th427 wt, except for a single
G to A nucleotide substitution at position 1127 (found in only 2 of the 10 colonies
from ISMR15 clone 1). This substitution changes the codon TGC (for cysteine,
uncharged but polar) to TAG (for tyrosine, also uncharged but polar) resulting in
a conservative mutation. The sequence alignment result is presented in appendix
C.

Five colonies transformed with TbAT-E gene from ISMR15 clone 1 were
sequenced, and none had any unique nucleotide change (all nucleotide changes
found in these colonies were also present in either TbAT-E1 or TbAT-E2). Three
of the colonies were identical to TbAT-E1 while the remaining two differed from
TbAT-E1 by 5 nucleotide changes (they were however identical to ThAT-E2 at
those 5 positions). TbAT-E2 however differed from all the sequenced colonies
and from TbAT-E1 by possessing some 8 unique nucleotide changes (appendix C).

Twelve colonies transformed with TbAT-A from ISMR15 clone 1 and 15
colonies from ISMR1 clone 3 were sequenced, but none showed any unique
nucleotide change when aligned with wild type sequences for ThAT-A1 to 6. The
44 nucleotide deletion characteristic of TbAT-A5 and TbAT-A6 were present in

five of the sequences from ISMR15 clone 1 and in six from ISMR1 clone 3,
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suggesting that these two main types of sequences for TbAT-A (complete and
incomplete) can co-exist in a single clone. None of the sequenced colonies had
the TbAT-A3 allelle, since none had the distinguishing adenine nucleotide at
position 327. All the other alleles of ThAT-A and all the sequenced colonies had

a G nucleotide at that position (appendix C).

4.7  Assay for sensitivity to oligomycin and
FCCP

Carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) is a proton
ionophore known to uncouple oxidative phosphorylation by transporting protons
across the phospholipid bilayer membrane of the mitochondria (Benz &
McLaughlin, 1983). Oligomycin on the other hand, inhibits F{Fy ATPase activity
by causing a conformational change in the Fy, portion of the complex that is
transmitted to Fq, resulting in an impaired binding of the substrate in the
catalytic sites (Penefsky, 1985). It causes this change in conformation by binding

to the OSCP (oligomycin sensitivity conferral protein) subunit of Fy (Schnaufer et

al, 2005).
40
Bl Fccp
Oligomycin
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WT ISMR1.3 ISMR15.1

Figure 4.5 Alamar blue assay with oligomycin and FCCP on ISMR clones and Th427 wt. ECs, values

were determined from alamar blue assays using 10° cells/ml of each cell line (section 2.2.3).
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Each bar represents the average of at least 3 independent repeats and SEM; ***P < 0.001,

unpaired Student’s t-test.

Alamar blue was initially done with a number of compounds that either
inhibit ATP production or directly inhibit ABC transporters. Compounds such as
enrofloxacin, verapamil, TFP diHCl, prochlorperazine, CCCP, FCCP, valinomycin,
oligomycin, potassium cyanide and sodium azide were tested on the ISMR clones
and Tb427 wt. FCCP and oligomycin are the only ones of the inhibitors tested
(full results not presented) that gave ECsy values differing significantly (P <
0.001, unpaired Student’s t-test) between the ISMR clones and Tb427 wt (figure
4.5). ISMR1 clone 3 and ISMR15 clone 1 were both 5-fold more resistant to
oligomycin than the control Tb427 wt. This relative insensitivity to oligomycin
led us to the prediction that the F{Fy ATPase complex has been compromised,
since it was found that the insensitivity of T. evansi to oligomycin was due to its
possession of an altered F{Fy ATPase complex (Schnaufer et al, 2005). Similarly,
our theory of a compromised F{Fy, ATPase in ISMR clones explains the increase in
susceptibility to FCCP. The wild type F{Fy ATPase is fully functional and utilizes
the energy of ATP to maintain the mitochondrial membrane potential (MMP) in
Tb427 wt by pumping out protons; this explains why Tb427 wt has a significantly
higher ECs, for the proton ionophore than the resistant lines with a dysfunctional
proton pump (P < 0.001, unpaired Student’s t-test). The ISMR clones, whose F1Fy
ATPase is impaired and cannot pump protons out as quickly as FCCP activity
allows them into the mitochondria, cannot maintain the MMP and these strains
are thus more sensitive to FCCP. Therefore, we next assessed whether the MMP

was different in the resistant clones.
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4.8 Measurement of the mitochondrial
membrane potential.

Time point measurement of the MMP was done for Tb427 wt, ISMR1 clone
3 and ISMR15 clone 1 after 1 h, 3 h and 5 h incubation in 0.5 uM ISM. The first
hour results are presented in figure 4.6. The untreated control MMP value for
both ISMR1 clone 3 and ISMR15 clone 1, representing their steady-state MMP, was
found to be highly significantly reduced (P < 0.001, unpaired Student’s t-test)
when compared to the value for the untreated control Th427 wt. Similarly, the
1h MMP value for the ISM-treated ISMR1 and ISMR15 clones was significantly
lower (P < 0.01, unpaired Student’s t-test) than the value for ISM-treated Tb427
wt. Comparing the MMP values for the ISM-treated versus the non-treated Tb427
wt at the third and fifth hours (figure 4.7), the values for the ISM-treated cells
were found to be significantly reduced (P < 0.001, unpaired student’s t-test).
This indicates strongly that ISM is responsible for the significant reduction in the
MMP values of the ISMR clones; i.e. incubation with ISM over several hours
reduced the MMP, as the positively charged drug accumulates inside the
mitochondrion, and one adaptation seems to be the lowering of the MMP,

reducing the driving force for ISM uptake across the mitochondrial membrane.
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Figure 4.6 MMP measurement in Tb427 wt, ISMR1 clone 3 and ISMR15 clone 1 after 1h incubation
in 0.5 pM ISM in HMI-9 at 37°C and 5% CO, (control cells were incubated for 1h in drug-free HMI-9
medium). Cells were also incubated in 100 nM valinomycin and 10 pM troglitazone for 30 minutes
as control (details in section 2.2 9) Each bar represents the average of at least 3 independent

repeats and SEM; ***P < 0.001, **P < 0.01, unpaired Student’s t-test
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Figure 4.7 MMP at 1h, 3h and 5h time points for Th427 wt exposed and unexposed to 0.5 pM ISM.
10® Th427 wt cells were incubated in HMI-9(drug free control) and in 0.5 pM ISM dissolved in HMI-
9 medium, respectively, at 37 °C and 5% CO, for 1h, 3h and 5h before the MMP values were

determined (details in section 2.2.9). ***P <0.001, unpaired Student’s t-test
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4.9 Investigating the presence of KDNA in ISM-
resistant clones

The function of generating the MMP by the F{Fy ATPase is still essential in
the bloodstream form Tb427 wt, despite the stripped-down mitochondrial
function in this life cycle stage (Schnaufer et al, 2005). The F{Fy ATPase complex
is partially encoded in the mitochondrial DNA (Schnaufer et al, 2005), and
oligomycin sensitivity is a conclusive marker for the presence of a functional
kinetoplast DNA and a mitochondrial system for protein synthesis (Opperdoes et
al, 1976). After finding that the ISMR clones had lost both their MMP and
oligomycin sensitivity we therefore investigated the presence of kinetoplast DNA

in these clones.

Figure 4.8 Fluorescence microscopy showing the absence of kinetoplast DNA in ISMR clones;
Tb427 wt is included as control. N = nucleus, K = kinetoplast. ISMR1 and ISMR15 were both

selected for resistance to ISM by incubating in 1 pM and 15 pM ISM, respectively (figure 4.1). Both
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clones lost their kDNA (kinetoplast DNA) during the selection process, as demonstrated above.

The cells were not exposed to ISM as part of the fluorescence microscopy.

Fluorescence microscopy using DAPI stain to view the DNA content of the
cells showed that the ISMR clones have lost their kinetoplast DNA (figure 4.8).
This finding was confirmed by PCR for some maxi circle markers (figure 4.9).
Maxi circle genes in the mitochondria encode ATPase subunit 6 (A6) and NADH
dehydrogenase subunits, ND4, ND5 and ND7 (Bhat et al, 1990;Vondruskova et al,
2005). These mitochondrial genes are located in the kinetoplast and are usually
intact in Th427 wt which serves as the positive control. Also, actin which is a
nuclear gene was also used as an internal control (to demonstrate presence of
the nuclear DNA). Hence, the presence or absence of these maxi circle genes
demonstrated by PCR reactions can serve as conclusive evidence of the presence
or loss of these genes (and their loss indicates that the KDNA may have been

compromised) as shown in figure 4.9.
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Figure 4.9 PCR showing the loss of maxi circle markers in ISMR clones. The nuclear-encoded gene
Actin was included as a control. A6 = ATPase subunit 6; ND4, ND5, ND7 = NADH dehydrogenase

subunits 4, 5 & 7 respectively.
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The result of the DAPI staining and the PCR together led us to the
conclusion that the ISMR clones must have lost their kinetoplast which contains
the kDNA, and since ATPase subunit 6 (A6) gene is in the KDNA and is essential
for their survival, we looked at the possibility that they have developed a

compensation mutation (Schnaufer et al, 2005).

4.10 Sequencing and analysis of the ATP
synthase gamma gene from the ISMR clones.

Schnaufer and colleagues (2005) suggested that the loss of the
mitochondrial gene products (especially A6 which is a subunit of the FiFj
ATPase) must be compensated for by mutation of the ATP synthase y subunit to
enable dyskinetoplastic trypanosomes to survive the loss of their kinetoplast
(Schnaufer et al, 2005). These mutations alter the FFy ATPase complex and
compensate for the loss of the mitochondrial gene products (Schnaufer et al,
2005), hence they are called compensating mutations. The y subunit is the
central part of the F1 domain that protrudes from the membrane into the matrix
and contains the nucleotide binding and catalytic sites (Atwal et al, 2004). ATP
synthase y gene from the ISMR clones and Tb427 wt was amplified with Phusion
polymerase, A-tailed and sub-cloned into pGEMT easy vector and sequenced to
check for the presence of mutations. The mutations identified are presented in

figures 4.10 and 4.11.
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WT ATPASE 7 GG
Tb427.10.180 GG
Consensus ATGTCGGGCA AGCTTCGTCT TTACAAAGAA AAACTTGAGG GGTACAACCG

100%
Conservation

0% |_|
soaarcoos ATGTCGOGCA AGCTTCOTCT TTACAAAGAA ARACTTAAGO GOTACAAGCE

Figure 4.10 Sequence of the ATPase gamma gene from Tb427 wt, ISMRI clone 3 and ISMR15 clone

1.3 ATPASE 9 G G G G GG G
1.3 ATPASE 1 G G G G GG G
15-1.1 ATPASE 1 G G G G GG G
15.1 ATPASE 7 G G G G GG G
15.1 ATPASE 5 G G G G GG G
15.1 ATPASE 4 G G G G GG G
15.1 ATPASE 8 G G G G GG G
1.3 ATPASE 8 G G G G GG G
15.1 ATPase 2 G G G G GG G
1.3 ATPASE 6 G G G G GG G
15.1 ATPASE 3 G G G G GG G
1.3 ATPASE 5 G G G G GG G
1.3 ATPASE 2 G G G G GG G
1.3 ATPASE 3 G G G G GG G
15.1 ATPase 1 G G G G GG G
1.3 ATPASE 7 G G G G GG G
15.1 2 ATPASE G G G G GG G
15.1 ATPASE 6 G G G G GG G
WT 1 ATPASE G G G G GG G
WT ATPASE 5 G G G G GG G
WT ATPase 1 G G G G GG G
WT ATPASE 10 G G G G GG G
WT ATPASE 4 G G G G GG G
WT ATPASE 6 G G G G GG G
WT ATPase 2 G G G G GG G
G G G G G

G G G G G

1. ATPase y gene from each cell line was amplified by PCR, sub-cloned in pGEMT and cloned in
XLl blue E. coli; plasmids extracted from colonies of transformed E. coli were subsequently
sequenced (details in section 2.2.8). Mutation G37A replaces a negatively charged glutamic acid
(E43) with a positively charged lysine (K43), and is therefore a non-conservative mutation of the

central subunit of the F; (catalytic) domain of the F,F, ATPase.

The first mutation, G37A (E13K) replaced a glutamic acid (acidic amino
acid, GAG) with a lysine (basic amino acid, AAG). This mutation is clearly
heterozygous (only one of the two alleles was mutated) since it appeared in
about half of the colonies sequenced for each of the ISMR clones while the other

half bore the wild type GAG codon (figure 4.10).
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WT ATPASE 7 GGG GGG 900
Tb427.10.180 GGG GGG 900

Consensus AGTTGGAAGG CAATGCGATG AAGGGCGTCA GACGCAACAA ATTCTGGGAA

cansenaton, (][ [T ORI LT TN T
seavrceege 5T TOGAGG CAATGCGATG ANGGGCGTCA GACGCAACAA ATTCTGGCAA

Figure 4.11 Sequence of the ATPase gamma gene from Tb427 wt, ISMRI clone 3 and ISMR15 clone

1.3 ATPASE 9 HG GEG G G G G GGG 900
1.3 ATPASE 1 G GEG G G G G GGG 900
15-1.1 ATPASE 1 G GEG G G G G GGG 900
15.1 ATPASE7 HG GEG G G G G GGG 900
15.1 ATPASE S HG GEG G G G G GGG 900
15.1 ATPASE 4 BIG GEG G G G G GGG 900
15.1 ATPASE 8 BG GEG G G G G GGG 900
1.3 ATPASE 8 BG GEG G G G G GGG 900
15.1 ATPase 2 BG GEG G G G G GGG 900
1.3 ATPASEGE HBG GEG G GGGEG G G GGG 900
15.1 ATPASE3 HG GEG G GGGEG G G GGG 900
1.3 ATPASES HBG GEG G GGGEG G G GGG 900
1.3 ATPASE 2 BG GEG G GGGEG G G GGG 900
1.3 ATPASE 3 BG GEG G GGGEG G G GGG 900
15.1 ATPase 1 G GEG G GGGEG G G GGG 900
1.3 ATPASE7 HBG GEG G GGGEG G G GGG 900
15.1 2 ATPASE HG GEG G GGGEG G G GGG 900
15.1 ATPASEE BG GEG G GGGEG G G GGG 900
WT 1 ATPASE BG GEG G GGGEG G G GGG 900
WT ATPASE 5 BIG GEG G GGGEG G G GGG 900
WT ATPase 1 G GEG G GGGEG G G GGG 900
WT ATPASE 10 BIG GEG G GGGRG G G GGG 900
WT ATPASE 4 BIG GEG G GGGEG G G GGG 900
WT ATPASE 6 BIG GEG G GGGEG G G GGG 900
WT ATPase 2 @G GEG G GGGEG G G GGG 900
G GEG G G G G
G GEN G G G G

1 (Sequencing was done exactly as described in legend to figure 4.10). Mutation C851A (5284*)
replaces a serine residue with a stop codon, thereby truncating the y-subunit of the F1 domain

at a point 22 amino acids upstream the actual stop codon.

The second mutation, C851A replaced a serine residue (TCG) with a stop
codon (TAG), and is clearly homozygous (both alleles were mutated) since the
point mutation appeared in all the colonies sequenced for each ISMR clone
(figure 4.11). This point mutation terminates the amino acid sequence of the y-
subunit prematurely, cutting off the last 22 amino acids (at the carboxyl
terminal) before the actual stop codon for the gene. We assessed the
significance of this sequence truncation by introducing this exact mutation into
Tb427 wt and found that this mutation C851A-ATPase has a significant effect on
the function of T. brucei brucei FiFy ATPase since it was able to make the
organism significantly resistant to ISM and EtBr (findings are presented in

chapter 5).
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4.11 Discussion

Our results suggest that the rate of cell division in Th427 was reduced on
the induction of resistance to ISM (figure 4.2). This is consistent with the finding
that ISMR clones have lost much of their MMP since it is MMP that drives the
import into the mitochondria of proteins encoded by nuclear genes (Schnaufer et
al, 2005). Therefore, since the mitochondrion needs to grow and divide as part
of the cell division programme, and this growth depends on the insertion of
newly synthesized constituents, resulting in expansion of the various
compartments of each mitochondrion (Neupert, 1997), a reduction in MMP
should reduce the rate of this transport of proteins, mitochondrial growth and
ultimately cell division. Similarly, infectivity is a direct function of cell
multiplication since every trypanosome cell can synthesize only a single variant
surface glycoprotein (VSG) antigen (due to transcriptional control of gene
expression); hence, antigenic variation is maintained by the differential and
successive expression of a large number of different antigen genes (Pays, 1985).
This suggests that infectivity is therefore indirectly dependent on MMP in T. b.
brucei (findings from infectivity studies in mice are presented in chapter 5).

Apart from the very high resistance to ISM in the ISMR clones, cross
resistance was also developed to the related phenanthridine, ethidium bromide
and to the diamidines, pentamidine and diminazene (figure 4.3). Cross
resistance to diminazene is consistent with the cross resistance to tubercidin
(figure 3.7) which is a marker for a defective P2 transporter; it is also consistent
with the reduction of rate of ISM uptake to half by 333 pyM diminazene (figure
3.21). When all these are put together with the cross resistance to pentamidine
(figure 4.3) and the inhibition of ISM uptake by pentamidine (figure 3.21;

statistically insignificant), we can say that ISM is transported by a pentamidine
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transporter that also transports diminazene, and that can only be the P2
transporter (de Koning et al, 2004;Stewart et al, 2010). This builds on the
observations reported in Chapter 3 and is further evidence that P2 is partly
responsible for ISM uptake. The reduction in V. found for the low affinity
pentamidine transporter, LAPT1 in ISMR1 clone 3 indicates that the expression of
this transporter was down-regulated in the resistant line. This piece of evidence
suggests a role for LAPT1 in ISM uptake as well. Part of the difficulty in studying
ISM uptake seems to be that multiple transporters contribute to the process,
none of them contributing a very major part of the total flux.

FCCP works against the FiFy ATPase complex by creating a channel to
return protons into the mitochondria as the enzyme pumps them out to create
the essential MMP. Oligomycin on the other hand is a specific inhibitor of the Fy
subunit of the F{Fy; ATPase complex (Coustou et al, 2003b); it binds to the OSCP
(oligomycin sensitivity conferral protein) subunit of Fy (Schnaufer et al, 2005).
Hence, the loss of sensitivity to oligomycin is an indication that the F{Fy ATPase
complex has been altered as is the case in dyskinetoplastid and akinetoplastid
trypanosomes that have lost the Fy subunit (section 1.5.2). Figure 4.12
summarizes our understanding of the effect of oligomycin and FCCP on ISM
uptake and MMP. It is clear from the investigation that the high level of ISM
resistance was multi-factorial, with adaptations reducing total drug uptake
through TbAT1/P2 and probably through LAPT1, and the loss of kinetoplast and

MMP, enabled by the mutation in the y-subunit of the mitochondrial ATPase.
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H- H- oligomycin

F1/F0 ATPase

Figure 4.12 Model for explanation of the effects of oligomycin and FCCP on F.F, ATPase. The
FiFoATPase uses the chemical energy of ATP to pump out protons from the mitochondrial matrix,
creating a membrane potential, W, which facilitates ISM uptake. This potential can be wastefully
dissipated in the presence of FCCP which creates a channel for the movement of protons back

into the matrix.

4.12 Conclusion

ISM is transported into the trypanosomal mitochondria, down the MMP

which is created and maintained by the FiFy ATPase complex. This MMP is critical

to the biogenesis of the mitochondria since it aids the import of proteins and

other factors synthesized in the cytosol into the mitochondria.



5.1SM resistant clones are dyskinetoplastic;

evidence for a new resistance marker
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5.1 Introduction

The knowledge of drug targets within the parasites is absolutely necessary
for the judicious use of drugs especially when one is faced with resistance to a
particular trypanocide and is trying to determine the best choice of drug to
administer (Matovu et al, 2001). This knowledge is also very vital in making the
choice of a drug pair to administer together as a combination therapy. In this
case, a sound knowledge of the mechanism of action of the different drug
candidates will certainly help in the selection of the pair that acts on different
metabolic targets so that their combination produces a synergy (Matovu et al,
2001). The intracellular target of ISM is yet to be elucidated. The results
presented in chapter 4 have so far been correlative. Hence, we have
demonstrated the loss of the mitochondrial DNA and mitochondrial membrane
potential, and a set of mutations in the ATPase gamma gene of our resistant
clones which are missing in the wild type strain. In this chapter, we demonstrate
the importance of these changes to ISM resistance by reconstructing the

resistance phenotype in the wild type Tb427.

5.2  Site-directed mutagenesis of the wild type
ATP synthase gamma gene to introduce the
compensating mutation

Of the two mutations identified in the ISM resistant clones, the nonsense
mutation (5284*, C851A) was chosen for analysis because we believe that this
mutation should have a greater impact on the ATP synthase gamma gene since it
introduced a stop codon within the open reading frame of the gene, thus
truncating the expected gene product. Site-directed mutagenesis was carried
out on the construct, pEnTé6-Blast + wt ATPase vy, as outlined in section 2.2.6.4

and colonies of E. coli transformed with the mutated plasmid, pEnTé6-Blast +
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S284* ATPase y were sequenced to check that the mutation was correctly
introduced. One of the colonies found to have been transformed with the
correctly mutated plasmid was grown in an overnight culture and mini-prepped
to extract the mutated plasmid which was subsequently linearised with the Notl,
purified with the Macherey-Nagel PCR clean up kit and concentrated by
precipitation with ethanol. The resulting DNA sample was quantified on a nano-
drop Spectrophotometer and the volume containing 10 pg of DNA was used to
transfect Tb427 wt cells. Three clones were subsequently selected under drug
pressure, namely T.b.427 wt + pEnT6-Blast-5284*-ATPase y clones 1, 2 and 3 (will
be referred to as Th427 wt + S284* ATPase y clones in this chapter). ATP
synthase gamma from the selected clones were generated by PCR, sub-cloned
into pGEMT easy vector and sent to be sequenced to check for the presence of
the compensating mutation, correct integration of the plasmid and to determine
the genotype after the mutation (whether only one or both of the alleles of the

ATP synthase was replaced by the mutated plasmid).

&80

8O 900
|

mut3.4 GTTGGAAG G G GAAGGGEG GAKG GGGA 887
mut3.10 GTTGGAAG G G GAAGGGEG GAKG GGGA 888
mut3.7 GTTGGAAG G G GAAGGGEG GAKG GGGA 887
mut3.5 GTTGGAAG G G GAAGGGEG GAKG GGGA 886
mut3.8 GTTGGAAG G G GAAGGGEG GAKG GGGA 886
mut3.6 GTTGGAAG G G GRAGG - BG GAKEG GGGA 885
mut1.1 GTTGGAAG G G GAAGGGCEG GAKG GGGA 887
mut2.7 GTTGGAAG G G GAAGGGEG GAEG GGGA 888
mut2.1 GTTGGAAG G G GRAGG - BG GAEG GGGA 886
mut2.10 GTTGGAAG G G GAAGGGEG GAEG GGGA 885
mut1.5 GTTGGAAG G G GAAGGGEG GAKEG GGGA 888
mut1.7 GTTGGRAAG G G GRAGGGEG GAKEG GGGA 886
mut1.4 GTTGGRAAG G G GRRGGGEG G ARG GGGA 879
mut1.3 GTTGGAAG G G GRRGGGEG GAKEG GGGHA 886
Tb427.10.180 GTTGGAAG G G GRRGGGEG GAKEG GGGHA 899
mut2.9 GTTGGRAAG G G GARGGGEG GAKG GGGA 880
mut2.8 GTTGGAAG G G GAAGGGEG GAEG GGGA 880
G G

Consensus TAGTTGGAA CAATGCTAT GAAGGGCGTC AGACGCAACA AATTCTGGGA

100%

Conservation H

l
seawrcowaso. TEGTTGCANG GOARTGOTAT GRAGGGCGTC AGACGCAACA AATTCTGGCA

Figure 5.1 Sequence of the ATPase gamma gene from Tbh427 wt + S284* ATPase y clones,

immediately after transformation with pEnTé6-Blast + C851A. ATPase y. ATPase y gene from each
cell line was amplified by PCR, sub-cloned in pGEMT and cloned in XLI blue E. coli; plasmids

extracted from colonies of transformed E. coli were subsequently sequenced (details in section
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2.2.8). Mut1.3 used in the figure means E. coli colony number 3 of those transformed with ATP
synthase gamma gene from Tb427 wt + S284* ATPase y clone 1, etc. (figure 5.18 shows the

position of the gamma subunit in the F;Fy ATPase complex).

The mutation (C851A) can be seen to be visibly present in all the colonies
sent for sequencing except in colony 1 of those picked for Th427 wt + S284*
ATPase y clone 1 (mut1.1) which bears the wild type C nucleotide (figure 5.1).
This result clearly indicates that Tb427 wt + 5284* ATPase y clone 1 is
heterozygous for the C851A mutation (only one allele of the ATP synthase
gamma was replaced by the mutated plasmid) while Tb427 wt + S284* ATPase y
clones 2 and 3 were both homozygous for the same mutation (both alleles of the
ATP synthase gamma were replaced by the mutated plasmid). Thus, Tb427 wt +
S284* ATPase y clone 1 still has one copy of the wild type gene while Tb427 wt +
S284* ATPase y clones 2 and 3 carry the compensating mutation on both alleles
of their ATP synthase gamma gene. To assess the effect of the introduced
mutation on the wild type cell function, we measured the sensitivity to selected
trypanocides, as well as the mitochondrial membrane potential. We also did
fluorescence microscopy (DAPI staining) to check for the presence of the

mitochondrial DNA.

Pentamidine Diminazene ISM

ECso (NM)
EC50 (n M)

Figure 5.2 Sensitivity of Tb427 wt + S$284* ATPase y clones to selected trypanocides in

comparison to Th427 wt + wt ATPase y. ECs, values were determined by a modified alamar blue
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assay; plates were seeded with 5 x 10° cells/ml density of all cell lines, incubated at 37°C and 5%
CO, for 72 hours before addition of alamar blue dye. Fluorescence values were measured 18
hours after the addition of dye (details in section 2.2.3). WT = Tb427 wt; +WT ATPase = Tb427 wt
+ wt ATPase y; +5284* cl1 = Tb427 wt + S284* ATPase y clone 1; etc. *P < 0.05, **P < 0.01, ***P <

0.001, one way ANOVA using Graphpad prism 5.0 (n = 4).

The alamar blue assay protocol was modified to amplify differences in
drug sensitivity between the clones. This amplification was achieved by
incubating the cells in ISM or EtBr long enough for them to lose their kDNA (72
hours was found to be sufficient for the cells to lose their kinetoplasts). Hence,
the seeding density was reduced from 10° cells/ml to 5 x 10° cells/ml; alamar
blue dye was added after 72 hours of incubation and the fluorescence was
measured exactly 18 hours after. All three clones, Tb427 wt + S284* ATPase y
clones 1, 2 and 3 were significantly more resistant to ISM, diminazene and
pentamidine than both controls Tb427 wt and Tbh427 wt + wt ATPase y, when
analysed by one way ANOVA, using the PRISM software (figure 5.2). All three
clones were much more resistant to ISM (at least 100 folds) and EtBr (at least
240 folds) than to diminazene (5 folds) and oligomycin (5 folds), when compared
to Tb427 wt + wt ATPase y; resistance to pentamidine amounted to only about 2
folds in all the clones (figure 5.2). The cross-resistance to oligomycin directly
indicates that the vy-subunit of the organisms’ F{Fo-ATPase has been

compromised.
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Oligomycin
2000
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15004 T

1000+

ECso (NM)
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Figure 5.3 Sensitivity of Tb427 wt + S284* ATPase y clones to oligomycin. ECsy values were
determined by a modified alamar blue assay; plates were seeded with 5 x 10* cells/ml density of
all cell lines, incubated at 37°C and 5% CO, for 72 hours before addition of alamar blue dye.
Fluorescence values were measured 18 hours after the addition of dye (details in section 2.2.3).
WT = Tb427 wt; +WT ATPase = Tb427 wt + wt ATPase y; +5284* cl1 = Tb427 wt + S284* ATPase

clone 1; etc. ***P < 0.001, one way ANOVA using Graphpad prism 5.0 (n = 4).
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Figure 5.4 Mitochondrial membrane potential assay for Tb427 wt + 5284* ATPase clones. Cells
were incubated in 0.5 pM ISM for 1h, in 100 nM valinomycin or 10 pM troglitazone for 30 minutes;
all samples were then centrifuged at 1500 x g and resuspended in 25nM TMRE
(tetramethylrhodamine ethyl ester; section 2.2.9). All control cells were incubated for 1h in
fresh HMI-9 media. Tb427 wt control cells were used to calibrate the flow cytometer to 50%
before measurements are made for other cell types (more details in section 2.2.9). *P < 0.05, **P

< 0.01, **P < 0.001, unpaired Student’s t-test (n = 3).

A measurement of the mitochondrial membrane potential of the Th427 wt
+ S5284* clones indicates that significant reductions in the mitochondrial
membrane potential have already occurred. Though the individual mitochondrial
membrane potential values are not as low as those found for the ISMR clones;
the significantly reduced mitochondrial membrane potential values at this stage
indicate that a reduced mitochondrial potential may be necessary for ISM

resistance.
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Figure 5.5 Fluorescence microscopy images showing DAPI stain of cellular DNA of Tb427 wt +

$284* ATPase y clones 1 and 2. 5284* clone 1 = Tb427 wt + 5284* ATPase y clone 1, etc.

When the fluorescence microscopy images of DAPI stained cells were
taken, it was found that the kinetoplasts were still intact. Hence, the
compensating mutation we had introduced does not cause the spontaneous loss

of the kinetoplast, i.e. without selective pressure.

5.3 Exposure of Th427 wt + S284* clones to
Isometamidium or Ethidium

To demonstrate the selective advantage that possession of the
compensating mutation confers on the trypanosomes, the Th427 wt + S284*
clones were exposed at a density of 10° cells/ml to 20 nM ISM or Ethidium
bromide (EtBr), with Tb427wt cells as control, to demonstrate their relative
insensitivity to either ISM or ethidium bromide. Cell counts were also taken
every 12 hours and plotted (figure 5.6). Tb427 wt + 5284* clones were all able to
multiply in 20 nM ISM or ethidium bromide though they have no previous contact
with either drug. Tb427 wt cells were however unable to multiply in either ISM

or ethidium bromide. This is direct evidence that the C851A mutation adapts the
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parasites for survival under drug pressure and so this mutation confers a

selective advantage to the trypanosomes for survival in ISM or ethidium bromide.
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Wt ATPase cl.1 in EtBr

Figure 5.6 In vitro mearsurement of rate of multiplication of Th427 wt + S284* ATPase clones in

ISM or EtBr. Assay was started with a 10° cells/ml seeding density for all cell lines, in the

presence of 20 nM ISM or EtBr. Cell density was measured by counting on a haemocytometer

once every 24 hours. All cell lines were sub-cultured to 10° cells/ml after the 4™ day count.
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5.3.1 In vitro measurement of resistance to
trypanocides

Next was the re-assessment of the sensitivity to the trypanocides after
incubation for a total of about 12 days in ISM or EtBr. The same protocol for

modified alamar blue outlined in section 5.2 was used.

Pentamidine

10

ECsq (nM)

Figure 5.7 Cross-resistance to pentamidine in Th427 wt + $284* ATPase clones before and after
incubation in 20 nM ISM or EtBr. ECsy values were determined by a modified alamar blue assay;
plates were seeded with 5 x 10° cells/ml density of all cell lines, incubated at 37°C and 5% CO,
for 72 hours before addition of alamar blue dye. Fluorescence values were measured 18 hours
after the addition of dye (details in section 2.2.3; ISMR clones were included for comparism).
+WT ATPase = Tb427 wt + wt ATPase y; +5284* cl1l = Tb427 wt + S284* ATPase clone 1 cells after
incubation in 20 nM ISM; +5284* cl1E = Tb427 wt + S284* ATPase clone 1 cells after incubation in
20 nM EtBr; etc. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student’s t-test (n > 3). Tb427 wt +
S284* ATPase clones were compared with Tb427 wt + wt ATPase y while the ISMR clones were

compared with the untransformed Th427 wt.
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Figure 5.7 shows that resistance to pentamidine was significant in all
three Tb427 wt + S284* ATPase y clones before incubation in ISM or EtBr (figure
5.7, consistent with figure 5.2). This resistance was generally reduced after
about 12 days incubation in ISM or pentamidine (Tb427 wt + S284* ATPase y
clone 2E is actually significantly more sensitive to pentamidine than Tb427 wt +
wt ATPase!). The trend in figure 5.7 (also considering ISMR1 clone 3 and ISMR15
clone 1) when combined with data for resistance to ISM after ISM or EtBr
incubation strongly suggests a reciprocal relationship between pentamidine and

ISM resistance.
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Figure 5.8 Resistance to ISM and cross-resistance diminazene in Tb427 wt + S284* ATPase clones
before and after incubation in 20 nM ISM or EtBr (experiment was performed as described in the
legend to figure 5.7, ISMR clones were included for comparism). +WT ATPase = Tb427 wt + wt
ATPase y; +S284* cl1l = Tb427 wt + S284* ATPase clone 1 cells after incubation in 20 nM ISM;
+5284* cl1E = Tb427 wt + S284* ATPase clone 1 cells after incubation in 20 nM EtBr; etc.
***P<0.05, **P < 0.01, P < 0.001, unpaired Student’s t-test (n > 3). Tb427 wt + S284* ATPase

clones were compared with Tb427 wt + wt ATPase y while the ISMR clones were compared with

the untransformed Tb427 wt.
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Resistance to diminazene remained fairly constant across the clones after
the incubation in ISM or EtBr. The point of interest however is that the large
difference in level of resistance to either ISM or diminazene between the Tb427
wt + S284* ATPase y clones and the ISMR clones seems to suggest that there are
other factors contributing to ISM and diminazene resistance in the drug-adapted
clones ISMR1 and ISMR15 (difference in the rate of uptake and accumulation is in
fact another important factor, which we have discussed in chapter 3). The
reverse however seems to be the case for EtBr and oligomycin (figure 5.8). The
similarity in the level of resistance to these two compounds in both the Th427 wt
+ S284* ATPase y clones and the ISMR (drug-adapted) clones seems to suggest
that the mechanism of resistance to oligomycin and EtBr depends on mutating

the y-subunit of the F{Fp-ATPase alone.

Ethidium Oligomycin

*kk

10004
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Figure 5.9 Cross-resistance to EtBr and oligomycin in Th427 wt + S284* clones before and after
incubation in 20 nM ISM or EtBr (experiment was performed as described in the legend to figure
5.7, ISMR clones were included for comparism). +WT ATPase = Tb427 wt + wt ATPase y; +5284*
cl1l = Tb427 wt + S284* ATPase y clone 1 cells after incubation in 20 nM ISM; +S284* cl1E = Th427
wt + S284* ATPase y clone 1 cells after incubation in 20 nM EtBr; etc. **P < 0.01, ***P < 0.001,

one way ANOVA using Graphpad prism 5.0 (n > 3). Tb427 wt + S284* ATPase y clones were
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compared with Th427 wt + wt ATPase y while the ISMR clones were compared with the

untransformed Tb427 wt.

5.3.2 The mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was further reduced in the
Tb427 wt + S5284* ATPase y clones after they were incubated in ISM and EtBr

(figure 5.10).

ISM

Drug-free control
50

¥m (% of drug-free control at t = 0)

Figure 5.10 Mitochondrial membrane potential (MMP) of Tb427 wt + S284* ATPase clones, drug-
free and after 1h incubation in 0.5 pM ISM, to determine the effect of 72 hours incubation in
20nM ISM or EtBr on the MMP of mutant cells (experiment was performed as described in the
legend to figure 5.4). +WT ATPase = Tb427 wt + wt ATPase y; +5284* cl1l = Tb427 wt + S284*
ATPase y clone 1 cells after incubation in 20 nM ISM; +5284* cl1E = Tb427 wt + S284* ATPase y
clone 1 cells after incubation in 20 nM EtBr; etc. **P < 0.01, ***P < 0.001, one way ANOVA test

using Graphpad prism 5.0.

Generally, for the three clones of Th427 wt + S284* ATPase y incubated
for about 12 days in 20 nM ISM or EtBr, the trend in figure 5.10 suggests that

incubation in 20 nM ISM seems to reduce the MMP more than 20 nM EtBr.
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5.3.3 Fluorescent microscopy

Fluorescence microscopy of DAPI-stained cells showed that Tb427 wt +

S284* ATPase y clones | and E may have lost their kinetoplasts in the 12 days of

incubation in ISM or EtBr.

Figure 5.11 Fluorescent microscopy of DAPI-stained images of Th427 wt + S284* ATPase y clones

11 and 1E, showing apparent loss of kinetoplast.

Figure 5.12 Fluorescent microscopy of DAPI-stained images of Th427 wt + S284* ATPase y clones

3l and 3E, showing apparent loss of kinetoplast.
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5.3.4 Loss of Kinetoplast PCR.

Considering that Th427 wt + S284* ATPase y clone 1 was heterozygous for the
mutation 5284* before the incubation in ISM or EtBr (figure 5.1), we next
used PCR to further ascertain if some or all the markers for the mitochondrial

DNA was lost.
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Figure 5.13 PCR showing the loss of maxi circle markers in Tb427 wt + S284* ATPase y clones 1E
and I, and clones 3E and I. The nuclear-encoded gene Actin was included as a control. A6 =

ATPase subunit 6; ND4, ND5, ND7 = NADH dehydrogenase subunits 4, 5 & 7 respectively.

The PCR of kinetoplast DNA indicates that the markers checked for were
lost in Th427 wt + S284* ATPase y clones 3E and 31 while Th427 wt + S$284*
ATPase y clone 3, the unexposed mutant from which these clones were derived
showed the presence of all the markers. On the other hand, Tb427 wt + 5284*
clone 11 was found to have lost only some of the markers for mitochondrial
genome while Tb427 wt + S284* ATPase y clones 1E seems to have lost all the
markers. This would seem to suggest that the homozygous status of Tb427 wt +
S284* ATPase y clone 3 with respect to the compensating mutation aided the loss
of its kinetoplast on exposure to ISM or EtBr. Tb427 wt + 5284* ATPase y clone 1

however being heterozygous with one wild-type unreplaced ATPase gamma gene
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may have been slower to lose kinetoplast DNA. We conclude that the
introduction of the $284* mutation (and thus truncating the gene for the y-
subunit of the F{Fy-ATPase) rendered the mitochondrial genome non-essential
under the experimental conditions, explaining the ease by which it is lost on
exposure to EtBr (Lai et al, 2008;Chen & Clark-Walker, 1999). This is an
indication of the efficiency with which EtBr (ISM) produces dyskinetoplastic
trypanosomes once the mutation has been introduced in the y-subunit of the
FiFo-ATPase.The y-subunit of the Tb427 wt + 5284* ATPase y clones 1, 1E and 1l
clones were re-sequenced to verify whether the heterozygous status of these

Tb427 wt + S284* clones 1 was retained after the incubation in ISM or EtBr.

5.4 Sequencing of Th427 wt + S284* clones 1l
& 1E

ATPase gamma gene from Tb427 wt + S284* ATPase y clones 1, 1E and 1| was
amplified by PCR using Taq polymerase, employing the primers for ATPase y
forward and reverse (table 2.1). PCR products were purified using the Macherey-
Nagel Nucleospin gel and PCR clean-up kit, and sent for sequencing. The
sequence results are presented below.
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| |

Tb427.10.180 +flanks cggcgctaattgaaattetttetgetatgagttegqttygaaggeaatgetaty
Conflict

Consensus CGGCGCTAATTGAAATTCTTTCTGCTATGAGTTAGTTGGAAGGCAATGCTATG
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5284 clone 1_HDK-318 CGGCGCTAA TTGAAA TTCT TTCTGCTATGAGT TAGTTGGAAGGCAA TGCTATG
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Figure 5.14 Sequence of the y-subunit of the FFy,-ATPase from Tb427 wt + 5284* clone 1 showing

the trace data. The trace data at the point of mutation (conflict) shows that the alleles of this

gene in Tb427 wt + 5284* clone 1 are heterozygous for this mutation
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1,080 1,100 1,120
| | |

Tb427.10.180 +flanks aattgaaattctttcectgcectatgagttcattagaaggcaatgetatgaagggeg:
Conflict

Consensus AATTGAAATTCTTTCTGCTATGAGTTAGTTGGAAGGCAATGCTATGAAGGGCG
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Figure 5.15 Sequence of the y-subunit of the F;Fyo-ATPase from Tb427 wt + S284* clone 11 showing

the trace data. The trace data at the point of mutation (conflict) shows that the alleles of this
gene in Tb427 wt + S284* clone 1| remained heterozygous for this mutation after 72 hours

incubation in ISM.

Tb427 wt + S284* ATPase y clone 1 sequence (figure 5.14) shows a C to A
mutation that is distinctively heterozygous from the trace data which at that
point displays two clear peaks, a higher green peak (for Adenosine nucleotide)
under which there is a clear smaller blue peak (for cytosine nucleotide).

1,080 1,100 1,120
| | |

Tb427.10.180 + flanks taattgaaattectttetgetatgagtteattyggaaggecaatgetatygaagygyge:!
Conflict

Consensus TAATTGAAATTCTTITCTGCTATGAGTTAGTTGGAAGGCAATGCTATGAAGGGCY
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Figure 5.16 Sequence of the y-subunit of the FFy,-ATPase from Tb427 wt + S284* clone 1E

showing the trace data. The trace data at the point of mutation (conflict) shows that the alleles
of this gene in Th427 wt + S284* clone 1E remained heterozygous for this mutation after 72 hours

incubation in EtBr.
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The trace data for Th427 wt + S284* clones 1l and 1E (figures 5.15 and
5.16) retained the double peak for cytosine and adenosine nucleotides,
suggesting that the heterozygous status of both clones was not lost during the

incubation in ISM or EtBr.

5.5 Infectivity of ISMR and S284* clones in
mice
ISMR and $284* ATPase y clones were used to infect mice to verify if these
clones are still able to establish and sustain infection. Tb427 wt was used as the

positive control.
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Figure 5.17 Study of infectivity of ISMR and S284* ATPase y clones in mice; plot of logarithm of
average cell density for each group. Each group consists of 5 mice, each of which was inoculated
with 200,000 trypanosomes via the intraperitoneal route to start the experiment. Blood was
drawn from tail puncture daily, starting after 24 hours, to monitor parasitemia. Each bar
represents the average density of trypanosome per group per day and SEM. Experiment was

terminated after the 5" day count.
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Each group was composed of 5 mice. 100 % of the group inoculated with
Tb427 wt progressed to the terminal stage of the disease in 3 days while 60 % of
the group infected with Tb427 wt + 5284* ATPase y clone 3 reached the terminal
stage in the same length of time and 80 % progressed to the terminal stage on
the 4™ day. The average plotted for Th427 wt + $284* ATPase y clone 3 on the
5% day was for the two surviving mice. None of those inoculated with ISMR1
clone 3 or ISMR15 clone 1 reached the terminal stage of the disease within the
duration of the experiment, and parasitaemia was much lower than in wild type
controls, not exceeding 10* cells/ml compared to > 10° cells/ml in the wild type.

The surviving mice were euthanized on the fifth day to end the experiment.

5.6 Discussions

The reconstruction of resistance phenotypes by transformation of the
sensitive wild type cells has been emphasized as the most acceptable proof of
the mechanism of resistance (Borst & Ouellette, 1995). Hence, the mechanism
can only be considered as resolved if after the transformation, the wild type
strain attains the same level of resistance as the resistant strain (Borst &
Ouellette, 1995). We have reconstructed ISM resistance in wild type Tb427 cells
by transforming them with replacement plasmids bearing a mutated
Trypanosoma brucei brucei ATPase gamma gene. Both alleles of this gene were
replaced in Tb427 wt + S284* ATPase y clones 2 and 3 while only one was
replaced in Th427 wt + S284* ATPase y clone 1. However, this mutation proved
to be a dominant mutation since the same level of phenotypic difference
occurred in heterozygous (clone 1) and homozygous (clones 2 and 3) clones. Each
clone was significantly more resistant (p < 0.01, unpaired student’s t-test) than
the control transformed the wild type ATPase gamma gene in the same vector

(figure 5.2). The introduction of this mutation, though truncating the ATPase
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gamma gene, did not cause a spontaneous loss of the kinetoplast in the
transformed parasites (figure 5.5). However, the presence of this mutation
seems to hasten the ease of loss of the kinetoplast, since the kinetoplast was

found to have disappeared on only the 3™ day of incubation in 20 nM ISM or EtBr.
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Figure 5.18 Diagram showing the two domains of the FF, ATPase and the position of the y

subunit in the oligomer Taken from http://www.lycera.com/approach-bioenergetics.php.

Similarly, the mitochondrial membrane potential of the transformed
parasites, though significantly lower than the wild type potential (p < 0.001, one
way ANOVA) was only lost after incubation in ISM or EtBr. The large difference in
the resistance to ISM between the Tb427 wt + $284* ATPase y clones and the
ISMR clones should be accounted for by the contribution made by reduced

uptake to ISM resistance. The long adaptation to very high levels of ISM clearly


http://www.lycera.com/approach-bioenergetics.php
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produced multi-factorial resistance. Hence, Tb427 wt + S284* ATPase y clones
are at a lower level of resistance to ISM because only one mechanism of
resistance operates in these parasites, namely $284* mutation of the ATPase
gamma gene. In the case of resistance to EtBr and oligomycin acquired by
transformation with the defective ATPase subunit (figure 5.9, figure 5.18) the
ATPase gamma gene mutation is the sole mechanism of resistance to these drugs
since the introduction of this mutation to the wild type Th427 was enough to
bring them to the same level of resistance as the ISMR clones.

Maintenance of normal MMP seems to depend on the presence of a
functional kinetoplast. Since the mitochondrial F{Fy-ATP synthase was found to
be responsible for the maintenance of this potential (Nolan & Voorheis, 1992),
and subunit A6, which is encoded by a maxicircle gene, is part of the Fy
component of this enzyme (Schnaufer et al, 2002). Hence the loss of kinetoplast
DNA would be expected to deprive the cell of its usual mechanism of using an
F1Fo-ATPase working in reverse to maintain its MMP (Schnaufer et al, 2005). This
is consistent with our finding that the MMP of the 5284* ATPase y clones did not
decrease to the level found in the ISMR clones until after the loss of their
kinetoplasts (after incubation in ISM/ethidium bromide). Our finding that the
loss of the kDNA is enhanced only in the presence of a compensating mutation
(figures 5.6, 5.10 and 5.11) is consistent with earlier findings that suggest that
the kinetoplast is essential to the bloodstream form T. brucei (Timms et al,
2002). Also, because of the essential requirement of the mitochondria for
procyclic life, it is believed that Dk and Ak parasites may have lost the ability to
survive as procyclics in the tsetse fly due to their inability to carry out oxidative
phosphorylation (Schnaufer et al, 2002), and so these organisms may have

gained the resistant phenotype at a great cost.
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5.7 Conclusion

We can conclude at this point that $284* mutation of Tb427 wt ATPase y
gene is a reproducible resistance marker in T. b. brucei. This mutation is
dominant and is the only mechanism of resistance to EtBr and oligomycin. In ISM
resistance however, this mutation is aided by a reduction in the uptake of the
drug. Our findings also lead to the conclusion that loss of kinetoplast DNA
correlates with, and coincides with, the loss of the MMP observed in our clones.
Finally, resistance to ISM due to loss of MMP and ATPase y-subunit mutations
produces various levels of cross resistance to EtBr, diminazene, oligomycin and
pentamidine. Resistance to pentamidine however seems to disappear as the

level of resistance to ISM increases.



6. Aquaporin-2 expression enhances
pentamidine but not ISM uptake: An
investigation into the genetic identity of the
High Affinity Pentamidine Transporter

(HAPTL).
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6.1. Introduction

The biggest problem facing chemotherapy as a means of control of African
trypanosomiasis is the problem of resistance (Teka et al, 2011). Since an
understanding of the mechanism of resistance is necessary for either the
reversal or prevention of this problem, knowledge of the mechanisms of
resistance is therefore as important as the development of new drugs (Bridges et
al, 2007). Resistance to pentamidine can be attributed to changes in the
intracellular drug target, reduced uptake of the drug or active extrusion from
the cell by an ABC-type efflux pump (Bridges et al, 2007), though reduction in
drug uptake seems to be the most important mechanism of arsenical and
diamidine resistance in African trypanosomes. Indeed, the High Affinity
Pentamidine Transporter, HAPT1 has been identified as the major determinant
for high-level arsenical-diamidine cross-resistance in African trypanosomes
(Bridges et al, 2007).

It has already been established that pentamidine is salvaged by three
distinct transport activities in bloodstream trypanosomes, the P2 aminopurine
transporter responsible for the adenosine sensitive uptake; the high-affinity
pentamidine transporter (HAPT1) and the low-affinity pentamidine transporter
(LAPT1) that both mediate adenosine-insensitive uptake (de Koning,
2001b;Matovu et al, 2003). It was also demonstrated that the TbAT1, an ENT
gene expresses the P2 transporter (Maser et al, 1999), but the gene responsible
for either the HAPT1 or the LAPT1 is unknown. Since pentamidine is transported
efficiently by bloodstream forms in the absence of P2, and the deletion of TbAT1
alone confers only a minimal level of resistance to pentamidine, it is therefore
important to identify and characterize the non-P2-mediated uptake systems

(Teka et al, 2011). This is even more important since it had been demonstrated
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that ThAT1’” trypanosomes were still sensitive to diamidines at concentrations
close to 1 uM in vitro (Matovu et al, 2003). Both the HAPT1 and the LAPT1 have
been fully characterized biochemically in both the procyclic and the
bloodstream forms of the trypanosomes (de Koning, 2001b). We attempt in this
chapter to identify the gene responsible for the HAPT1 activity in bloodstream
form T. brucei brucei. Very recently a further determinant for drug
sensitivity/resistance in T. brucei was identified; using a fully validated RNAi
library, a genome-wide screen for pentamidine resistance turned up fragments
of the Aquaporin 2 (AQP2) gene(Alsford et al, 2012). We subsequently found that
the wild type copy of this gene had been lost in our pentamidine-resistant line
B48, which instead contained a novel chimeric gene consisting of parts of AQP2
and the adjacent gene AQP3, possibly arising from a cross-over event. B48 is a
standardised cell line which has been shown to have lost both the HAPT1 and the
P2 transporter, and so possesses only the LAPT1 activity. This strain did still
contain wild-type copies of AQP1 and AQP3. In addition, we mentioned in
chapter 3 that TbAT-E is the most closely related gene to TbAT1 and a likely
candidate for the role of HAPT1 (de Koning et al, 2005). We therefore
considered it necessary to assess the ability of both genes to take up
pentamidine (when expressed in an appropriate T. b. brucei background or in a
heterologous expression) and hence determine if either of them would display
similar (or the same) kinetic parameters already published for HAPT1 (de Koning,
2001b). Therefore, the contributions of TbAT-E and TbAQP2 to pentamidine

uptake and sensitivity were investigated and are reported here.
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6.2. Uptake of [’H]-pentamidine by Th427
TbAT-E dKO cells.

The deletion of both alleles of TbAT-E from Tb427 wt was done by Dr.
Jane Munday. The effect of this deletion on [°H]-pentamidine uptake was
assessed and the result showed that the deletion of TbAT-E did not affect [*H]-
pentamidine uptake (figure 6.1). HAPT1 (inhibited by propamidine) and LAPT1
activities (propamidine insensitive; approx. 20% of uptake) were both still
present after TbAT-E deletion as shown in figure 6.1. This suggests that ThbAT-E

may not be responsible for the HAPT1 activity, or indeed for the LAPT1 activity.
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Figure 6.1 Uptake of 30 nM [*H]-pentamidine by ThAT-E-dKO in Tb427 and Tb427 wt control. Rate
of uptake was determined by incubating ~ 10’ cells per experiment in the presence of 30 nM
[*H]-labelled Pentamidine at room temperature (section 2.2.5). Experiment shown is
representative of three identical but independent assays, each performed in triplicate and

showing virtually identical outcomes.
6.3. Effect of TOAT-E1 and ThAQP2 expression
on drug sensitivity in T. b. brucei.

TbAT-E1 and TbAQP2 were cloned into pHD1336 and separately expressed
in B48 cell line by Dr Jane Munday. Their sensitivity to some important

trypanocides was tested, and the results presented in figure 6.2 and 6.3. B48
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cells showed a much higher susceptibility to ISM, compared to the wild type
Tb427 (Figure 6.2). This is surprising, since the B48 cells have been
characterised and found to have lost both the P2 and the HAPT1 transporters
(Bridges et al, 2007) and indeed ISM uptake was significantly lower in this cell
line than in the control wild-type strain (Figures 6.9 and 6.10; P < 0.01). This
susceptibility is somewhat reduced by the expression of aquaporin 2 gene in the
B48 cells (though this did not amount to statistical significance, figure 6.2); this
again is an observation that is quite difficult to explain but certainly shows that

ISM resistance is not solely the result of different uptake rates.
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Figure 6.2 Overview of drug sensitivity in a few selected cell lines compared to T. b. 427 wt.
Sensitivity was determined by alamar blue assay, using 10> cells/ml of each cell line, and
incubating the assay at 37°C and 5% CO, for 48 hour before addition of alamar blue dye.
Fluorescence was measured 24 hours after addition of dye. ***P < 0.001; **P < 0.01; *P < 0.05

(One way ANOVA using Graph pad prism 5.0).
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Expression of TbAQP2 in B48 cells completely reversed the resistance of
the B48 cells to pentamidine (figure 6.2) and cymelarsan (figure 6.3), returning
the cells to wild type sensitivity to each drug. TbAT-E1 expression in B48 on the
other hand had no effect on pentamidine sensitivity (figure 6.2). It also could
not reverse B48 resistance to cymelarsan (this assay was done only once, and is

not shown on the graph).
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Figure 6.3 Effect of AQP2 expression on the sensitivity of B48 to cymelarsan. Sensitivity was
determined by alamar blue assay, using 10° cells/ml of each cell line, and incubating the assay
at 37°C and 5% CO, for 48 hour before addition of alamar blue dye. Fluorescence was measured
24 hours after addition of dye. ** P < 0.01; * P < 0.05 (One way ANOVA using Graph pad prism

5.0).
6.4. [°H]-Pentamidine uptake by ThAQP2
expression in B48.
TbAQP2 was sub-cloned into pHD1336 and expressed in B48 cells by Dr.
Jane Munday. Uptake of 50 nM and 1 pM [*H]-pentamidine was subsequently

assessed in the resultant clones with B48 as control. As stated earlier, B48 cells

have lost both the P2 transport activity (which was deleted, since B48 was
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derived from ThAT1’”) and the HAPT1 but still has the low affinity pentamidine
transport (LAPT1) activity. Hence our prediction was that the rate of LAPT1-
mediated [*H]-pentamidine uptake would be similar in B48, ThAT1’” and B48 +

AQP?2 (figure 6.4).

15 -o- BA48, 1 uM Penta
- B48, 1 mM Penta
—h—

B48+AQP2, 1 uM Penta
-¥ B48+AQP2, 1 mM Penta

=¥ tbatl-/-, 1 uM Penta

-9~ thatl-/-, 1 mM Penta

Slope

B48, 1 uM Penta 0.004824 £ 0.0005639

B48, 1 mM 0.001379 £ 0.0005524

B48+AQP2, 1 pM Penta | 0.01680 z 0.002389

T T T T T ' | B48+AQP2, 1 mM Penta | 0.001245 + 7.000e-005
0 100 200 300 400 500 600 tbati/-, 1 uM Penta 0.003910 + 0.0001796

Time (s) tbat1--, 1 mM Penta 0.0009925 + 0.0004941

(pmol/107 cells)

Pentamidine uptake

Figure 6.4 Low affinity [*H]-pentamidine timecourse uptake by ThAQP2 expression in B48. Rate
of uptake was determined by incubating ~ 107 cells per experiment in the presence of 1 uM [*H]-
labelled Pentamidine at room temperature (section 2.2.5). Saturability was verified in the
presence of 1mM unlabelled permeant. Experiment shown is representative of three identical

but independent assays, each performed in triplicate and showing virtually identical outcomes.
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Figure 6.5 Summary of LAPT-mediated [*H]-Pentamidine uptake. Each bar is the average of 3
independent [*H]-Pentamidine uptake assays represented by figure 6.4, error bar is SEM. Data

was analyzed with 1-way ANOVA/Tukey’s test using GraphPad Prism 5.0. **P<0.02.
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However, the summary of pentamidine transport in these cell lines (figure
6.5) shows that the rate of 1 pM [*H]-pentamidine uptake is significantly up-
regulated in B48 + AQP2 (P < 0.02, 1 way ANOVA using the PRISM software) when
compared to the B48. However, this increase in LAPT1 activity is not significant
when compared to the ThAT1"'” control (figure 6.5). While uptake of 1 pM
labelled pentamidine is routinely used as a marker for low affinity pentamidine
uptake, it does obviously contain within it the high affinity uptake component as
well, though it saturates this activity. Thus, the results presented here do not
necessarily indicate increased LAPT1 activity, but could also indicate a very

substantial increase in HAPT1 activity.
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Figure 6.6 High affinity [*H]-pentamidine timecourse uptake by ThAQP2 expression in B48. Rate
of uptake was determined by incubating ~ 10’ cells per experiment in the presence of 50 nM
[*H]-labelled Pentamidine at room temperature (section 2.2.5). Saturability was verified in the
presence of 1mM unlabelled permeant. Experiment shown is representative of three identical

but independent assays, each performed in triplicate and showing virtually identical outcomes.
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Figure 6.7 Summary of HAPT-mediated [*H]-Pentamidine uptake. Each bar is the average of 3
independent [*H]-Pentamidine uptake assays represented by figure 6.6, error bar is SEM. Data

was analyzed with 1-way ANOVA/Tukey’s test using GraphPad Prism 5.0. **, P<0.02; ***, P<0.01

Indeed, the re-expression of TbAQP2Z in B48 seems to return the lost
HAPT1 activity to this line (figures 6.6 & 6.7). A summary of the rate of high
affinity pentamidine uptake shows that the rate in B48 + AQP2 is significantly
higher than in B48 (P < 0.02, 1 way ANOVA using the PRISM software). This result
is in agreement with the finding that TbAQPZ2 expression in B48 increases the
sensitivity to pentamidine of the B48 line to the level of the wild type
trypanosomes (figure 6.8). B48 was significantly more resistant than the wild
type control (p<0.01) while B48 + AQP2 was not significantly different from the
control.A similar trend was observed when comparing the sensitivities of AQP2
KO (AQP2 deletion from 2T1) and AQP2+3 dKO (AQP2 and AQP3 deletion from
2T1) (Baker et al, 2012). Both AQP2 KO and AQP2+3 dKO were significantly more
resistant to pentamidine than the parental 2T1 (p < 0.0001, unpaired Student’s
t-test; figure 6.8). However, AQP2+3 dKO was not significantly more sensitive to
pentamidine that AQP2 KO, indicating that the contribution of AQP3 to

pentamidine sensitivity is minimal. Deletion of AQP3 alone was not done.
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Figure 6.8 Effect of TbAQP2 expression on pentamidine sensitivity. Sensitivity was determined by
alamar blue assay, using 10° cells/ml of each cell line, and incubating the assay at 37°C and 5%
CO, for 48 hour before addition of alamar blue dye. Fluorescence was measured 24 hours after
addition of dye. Data was analyzed with unpaired Student’s t-test using GraphPad Prism 5.0.

***P<0.0001.

6.5. The contribution of the TOAQP2 to ISM
uptake in T. b. brucei

TbAT1 KO cells (ThAT1’”) were derived from s427wt by a deletion of the
TbAT1 gene (Matovu et al, 2003). B48 cells were in turn derived from the TbAT1
KO cells by adapting them to higher levels of pentamidine resistance leading to
the loss of the high affinity pentamidine transporter (HAPT1) activity in the B48
cells (Bridges et al, 2007). Hence B48 cells lack both the P2 and HAPT1 transport
activities. We therefore expressed the AQP2 gene in B48 and studied ISM uptake
in this cell line, compared with ISM uptake in the B48 line. Hence any difference
in ISM uptake between them can be attributed to the activity of the protein

expressed by the ThAQP2 gene.
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Figure 6.9 Timecourse uptake of ISM by some selected cell lines; [ISM] = 10 pyM. Assay was
performed in triplicate with ~10® cells/ml of each cell line in complete HMI-9 medium (+ 10%
fetal bovine serum) at room temperature; [ISM] = 10 pM. ISM uptake was measured as described
in section 2.2.5. The slope of each line represents the rate of uptake (uM/min). Experiment
shown is representative of four identical but independent assays, each performed in triplicate

and showing virtually identical outcomes.
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Figure 6.10 Summary of repeats for ISM uptake by some selected cell lines. Each bar is the
average of 4 independent ISM uptake assays represented by figure 6.9; error bar is SEM. *P <

0.05, **P < 0.01, one way ANOVA with Turkey’s correction, using the Graphpad prism 5.0.
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However, the expression of Aquaporin 2 in B48 cells did not increase the
rate of ISM uptake (there was no significant difference between uptake rate in

B48 and B48 + Aquaporin 2; figure 6.10).

6.6. Effect of TOAQP2 expression on
sensitivity to adenosine analogues

Sensitivity to adenosine analogues was determined to test the hypothesis
that HAPT1 is an adenosine-insensitive route of uptake. This is to say that
candidate genes for the HAPT1 should be those that their expression does not
increase the uptake of adenosine and those compounds similar to it. Hence,
AQP2 expression in B48 or its deletion from 2T1 should not affect the sensitivity

to this class of drugs.
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Figure 6.11 Sensitivity of various T. b. brucei lines to adenosine analogues. A: Tubercidin, B:
Cordycepin, C: 5’-deoxyadenosine; Pentamidine (D) was used as a control. Sensitivity was
determined by alamar blue assay, using 10° cells/ml of each cell line, and incubating the assay
at 37°C and 5% CO, for 48 hour before addition of alamar blue dye. Fluorescence was measured
24 hours after addition of dye. All data shown are the average and SEM of at least three

independent determinations. ***P<0.001, 1-way ANOVA/Tukey’s test using GraphPad Prism 5.0.

Figure 6.11 shows that agp2 null cells have exactly the same sensitivity to
tubercidin, cordycepin and 5’-deoxyadenosine as the 2T1 cells. This is the exact
prediction for these drugs, since AQP2 is not their route of entry into the
parasite, hence, AQP2 deletion should not affect their toxicity to the organism.
The much higher resistance (which is uniform to that for B48 + EV) displayed by

B48 + AQP2 is explained by the fact that AQP2 was derived from ThAT1"’”, and
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hence has lost its P2 activity. Re-expression of TbAT1 in B48 (B48 + TbAT1)
reverses this resistance completely and uniformly for all three drugs (figure

6.11).

6.7. [°H]-pentamidine uptake by 2T1 TbAQP2
KO

The AQP2 gene was deleted from the 2T1 cell line to generate the agp2
null clones. Deletion was done by Dr Jane Munday while the [*H]-Pentamidine

uptake was characterised by me.
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Figure 6.12 Uptake of 30 nM [3H]-pentamidine by aqp2 null and wild-type control cells. Rate of
uptake was determined by incubating -~ 107 cells per experiment in the presence of 30 nM [*H]-
labelled Pentamidine and different concentrations of unlabelled permeants at room temperature
(section 2.2.5). Experiment shown is representative of four identical but independent assays,

each performed in triplicate and showing virtually identical outcomes.

Figure 6.12 shows that agp2 null cells have lost their HAPT1 activity. This
result is in agreement with our earlier results and strongly supports the theory
that TbAQP2 encodes the high affinity pentamidine transporter, HAPT1.
Furthermore, AQP2 KO was significantly more resistant to pentamidine than the
wild-type (P < 0.0001, unpaired t-test using GraphPad Prism 5.0; figure 6.8). This

is also consistent with TbAQP2 being the gene for HAPT1.
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6.8. Expression of synthetic aquaporin
constructs in bloodstream forms of the
aqp2/aqp3 double null line.

The sequence of the AQP2Z2 gene that was replaced with matching AQP3
sequence in the crossover event that generated AQP2/3 chimera contains most
of the selectivity filter that is believed to be responsible for the distinct
permeation profiles of aquaporins (Baker et al, 2012). As the chimeric aquaporin
found in B48 did not appear to have the TbAQP2 functionality with respect to
pentamidine and melarsoprol sensitivity, we investigated whether the cross
resistance between pentamidine and melarsoprol is determined principally by
the few amino acids of the selectivity filter (structural element responsible for
determining what passes through the channel). Synthetic genes of AQP2/3
chimera and of TbAQP3 were used, each with a TbAQPZ selectivity filter
(chAQP2/3* and AQP3°?, respectively). These were cloned into the pRPa™f™
(Alsford & Horn, 2008) vector to allow expression analysis using the GFP-tag and
expressed in the 2T1 agp2/aqp3 null cell line. Expression was induced by the
addition of 1 pg/mL of tetracycline (TET) 24 h before setting up the plates for
the assay, and each transformed cell line was tested in the presence and
absence of TET.

Analysis of the drug sensitivity phenotype for the resultant lines showed
that the transplantation of the amino acid residues likely to determine AQP2
selectivity to AQP3 did not result in an AQP2-type phenotype with respect to
drug sensitivity: ECso values for cymelarsan, diminazene and PAO were all
identical to the agp2/agp3 null background in which the construct was
expressed, but sensitivity to pentamidine was significantly increased from the
aqgp2/aqp3 null background, though it was also significantly different from a line

expressing WT AQP2 in the same background (Figure 6.13). However, the TET-
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induced cell line containing the chAQP2/3%? construct was significantly more
sensitive to both pentamidine and cymelarsan than the non-induced control or
the agp2/agp3 null background, reaching wild-type sensitivity to cymelarsan.
Similarly, the induction significantly increased its sensitivity to pentamidine
compared to the agp2/agp3 null background, but the level of sensitivity attained
was still less than achieved with the TbAQP2 expression in the same background
(Figure 6.13). This appears to indicate that the selectivity filter change alone
was sufficient to produce the melaminophenyl arsenical (MPA) (Cymelarsan or
Melarsoprol)-sensitizing phenotype in chAQP2/3 but not in AQP3. Clearly, the
selectivity filter helps to determine the highly unusual permeation phenotype of
AQP2, but is not the sole structural determinant. Considering the relative size of
pentamidine and MPAs compared to classical substrates of aquaglyceroporins

(Baker et al, 2013), the pore size of the channel must be larger in TbAQPZ2 than

in ThAQP3.
pentamidine Cymelarsan 1 aqu/aqp3 null
o] e 2. agp2/agp3 null with AQP3*™

g 2 - 3. agp2/aqgp3 null with chAQP2/3*"*
€ = 4. agp2/agp3 null with WT AQP2
2 i 5. 2T1 WT

6 l l l Fhk *f**

3

0

1 2 3 4 5

PAO Diminazene

3.0 120
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Figure 6.13 Expression of synthetic aquaporin constructs in bloodstream forms of the aqp2/aqp3
double null line. Sensitivity was determined by alamar blue assay, using 10° cells/ml of each cell
line, and incubating the assay at 37°C and 5% CO, for 48 hour before addition of alamar blue dye.
Fluorescence was measured 24 hours after addition of dye. All data are the average of at least 3

independent determinations; error bars are SEM. There were significant differences between
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groups 4 and 5. Statistical significance was determined using a one-way ANOVA with Tukey’s

correction (Prism 5.0); **, P<0.02; ***, P<0.01

6.9. [°H]-pentamidine uptake by ThAQP2
expression in Leishmania mexicana.

TbAQP2 was sub-cloned into the pNUS-HcN expression vector by Becca
Lee, an M.Res. student. The expression in L. mexicana and the subsequent
characterization of the new phenotype were done by me. The expression of
TbAQP2 in L. mexicana resulted in a significant increase in the uptake of
pentamidine (p < 0.001, one-way ANOVA; figure 6.16). Uptake was very rapid
and linear, with a rate of 0.032 + 0.002 pmol(107 cells)'s™" in the first 15 seconds
and (r* = 0.98, figure 6.15) equilibrating thereafter (figure 6.14). High affinity
pentamidine transport was not detectable in L. mexicana promastigotes
expressing either TbAQP3 or empty pNUS vector (control) as shown by almost
horizontal lines depicting uptake in these clones (figure 6.14). Hence, high
affinity uptake of [*H]-pentamidine was not characterized further in these

clones.
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Figure 6.14 Timecourse uptake of 50 nM [3H]-pentamidine (HAPT1 uptake kinetics is studied
below 1 uM pentamidine concentration), over 30 s, using L. mexicana promastigotes transformed

with TbAQP2, ThAQP3 and empty pNUS vector. Rate of uptake was determined by incubating ~
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10’ cells per experiment in the presence of 50 nM [*H]-labelled Pentamidine at room
temperature (section 2.2.5). Saturability was verified in the presence of 1mM unlabelled

permeant.
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Figure 6.15 Timecourse uptake of 50 nM [3H]-pentamidine (HAPT1 uptake kinetics is studied
below 1 pM permeant concentration), over 15 s, using L. mexicana promastigotes transformed
with TbAQP2 in the presence (o) and absence (m) of 1 mM unlabelled pentamidine. Rate of
uptake was determined by incubating -~ 107 cells per experiment in the presence of 50 nM [*H]-
labelled permeant at room temperature (section 2.2.5). Saturability was verified in the presence
of 1mM unlabelled permeant. Uptake at 50 nM pentamidine was linear (r* = 0.98) and rapid, as
shown by the rate of uptake, 0.032 + 0.002 pmol(10’ cells)-1s-1, compared with 0.00026 =+

1.8x10-6 pmol(10” cells)'s™" in the presence of 1 mM pentamidine.



Anthonius Anayochukwu Eze, 2013 Chapter 6. 161

0.8
0.6+
0.4+
0.2

Pentamidine Uptake
(pmol/107 cells/5 min)

Figure 6.16 Specific uptake of 100 nM [*H]-pentamidine (HAPT1 uptake kinetics is studied below
1 UM pentamidine concentration) over 5 minutes in L. mexicana promastigotes transformed with
empty pNUS vector (control); promastigotes transformed with TbAQP2; and with TbAQP3. In
each case mediated uptake at 100 nM radiolabel was compared with total association of [*H]-
pentamidine with the cell pellet in the presence of saturating (1 mM) unlabelled pentamidine.
The data shown are the average of three independent assays done in triplicate, and SEM. ***,

P<0.001 by 1-way ANOVA, compared to all other data sets.
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Figure 6.17 Characterization of 20 nM [*H]-pentamidine uptake in L. mexicana promastigotes
expressing TbAQP2, in the presence of various concentrations of unlabelled inhibitor:

pentamidine (o), propamidine (A) and diminazene (¢).Rate of uptake was determined by
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incubating ~ 107 cells per experiment in the presence of 20 nM [*H]-labelled Pentamidine and
different concentrations of unlabelled permeants (inhibitors) at room temperature (section
2.2.5). Experiment shown is representative of four identical but independent assays, each

performed in triplicate and showing virtually identical outcomes.

Full characterization of the high affinity uptake was done on the uptake
of 20 nM [*H]-pentamidine in L. mexicana promastigotes expressing ThAQP2. K,
and Vmax values of 0.055 + 0.004 pM and 0.123 + 0.025 pmol/10e’ cells/s
respectively (figure 6.18) were found. Inhibition by unlabelled pentamidine,
propamidine and diminazene was dose-dependent (Figure 6.17) and followed
Michaelis-Menten kinetics. K; values were also found to be equal to 8.1 + 0.8 pM
and 100.47 + 20.87 pM for the inhibition of [*H]-pentamidine uptake by

propamidine and diminazene respectively.
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Figure 6.18 Michaelis-Menten saturation plot of 20 nM [*H]-pentamidine uptake; conversion of

pentamidine inhibition plot in figure 6.17.
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6.9.1. Effect of expression of T. brucei aquaporins on
drug sensitivity of Leishmania mexicana.

The effect of the expression of TbAQP2 and TbAQP3 on the sensitivity of
L. mexicana promastigotes to pentamidine, cymelarsan and other trypanocides
was assessed by the alamar blue assay, with empty pNUS vector expression in L.
mexicana as control (figure 6.19). Both clones of L. mexicana + AQP2 showed a
40-fold increase in pentamidine sensitivity and more than 1000-fold increase in
cymelarsan sensitivity in comparison to the empty vector control. There was also
a 10-fold sensitization to diminazene (Fig. 6.19), but not to amphotericin B
(figure 6.19), isometamidium, and ethidium (figure 6.20). Insensitivity of L.
mexicana + AQP2 to ISM correlates with our earlier observation that AQP2
expression in B48 had no effect on the uptake of ISM in these cells (figure 6.9).

Expression of TbAQP3 in two independent clones led to minor (1.5 - 3-
fold) sensitization to pentamidine which amounted to statistical significance
(P<0.001, figure 6.19). This effect was far weaker than with ThAQP2Z2 and
appears to indicate a small increase in the general permeability of the plasma
membrane in the TbAQP3-expressing promastigotes, sufficient to lead to a small
increase in pentamidine uptake over the 5 days of the Alamar blue assay used to
determine ICso values in these cells. This is in agreement with the observation
that uptake of 100 nM [*H]-pentamidine in ThAQP3-transformed promastigotes
was not different from control when measured over 5 minutes, whereas
pentamidine uptake in TbAQP2 expressing cells was increased almost 15-fold
(figure 6.16). However, since TbAQP3 was able to cause this small but significant
sensitivity to pentamidine alone and at a relatively high concentration of this
drug, we began to wonder if TbAQP3 may turn out to be the gene encoding the

LAPT1. This question will be addressed at the end of this chapter (Section 6. 12).
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Figure 6.19 Effect of expression of T. brucei aquaporins on drug sensitivity of Leishmania
mexicana. TbAQP2 and TbAQP3 were expressed in promastigotes using the pNUS vector. Two
independent clones of each resulting cell line, and the promastigotes transfected with the
‘empty’ pNUS vector, were tested for sensitivity to (A) pentamidine, (B) cymelarsan, (C)
diminazene, and (D) amphotericin B, using the Alamar blue fluorimetric assay. Bars are averages
of 3 - 8 independent determinations; error bars are SEM. *P<0.05; **P<0.01; ***P<0.001 by one-

way ANOVA with Tukey’s correction (Prism 5.0).
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Figure 6.20 Effect of expression of T. brucei aquaporins on sensitivity to ISM and Ethidium
bromide in Leishmania mexicana. Sensitivity was determined by alamar blue assay, using 10°
cells/ml of each cell line, and incubating the assay at 27°C for 72 hour before addition of alamar
blue dye. Fluorescence was measured 48 hours after addition of dye. Bars are averages of 5 - 8

independent determinations; error bars are SEM.

Finally, to buttress the point that only the expression of TbAQP2 is able to
cause sensitivity to pentamidine at concentrations around 100 nM, we set up
cultures of L. mexicana promastogotes expressing AQP2, AQP3, TbAT-E1 or
empty pNUS expression vector. Each cell line was cultured in fresh HOMEM
media, starting at a uniform density of 10* cells/ml, in the presence and absence
of 100 nM pentamidine. Only the L. mexicana cells expressing the AQP2 gene
showed an observable difference between cells growing in pentamidine and
those growing in free media (figure 6.21). In fact, the cell density of L. mex. +
AQP2 cells growing in pentamidine was below 10* cells/ ml from the 2" day to

the 6™ day of cell count.
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Figure 6.21 Demonstration of the effect of AQP genes on the sensitivity of L. mexicana to
pentamidine. Rate of growth or increase in cell density was determined as a measure of
sensitivity to Pentamidine. Assay was started with 10* cells/ml seeding density for all cell lines,
in the presence (or absence) of 100 nM pentamidine. Cell density was measured by counting on a

haemocytometer once every 24 hours.

6.10. Combination of Pentamidine and SHAM
for synergistic studies.

Trypanosome alternative oxidase (TAO) is the sole terminal oxidase of the
mitochondrial electron transport chain in the bloodstream forms of T. brucei; its
function is to re-oxidize the reducing equivalents produced during glycolysis,
transferring electrons from ubiquinol (the glycerol-3-
phosphate/dihydroxyacetone phosphate shuttle) to oxygen, thus forming water
(Chaudhuri et al, 2006). Hence, TAO activity is essential to the generation of
ATP in bloodstream forms of Trypanosoma brucei. TAO inhibition by
salicylhydroxamic acid (SHAM) creates an anaerobic-similar condition in which
ATP production is halved with concomitant generation of equal amounts of

pyruvate and glycerol (Chaudhuri et al, 2006).
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We found our laboratory-generated B48 cell line to be significantly more
sensitive to SHAM (P<0.02, Student’s t-test) than the wild type T. b.427.
Furthermore, when SHAM ICsy values (from figure 6.22) are plotted on the same
axis with pentamidine 1C5p values (from figure 6.8), it was found that increase in
resistance to pentamidine correlates with increase in sensitivity to SHAM (figure
6.23). We therefore studied the effect of combination of pentamidine and SHAM
on our laboratory strains of Trypanosoma brucei. A case of synergy will present
if a slight increase in pentamidine concentration reduces the SHAM I1Cs
significantly, while SHAM 1Cso would be expected to remain relatively unchanging
with slight increase in pentamidine concentration. Antagonism between the two
compounds was not an expected possibility. A clear case of synergy between
pentamidine and SHAM was found only in B48 + AQP2 (table 6.1). This finding is
in complete agreement with the role of TbAQP2 as the gene encoding the
HAPT1, as the expression of this gene in B48 ensures that sub-nanomolar
concentrations of pentamidine are taken up into the organism, where it acts on

a different target from that acted on by SHAM, to produce synergy.

SHAM

ICs0 (uM)

Figure 6.22 Sensitivity of selected cell lines to SHAM Sensitivity was determined by alamar blue
assay, using 10° cells/ml of each cell line, and incubating the assay at 37°C and 5% CO, for 48

hour before addition of alamar blue dye. Fluorescence was measured 24 hours after addition of
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dye. Bars are averages of at least 3 independent determinations; error bars are SEM. *P < 0.02,

unpaired Student’s t-test
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Figure 6.23 Correlation between SHAM and pentamidine ICsq values. ICsy values for SHAM from

figure 6.22 were plotted against Pentamidine IC5, values from figure 6.8 for all the cell lines

represented. The higher the resistance level to pentamidine, the more susceptible the strain

becomes to inhibition of alternative oxidase by SHAM.

WT

Penta SHAM IC50 (uM)

[nM] 1 2 3 4 AVG SE
0.3 58.1 107 57.25 57.84 70.0 10.7
0.9 48.44 79.6 55.4 61.43 61.2 5.8
3 39.48 71.1 58.25 61.7 57.6 5.7
9 16.48 40.8 71.64 73.01 50.5 11.7
B48
Penta SHAM 1C50 (uM)
[nM] 1 2 3 AVG SE
270 6.57 20.3 8.496 11.8 3.5
90 14.7 24.7 10.86 16.8 3.4
30 17.5 25.2 12.81 18.5 29
9 14.2 22.8 11.1 16.0 2.9
P1000
Penta SHAM IC50 (uM)
[nM] 1 2 3 AVG SE
900 46.69 46.7 0.0
270 21.6 17.3 23.28 20.7 15
90 235 19.5 22.11 21.7 1.0
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30 23.04 177 2153 20.8 13
9 16.5 15.8  23.95 18.8 2.1
TbAT1

KO

Penta SHAM IC50 (uM)

[nM] 1 2 3 4 AVG SE
0.3 44.9 415 4732 2549 31.85 382 3.7
0.9 38.9 359 5239  24.23 29.94 363 43
3 33.9 23.04 3929  20.13 2352 280 33
9 8.4 073  32.72 14.0 7.9
BA4S + AQP2

Penta SHAM 1C50 (uM)

[nM] 1 2 3 4 AVG SE
0.3 18.5 26.46 2385  20.66 22.4 1.5
0.9 11.9 246 2363 2112 20.3 2.5
3 5.8 10.55 14.46  5.984 9.2 1.8
9 0.82 1.055 2.709  0.9418 1.4 0.4

Table 6.1 SHAM ICso values in the presence of various concentrations of pentamidine; Doubling
dilutions of SHAM (starting 780 pM) was employed in alamar blue assays in the presence of
indicated pentamidine concentrations (constant pentamidine concentration per assay). Alamar
blue dye was added as usual (after 48 hours incubation at 37°C and 5% CO,), and fluorescence

measured after subsequent incubation for 24 hours.

6.11. Sensitivity of High Affinity Pentamidine
Uptake to inhibition by ionophores.

To further characterize the high affinity uptake of pentamidine in
Trypanosoma brucei, uptake of 25 nM [*H]-pentamidine was measured in the
presence of 1 mM adenosine (to block uptake of pentamidine through the P2
transporter). Uptake of [*H]-pentamidine was found to be sensitive to inhibition
by specific ionophores known to dissipate plasma membrane proton gradient
(CCCP, Nigericin; figure 6.25) but relatively insensitive to valinomycin known to
specifically disrupt the mitochondrial membrane potential (figures 6.25 and

6.26) (Munday et al, submitted). These findings correlate with an earlier finding
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that uptake of 12.5 nM [*H]-Pentamidine by HAPT1 in procyclic forms was
similarly inhibited by CCCP, with 10 pM inhibiting >90% of the uptake (de Koning,

2001b)
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Figure 6.24 High affinity pentamidine uptake in T. b. brucei is sensitive to ionophores. Uptake
of 25 nM [3H]—pentamidine in s427WT bloodstream forms was measured in the presence of
various ionophores at the indicated concentrations in uM, over 5 min. Accumulation of
radiolabel was expressed as a percentage of control, being a parallel incubation in the
absence of any ionophore. Bars represent the average of 3 independent determinations, each

performed in triplicate, and SEM.
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Figure 6.25 Effect of different concentrations of ionophores on the MMP in T. b. brucei. 10°
Tb427 wt cells were incubated in HMI-9(drug free control) and in the indicated concentrations of

individual ionophores (in HMI-9 medium) at 37 °C and 5% CO, for 30 minutes before the MMP

values were determined (details in section 2.2.9). Bars represent the average of 3 independent

determinations and SEM. ***P<0.001; **P<0.01; *P<0.05 by one way ANOVA, compared to the

drug-free control, using the Graphpad prism 5.0.

6.12. Does the TOAQP3 gene also express a
pentamidine transporter?

It seems appropriate to end this chapter with an assessment of the
transport capability of the TbAQP3. The expression of this gene in L. mexicana
promastigotes increased pentamidine sensitivity by about 2-fold (p<0.001, one-
way ANOVA using the Graphpad prism 5.0) (figure 6.19). We therefore measured
[*H]-pentamidine uptake in agp2/aqgp3 double null cells (in the presence of 1 mM
adenosine) to determine whether the LAPT1 activity had been compromised (due

to the additional deletion of AQP3, since agp2 null cells still have a functional
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LAPT1; see figure 6.12). Figure 6.26 shows that agp2/3 double null cells still

possess a functional LAPT1 activity, and this activity was found to be identical to

the LAPT1 activity in B48 (figure 6.27).

Inhibition plot for uptake of [ 3H]-Penta in aqp2/3 null and B48
[*H]-Penta = 1 uM; incubation time = 120s.
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Figure 6.26 Inhibition and Michaelis-Menten plots for the Low affinity [*H]-Pentamidine uptake in

aqgp2/3 double null and B48. Rate of uptake was determined by incubating ~ 107 cells per

experiment in the presence of 1 pM [*H]-labelled Pentamidine (HAPT1 is inhibited and LAPT1

kinetics are studied at 1 pM Pentamidine concentration) and different concentrations of

unlabelled pentamidine at room temperature (section 2.2.5).
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Figure 6.27 Summary of uptake kinetics for agp2/3 double null and B48. K., and V..« were
determined from the Michaelis Menten saturation curve for these cell lines (figure 6.26). Neither

K nor V.« differed significantly between the two cell lines.

6.13. Discussion

We found that the deletion of both alleles of the TbAT-E from Tb427 wt
had no effect on the activity of HAPT1 in these cells (figure 6.1): a functional
HAPT1 activity was still present in TbAT-E double knockout cells. Similarly, the
expression of the TbAT-E1 in B48 did not increase the sensitivity to pentamidine
in this cell line as would be expected if TbAT-E1 encodes HAPT1 (figure 6.2).
These results suggest that the TbAT-E is not the gene that encodes for the
HAPT1 activity in Trypanosoma brucei.

In contrast, TbAQP2 was able to reverse the resistance to both
pentamidine and cymelarsan in B48 (figures 6.2 and 6.3) when expressed in this
cell line. In addition, a deletion of TbAQP2 rendered wild type 2T1 cells
significantly pentamidine resistant (figure 6.8). More important however is the
fact that HAPT1 activity was not detectable in agp2 null cells (figure 6.12). Re-
expression of TbAQP2 in agp2/3 double null cell line reversed the resistance of
this cell line to both pentamidine and cymelarsan completely, returning it to
wild type sensitivity (figure 6.13). Adenosine analogues such as tubercidin,

cordycepin and 5’-deoxyadenosine were not taken up through TbAQP2; B48 +
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AQP2 cells were insensitive to these analogues since they lack the P2 transporter
through which they could be taken up (figure 6.11). This finding indicates that
TbAQP2 is indeed a transporter with specificity for a range of ligands, and not
just a non-saturable channel that is permeable to the diffusion of right sized
molecules, as suggested recently (Bassarak et al, 2011). Also, a synergistic
effect found for the combination of pentamidine and SHAM on B48 + AQP2 out of
all cell lines tested (including Tb427 wt; table 6.1) suggests that there is an
enhanced uptake of pentamidine even at very low nanomolar concentrations
(which can only be due to the activity of the HAPT1).

Furthermore, the heterologous expression of TbAQP2 in Leishmania
mexicana promastigotes resulted in a highly significant increase in sensitivity to
both pentamidine and cymelarsan, compared to the control L. mexicana cells
expressing the empty pNUS-HcN vector (figure 6.19). Again, the fact that
inhibition studies carried out with pentamidine, propamidine and diminazene on
the uptake of [*H]-pentamidine gave a kinetic profile that is fully consistent with
the T. b. brucei HAPT1 activity (figure 6.17) was very important. This finding, in
addition to the finding that HAPT1 activity in wild type T. b. brucei (which is lost
on deletion of ThAQPZ2 and is only present on the expression of wild type TbAQP2
gene) is sensitive to agents such as CCCP and nigericin (figure 6.24) that are
known to act by specifically dissipating the plasma membrane proton gradient,
leads us to accept that TbAQP2 indeed expresses the HAPT1 of bloodstream

trypanosomes which uses the proton-motive force to drive pentamidine uptake.
6.14. Conclusion

We conclude, based on the findings presented in this chapter, that
TbAQP2 is responsible for the HAPT1 activity in bloodstream form T. b. brucei.

Hence, kinetoplastid aquaporins have extended their traditional role of acting
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only as bifunctional channels through which water and other uncharged solutes
pass into the cell (Beitz, 2005), to the saturable transport of neutral and

positively charged drugs with a substantially higher molecular weight.
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7.1. Introduction

The World Health Organisation puts the number of people at risk of being
infected by the human African trypanosomiasis at above 60 million (W.H.O.,
1998). While this figure is outrageous, the report claims that it may even be
lower than the actual figure since less than 4 million people are under
surveillance, and hence only 10% of new infections are diagnosed and treated
(W.H.O., 1998). On the other hand, nagana which is caused by a wider range of
trypanosome species is most always the greater epidemic across Africa and
carries a more direct economic burden (Baral, 2010). One hundred years after
this disease was first discovered, trypanosomiasis remains one of the major
parasitic diseases for which control is not in sight (Baral, 2010). Control of both
the human and animal trypanosomiasis relies heavily on chemotherapy, but with
the few drugs currently available and the increasing reports of resistance to
these few drugs, coupled with severe toxic effects of most HAT drugs, the need
for new drugs cannot be over-emphasized (Baral, 2010). The currently available
treatment schemes can however be made more effective if the mechanism of
resistance could be elucidated so that future cases of resistance can easily be
reversed and infections treated. Of all the proposed mechanisms of resistance,
reduction of net drug uptake seems to be the most implicated with regards to
trypanocidal resistance, and this mechanism most frequently implies mutations
in transporters since most trypanocides are translocated across the plasma
membrane by these transporters (Maser et al, 2003). One approach to resolving
the molecular mechanisms of trypanosomal drug resistance is therefore to
identify candidate drug transporters and to investigate whether such
transporters are mutated in drug-resistant trypanosomes (Maser et al, 2003).

HAPT1 and LAPT1 activities have both been identified and characterised in most
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laboratory adapted cell lines of T. b. brucei (de Koning, 2001b;Matovu et al,
2003), and HAPT1 has been implicated in the uptake and resistance to
diamidines and melaminophenyl arsenicals (Bridges et al, 2007). It was in fact
demonstrated that loss of both TbAT1 and HAPT1 leads to high levels of cross
resistance to pentamidine and melaminophenyl arsenicals (Bridges et al, 2007).
Our recent demonstration that TbAQP2 encodes the HAPT1 (chapter 6) leaves us
with only the LAPT1 as the major pentamidine transporter in T. b. brucei whose
gene sequence is yet to be identified.

Preliminary work on the uptake of ISM, done in our group, before the
start of my project, possibly implicated LAPT1 in the uptake of this drug in
Trypanosoma brucei brucei. Our finding that the V. was significantly reduced
(P = 0.043, unpaired student’s t-test; chapter 4) in our ISM resistant clone, ISMR1
clone 3, is consistent with this. The problem however, is that a pentamidine
concentration of about 1 mM is usually needed to completely inhibit this
transporter and some other trypanocides, especially diminazene is not soluble in
assay buffer at 1 mM (we usually prepare drugs for uptake initially at 4 times the
final conc., that means that we make an initial 4 mM when the final conc. is 1
mM; diminazene cannot be dissolved at this conc.). Lack of specific inhibitors
has been the biggest constraint to the study of this transporter and there is an
urgent need to identify such inhibitors (250 yM maximum) so as to overcome this
limitation on the study of the characteristics of LAPT1. We therefore screened a
library of bisphosphonium compounds and drew up a short-list of LAPT1
inhibitors. We also tested (when possible) for selective inhibition of LAPT1 over

HAPT1.
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7.2. Bisphosphonium compounds as inhibitors
of Pentamidine uptake through the LAPT1.

Phosphonium salts bearing hydrophobic functional groups are lipophilic
cations with a delocalized charge, and this affords specific properties to these
molecules such as the capacity to cross biological membranes driven by
electrical potential (Taladriz et al, 2012). Bisphosphonium salts are therefore
the symmetrical, higher molecular weight members of this group of compounds.
They all tend to accumulate in organelles with high inside-negative membrane
potential such as mitochondria, aided by their ability to cross the mitochondrial
inner membrane without the assistance of ionophores or carrier proteins but
solely driven by the MMP (Ross et al, 2005). On the contrary, hydrophilic
inorganic or organic cations such as Na* and pentamidine, respectively, cannot
cross biological membranes except when facilitated by a transport protein (Ross
et al, 2005). Since an increase in the level of lipophilic shielding around the
phosphonium cation(s) correlates with increased levels of activity against
Trypanosoma and Leishmania species, it was suggested that this class of
compounds is most probably transported by diffusion into the parasites (Taladriz
et al, 2012). This line of argument was supported by the fact that no correlation
was found between the antiparasitic activity and inhibition of the known T.
brucei transporters, namely, P2, HAPT1 and LAPT1 (Taladriz et al, 2012). Hence
in tables 7.2, 7.3, and 7.4, there is no difference in the ICs5 values of these
compounds for cells known to have lost one or two drug transporters, such as the
TbAT17"” and the B48 cells respectively, when compared to the ICs, for the wild
type. Also, most of the bisphosphonium compounds were considered too large to
be a substrate for these transporters (though they could still be good inhibitors,

as suggested by their high affinities for HAPT1 and LAPT1, table 7.1 and figure
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7.1) since their molecular weights range between 800 and 1300, compared to

340 for pentamidine (Taladriz et al, 2012).
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Figure 7.1 Percentage inhibition of 1 pM [*H]-pentamidine uptake by Tb427 wt in the presence of
of bisphosphonium compounds (synthesized by our collaborator, Dr Christophe Dardonville,
Instituto de Quimica Medica, Madrid). Uptake was determined by incubating ~ 107 cells per
experiment in the presence of 1 pM [*H]-labelled Pentamidine (HAPT1 is inhibited and LAPT1
kinetics are studied at 1 pM Pentamidine concentration) and indicated concentrations of

bisphosphonium compounds at room temperature (section 2.2.5).

The lack of correlation between antiparasitic activity and inhibition of the
known T. brucei transporters confirms that these compounds are not dependent
on the transporters for their antiparasitic action. Hence, these compounds bind
to the transporters but may not be transported and so inhibit further transport
activity. However, the data presented in tables 7.2, 7.3 and 7.4 is enough to
rule out uptake of bisphosphonium compounds by either the P2 or the HAPT1,
since the absence of either transporter did not affect sensitivity of trypanosomes

to these compounds.
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Compound Ki HAPT1 (£SE) (uM) Ki LAPT1 (+SE) (M)
Pentamidine’ 0.036 + 0.006 56.2 + 8.3
CDIV31 (18a) >250 >250
CD38 (24a) 5.2+0.9 2.2+0.4
CRMI-46 (25a) Not done 25+6
AHI-16 (25b) Not done 9.5+0.5
AHI-15 (25c¢) 53+ 13 7.2+4.0
CDIV33 (26a) Not done 39+7.0
EFpl-1 (35a) Not done 19+6
CDIV20 (36a) Not done 49 + 6
AHI-10 (38b) Not done 20+ 4
AHI-43 (45e) 9.2+1.3 3.6 £ 0.4
AT-5 (55) Not done 25+ 11

Table 7.1 Affinity of Selected Phosphonium compounds (synthesized by our collaborator, Dr
Christophe Dardonville, Instituto de Quimica Medica, Madrid) on the HAPT1 and LAPT1 diamidine
transporters of T. b. brucei. Affinity was determined by mearsuring the uptake of 30 nM (for
HAPT1) or 1 uM (for LAPT1) concentration of [*H]-Pentamidine in the presence of different
concentrations of each bisphosphonium compound. Each value is an average of at least 3
independent experiments, performed in triplicates (Assigned compound number in tables 7.2,

7.3 and 7.4 for each compound is in bracket). 'Taken from De Koning (2001)

It may be argued that LAPT1 cannot transport bisphosphonium compounds
because they are at least two times larger than pentamidine (Taladriz et al,
2012), the standard ligand for this transporter; however this argument is not
completely persuasive. A similar argument was raised against the ThAQP2 gene
as a candidate for the gene encoding the HAPT1. Melarsoprol and pentamidine

with molecular masses of 398 Da and 340 Da, respectively were considered
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substantially larger than glycerol (the natural substrate of TbAQP2) at 92 Da,
which led to the suggestion that AQP2 may indeed not transport these drugs
directly but could indirectly regulate HAPT1 expression or function (Baker et al,
2013). However, it was earlier demonstrated that Leishmania major AQP1
transports trivalent arsenic and antimony (Figarella et al, 2007). In addition, we
have been able to demonstrate that ThAQPZ is indeed the long-sought HAPT1
(Chapter 6; manuscript accepted), and can directly transport pentamidine and
cymelarsan (chapter 6). Therefore, data presented in tables 7.1 (low K; values),
7.2, 7.3, 7.4 (corresponding low ICso values) are in support of the LAPT1 being
the route of entry for bisphosphonium compounds, perhaps alongside diffusion.
Either way, these compounds are able to inhibit the transport of pentamidine
through the LAPT1 as demonstrated by the low K; values (concentration required
to produce half maximum inhibition) found for most of these compounds (table
7.1). Also, the high K; value found for CDIV31 (compound 18a) is quite consistent
with the high ECs5y presented for this compound in table 7.2. This suggests that

CDIV31 is actually not a good substrate for the LAPT1.
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Screening of this library of bisphosphonium compounds was done in order
to select good inhibitors of LAPT1 that inhibit this transporter at lower
concentrations than pentamidine. Interest in this class of compounds was
awakened when the extensive trypanocidal activity of the lead bisphosphonium
compound (CD-38 or compound 24a) was observed. CD-38 was initially followed
up and screened as a trypanocidal drug candidate, but it was dropped after it
was found to have a very low selectivity index (it was quite toxic to human cell
lines, table 7.2). Subsequently, a library of bisphoshonium compounds was
synthesized, patterned on CD-38 by altering functional groups or the linker group

(figure 7.2).
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Figure 7.2 General structure of benzophenone-derived bisphosphonium salt derivatives with

antileishmanial and antitrypanosomal activity. Taken from Taladriz et al (2012).
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7.3. Time-dependent toxicity of selected
bisphosphonium compounds to
trypanosomes.

Since this is not a screen for potential drug candidates, we are not looking
for compounds that will give the lowest ECso; rather we are interested in
compounds with a low K; for [*H]-pentamidine uptake by LAPT1 coupled with a
relatively high ECso for most of the trypanosome strains. The high ECsy values are
important to avoid cell lysis or cell damage during the uptake assay time. Hence
the compounds listed in table 7.1 were initially selected from the library of
bisphosphonium compounds for having K; values for LAPT1 that were less than
56.2 + 8.3 pM reported for pentamidine (de Koning, 2001b). Selected compounds
were subsequently screened using propidium iodide real time assay. This assay
measures fluorescence produced by propidium iodide on binding to nucleic acid;
this binding is assumed to occur after cell lysis, or at least after the plasma
membrane has ceased to be a barrier, as propidium iodide is otherwise unable to
enter the cells. Hence, level of fluorescence is directly proportional to amount
of nucleic acid available for binding, and also directly proportional to the
number of dead cells. Fluorescence readings are taken for 8 hours, after cells
are added at zero time. The next best inhibitor of LAPT1 after CD-38 is AHI-43
(compound 45e) with a K; of 3.6 + 0.4 yM for LAPT1. This compound did not
cause the lysis of trypanosomes within the first 15 minutes of incubation in 125
UM which is about 31 times the K; (figure 7.4). AHI-43 was therefore selected as
the best bisphosphonium inhibitor of LAPT1. However, the extraordinarily fast
action on trypanosome viability and integrity makes these compounds less than

perfect as pharmacological inhibitors of uptake of other drugs.
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assay showing the rate at which the selected

bisphosphonium compounds kill trypanosomes. Assay was performed by incubating 5 x 10°

trypanosomes in 9 pyM propidium iodide at different concentrations (doubling dilutions) of each

compound and at 37 °C and 5% CO, for about 8 hours (250 cycles; with fluorescence being

measured every 150 seconds in a FLUOstar OPTIMA fluorimeter.

monophosphonium compound.

Note that AT5 is a
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at which selected

bisphosphonium compounds kill trypanosomes. Assay was performed by incubating 5 x 10°

trypanosomes in 9 uyM propidium iodide at different concentrations (doubling dilutions) of each

compound and at 37 °C and 5% CO, for about 8 hours (250 cycles; with fluorescence being

measured every 150 seconds in a FLUOstar OPTIMA fluorimeter.
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7.4. Discussion

LAPT1 is a high capacity transporter with a K, of 56 + 8 uM for
pentamidine uptake for which no practical inhibitors have been identified to
date (de Koning, 2001b). LAPT1 and HAPT1 of the bloodstream forms of T. b.
brucei were demonstrated to be kinetically identical to LAPT1 and HAPT1 of
procyclic forms (Teka et al, 2011). Conclusive determination of the genetic
identity of the two transporters is however necessary for a definitive proof that
these transporters are identical in both lifecycle stages (Teka et al, 2011). We
found recently that the HAPT1 is encoded by the AQP2 gene (Chapter 6;
manuscript submitted). On the other hand, lack of specific inhibitors has
hindered a thorough study of the kinetics and pharmacological importance of
LAPT1. It takes about 1 mM of pentamidine to completely inhibit uptake through
this transporter, yet no substrate or inhibitor with higher affinity than
pentamidine has been identified for this transporter (Teka et al, 2011). We
therefore tested a library of bisphosphonium compounds as possible inhibitors of

this transporter.
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Table 7.2 Antitrypanosomal activity of bisphosphonium salts having aliphatic and phenyl substituents (18a =
CDIV31, 24a = CD38, 25a = CRMI-46, 25b = AHI-16, 25c = AHI-15, 26a = CDIV33, 35a = EFpl-1). Taken from
Taladriz et al (2012). °T. b. rhodesiense STIB900 trypomastigotes. °Rat skeletal myoblast L6 cells. “T. b. brucei
s427 trypomastigotes. °T. b. brucei knockout strain lacking a functional P2-transporter and resistant to
diminazene aceturate. °Resistance factor compared to WT. "The B48 strain is a mutant, derived from the TbAT1-
KO strain, with a nonfunctional high affinity pentamidine transporter (HAPT). This strain is resistant to
diminazene, pentamidine and melaminophenyl arsenicals. *Human embryonic kidney (HEK) cells. "Selectivity
index = [ECso(HEK cells)/ECso(T. b .brucei WT)]. 'Selectivity index = [ECso(L6-cells)/ECso(T. b. rhodesiense)]. Not

determined.
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Table 7.3 Antitrypanosomal activity of bisphosphonium salts having substituted phenyl substituents (36a =
CDIV20, 38b = AHI-10, 45e = AHI-43). Taken from Taladriz et al (2012). °T. b. rhodesiense STIB900
trypomastigotes. PRat skeletal myoblast L6 cells. °T. b. brucei s427 trypomastigotes. °T. b. brucei knockout
strain lacking a functional P2-transporter and resistant to diminazene aceturate. *Resistance factor compared to
WT. The B48 strain is a mutant, derived from the TbAT1-KO strain, with a nonfunctional high affinity
pentamidine transporter (HAPT). This strain is resistant to diminazene, pentamidine and melaminophenyl
arsenicals. ®Human embryonic kidney (HEK) cells. "Selectivity index = [ECso(HEK cells)/ECso(T. b .brucei WT)].

'Selectivity index = [ECso(L6-cells)/ECso(T. b. rhodesiense)].
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Table 7.4 Antitrypanosomal activity of monophosphonium salts (55 = AT-5). Taken from Taladriz
et al (2012). °T. b. rhodesiense STIB900 trypomastigotes. "Rat skeletal myoblast L6 cells. °T. b.
brucei s427 trypomastigotes. “T. b. brucei knockout strain lacking a functional P2-transporter
and resistant to diminazene aceturate. °Resistance factor compared to WT. "The B48 strain is a
mutant, derived from the TbAT1-KO strain, with a nonfunctional high affinity pentamidine
transporter (HAPT). This strain is resistant to diminazene, pentamidine and melaminophenyl
arsenicals. *Human embryonic kidney (HEK) cells. "Selectivity index = [ECso(HEK cells)/ECso(T. b

.brucei  WT)]. 'Selectivity index = [ECso(L6-cells)/ECso(T. b. rhodesiense)].
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Most of the compounds presented in table 7.1 are better inhibitors of the
LAPT1 than pentamidine, and therefore most likely to be transported by this
transporter. Our finding that AQP2 can transport pentamidine irrespective of the
large difference in size between pentamidine and other ligands transported
through this transporter suggests that, in some cases, molecular size may be of
secondary importance when considering their suitability to be transported by a
particular transporter; this is especially true when screening for inhibitors rather
than substrates. Though most of the bisphosphonium compounds are much larger
molecules than pentamidine, which is the only known substrate for this
transporter, the low K; values found for the inhibition of pentamidine uptake by
these compounds coupled with their equally low ECsy values for all trypanosome
strains that have the LAPT1 leads us to conclude that these compounds could
indeed be good substrates for the LAPT1. However, a plot of K; (LAPT) against
Tb427 wt ECso values gave an R® (correlation coefficient) value of 0.16,
indicating a lack of correlation. Hence, these bisphoshonium compounds may be
inhibiting the uptake of [*H]-pentamidine, without being transported, by the
LAPT1. It had been demonstrated that good inhibitors of transporters do not
always turn out to be good substrates, and may even not be transported at all.
Compounds that were good inhibitors of adenosine uptake through the P2
transporter were found to still be effective against TbAT7-null trypanosomes
that lack the P2 transporter (Stewart et al, 2004), thus suggesting that uptake
through the P2 transporter is not taking place at all or is not important to their
activity against trypanosomes. Finally, apart from compound 35a that gave an
ECso value of 65.8 uM with rat skeletal myoblast L6 cells, most of the selected
bisphosphonium compounds gave ECsy values of less than 10 yM with the same
skeletal myoblast L6 cells (tables 7.2 and 7.3), indicating that these compounds

are not only toxic to the trypanosomes but can also be toxic to the tissues.
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Tissue toxicity is an unwanted attribute of any agent being considered for use as
a pharmacological tool, hence these bisphosphonium compounds may not be

very useful drug candidates against trypanosomes.



8. General Discussion
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Control of veterinary trypanosomiasis in poor rural African communities
relies heavily on the use of trypanocidal compounds such as ISM and diminazene
(Delespaux et al, 2008). Diminazene serves mostly for chemotherapy while ISM is
used mainly as a prophylactic agent, providing an average of 3 months’
protection against trypanosome infection (Delespaux et al, 2008). Since the
value of the African veterinary trypanocide market is considered too low to
attract pharmaceutical companies’ investment in new drugs, the only option left
is to make the best use of the available drugs (Delespaux et al, 2008). The major
factor militating against the continued use of these few existing trypanocides is
the development of resistance to these drugs in trypanosomes. Though the
development of resistance to a drug can be prevented or the rate reduced by
strict control of drug usage (not practicable in rural central Africa), a reversal of
resistance would normally require a complete understanding of the mechanism
involved in the development of resistance. In addition, A PCR-based test could
be developed as a convenient tool for fast, large-scale testing of livestock for
resistant trypanosomes. Development of such a test requires the identification
of genetic markers for isometamidium chloride resistance in livestock-infective
trypanosomes (Delespaux et al, 2005). One of such resistance markers was a GAA
codon insertion (coding for an extra lysine) in the gene for a putative ABC
transporter in resistant clones of Trypanosoma congolense (Delespaux et al,
2005). However, the non-universality of this ISM resistance marker was indicated
by the presence of five resistant isolates not possessing the GAA insertion,
though all the sensitive strains characterised in the study were found to be GAA
positive (Delespaux et al, 2005). Recently, and in support of the above finding,
is the hypothesis that inhibitors of ABC transport could reverse resistance to ISM

in Trypanosoma congolense; tetracycline and oxy-tetracycline were able to
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significantly re-sensitize ISM resistant trypanosomes (T. congolense) to ISM
(Delespaux et al, 2010). Our findings presented in chapter 3 however suggest
that ABC transport activities do not contribute to ISM resistance in Trypanosoma
brucei brucei, that efflux of ISM could not be inhibited by any of the established
inhibitors of ABC transport, and the effect of ISM on ISM-resistant trypanosomes
was not potentiated by any of such inhibitors.

This does not necessarily disprove the T. congolense hypothesis, however.
It is rapidly becoming clear that drug transport in T. brucei spp and in T.
congolense is very different. We recently published a study proving that T.
congolense does not have an equivalent of TbAT1/P2 (Munday et al, 2013). In
addition, T. congolense does not have an equivalent of HAPT1 either (Munday
and De Koning, unpublished observations). We therefore have to conclude that it
is far from certain that ISM uptake, efflux and resistance models of either
trypanosome species will be predictive for the other.

Pentamidine, diminazene, ISM and EtBr have all been reported to act on
the kinetoplast DNA (kDNA) by inhibiting the trypanosomal topoisomerase I,
thereby creating linearized minicircle DNA in Trypanosoma equiperdum, leading
to the disruption of the kDNA structure and, potentially, to the generation of
dyskinetoplastic trypanosomes (Shapiro & Englund, 1990). However, it is
important to note that actual loss of kinetoplast has only been demonstrated in
T. equiperdum, after in vivo treatment with ethidium bromide or acriflavine
(Riou et al, 1980). However, it was subsequently reported that dyskinetoplastic
T. evansi and T. equiperdum display identical sensitivity to isometamidium as
kinetoplastid clones of the same species (Kaminsky et al, 1997). Moreover, the
dyskinetoplastic trypanosomes did not lose infectivity or viability (Riou et al,

1980). Yet, it has been amply demonstrated by fluorescence microscopy that



Anthonius Anayochukwu Eze, 2013 Chapter 8. 200
isometamidium predominantly accumulates in, and associates with, the
kinetoplast (Wilkes et al, 1995;Ardelli & Woo, 2001;Boibessot et al, 2002).

A subsequent report upholds the accumulation of ISM in the kinetoplast,
and in addition proposes that resistance to ISM is a function of reduced
mitochondrial membrane potential; however this report found no link between
ISM resistance and ABC transport activities (Wilkes et al, 1997). We also found
that ISM exposure leads to the generation of dyskinetoplastic trypanosomes. In
fact, ISM-resistant clones of T. b. brucei generated in our laboratory had lost
their KDNA as well as their mitochondrial membrane potential (MMP). We linked
this loss of MMP to the F{F,-ATPase, and demonstrated that the kDNA loss was
enabled by two distinct point mutations on the nuclearly-encoded y-subunit of
the FoF{-ATPase. One of the two point mutations was characterised. It changed a
serine residue to a stop codon, hence truncating the gene sequence at the point
C851A (5284*). This mutation was found to be dominant when it was introduced
into the wild type Trypanosoma brucei brucei; the introduction of this mutation
made the wild type trypanosomes significantly resistant to ISM (>80 folds) and
significantly cross resistant to EtBr (>250 folds), diminazene (about 5 folds) and
oligomycin (6.8 folds), indicating that the effect of this mutation is fully
reproducible. Since the $284* mutant has not lost its KDNA until after exposure
to phenanthridines, these observations seem to prove that it is the mutation in
the y-subunit of the FF,-ATPase, and the resultant loss in mitochondrial
membrane potential (MMP) that is responsible for the phenanthridine resistance,
rather than the loss of KDNA per se. However, in trypanosomes carrying the y-
subunit mutation the kDNA is no longer essential and thus rapidly lost under
(further) selective pressure with isometamidium. This conclusion is completely

in agreement with previously reports that ISM elicits its linearizing effects on



Anthonius Anayochukwu Eze, 2013 Chapter 8. 201
minicircles through inhibition of mitochondrial Topoisomerase Il (Shapiro &
Englund, 1990;Shapiro, 1993). Indeed, Delespaux et al (Delespaux et al, 2007)
could find no evidence that point mutations in T. congolense topoisomerases are
involved in isometamidium resistance - all indicating that the loss of kinetoplast
DNA is not critical for (but a by-product) of ISM resistance.

We found that our ISM-resistant T. b. brucei clones displayed a reduced
ISM accumulation. This reduction was earlier attributed to the reduction in MMP
(Wilkes et al, 1997). We were also able to demonstrate that although the
mutation of the y-ATPase was sufficient to make the wild type trypanosomes
significantly resistant to ISM, exposure to ISM (or EtBr) is necessary for the loss
of the kDNA and the MMP. Exposure to 20 nM ISM or EtBr for 72 hours was all that
was required for mutant trypanosomes (trypanosomes transfected with
replacement plasmids bearing C851A y-ATPase) to lose their kKDNA. Wild type
trypanosomes (and wild type clones transfected with plasmids bearing wild type
yY-ATPase) did not survive this exposure at the concentration stated. Thus, the
expression of the compensating mutation clearly enables the loss of kDNA.
Considering the speed at which kDNA is lost under in vitro drug pressure of
trypanosomes with the enabling mutation, this is highly likely to give these
trypanosomes an enhanced survival or growth rates compared to trypanosomes
that continue to carry the full KDNA complement. We speculate that the binding
of isometamidium to kDNA continues to drive uptake of the drug into
mitochondria, even with a much-reduced membrane potential. Thus, the loss of
kKDNA removes the last driving force that enabled mitochondrial uptake, and
leaves isometamidium free in the cytoplasm, from which it is available for

efflux.



Anthonius Anayochukwu Eze, 2013 Chapter 8. 202

We also found a >35-fold cross resistance and about 5.5 fold cross
resistance to diminazene in our ISM-resistant clones and in our y-ATPase mutant
clones respectively. A similar pattern of cross resistance between ISM and
diminazene was earlier reported in the field (Sinyangwe et al, 2004;McDermott
et al, 2003;Clausen et al, 1992). However, cross resistance to ethidium bromide
in ISM resistance seems to be more wide-spread (Peregrine et al,
1997;Schonefeld et al, 1987;Codjia et al, 1993;Gray & Peregrine, 1993), and this
correlates with at least 540-fold cross resistance to EtBr found in our ISM
resistant clones and at least 270-fold cross resistance to EtBr in our S284* y-
ATPase strains. This trend seems to suggest that EtBr resistance in T. brucei
brucei is controlled solely by the y-ATPase mutation while ISM resistance is
multifactorial.

At the start of my project, ISM uptake was attributed to the P2
transporter and resistance to ISM was found to correlate with the presence of six
point mutations on the TbAT1 sequence (Afework et al, 2006). These point
mutations were however absent from our ISM resistant clones, though we found
some reduction in uptake of ISM in T. b. brucei cells expressing RNAi of TbAT1
and in the TbAT1 KO cells. Also, the expression of TbATT in yeast increased ISM
uptake significantly, compared to the yeast expression of the empty pDR195
vector. In addition, ISMR1 clone 3 displayed a significant cross resistance to
tubercidin, compared to parental Th427 wt. This resistance to tubercidin
strongly suggests the involvement of the P2 transporter in ISM uptake. We were
however unable to compare P2 activity in our ISM resistant clones (by means of
[*H]-Adenosine uptake) with that in Th427 wt because though P2 activity was
greatly reduced in our ISM resistant clones, the same activity was also low in the

wild type cells. This low activity was attributed to the low level of TbATT
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expression by Tb427 wt when grown in culture. We therefore passaged both the
Tb427 wt and our ISM resistant clones in rats. However, though both the wild
type cells and the resistant clones were both able to establish infection in rats
(confirmed by microscopy), only Tb427 wt was able to sustain infection. This line
of investigation was therefore inconclusive, although the balance of evidence
suggests that P2 does mediate part of the isometamidium flux, and its loss can
contribute to high-level multi-factorial resistance. This is consistent with the
high affinity of P2 for isometamidium, for which it displays a K; value of just 0.22
+ 0.05 pM (de Koning, 2001a).

Other AT-like transporters, TbATE and TbATA (de Koning et al, 2005) were
also assessed for the ability to mediate ISM uptake. TbATE and TbATA were
named TbNT12.1 and TbNT11.1, respectively, by the Landfear group, and their
characterization after expression in Xenopus oocytes showed that both
transporters were capable of mediating pentamidine uptake (Ortiz et al, 2009).
However, neither transporter significantly increased sensitivity to pentamidine
when expressed in Leishmania mexicana (Chapter 3). Also expression of TbATE in
B48 cells did not increase pentamidine sensitivity significantly compared to the
empty vector expression. On the other hand, TbATE1 expression in yeast
increased ISM uptake significantly, and the expression of TbATE1 in L. mexicana
also increased sensitivity to ISM significantly. In addition, RNAi of ATE in 2T1
caused a reduction in ISM uptake (although this did not amount to statistical
significance). These findings together suggest strongly that TbATE1 expression
mediates ISM uptake in T. brucei brucei. A re-expression of TbATE1 in B48 did
not increase ISM uptake (assay done once and not shown). This may be because
TbATE1 was not first deleted before the re-expression was done; moreover, the

level of AT-E1 over-expression in these cells was not known. Similarly, the



Anthonius Anayochukwu Eze, 2013 Chapter 8. 204
expression of TbATA in yeast was assessed for the ability to mediate ISM uptake.
Only the expression of TbATA1 in yeast was able to increase ISM uptake
significantly; however TbATA1 expression in Leishmania mexicana did not cause
a significant sensitization to ISM. Finally, we observed a significantly reduced
average Vmax for LAPT1 activity in ISMR1 clone 3 (0.32 + 0.06) compared to Tb427
wt (0.85 £ 0.15). Vnqax reduction could be the result of a down-regulation of
expression of the gene that encodes this protein. We were however unable to
check expression levels of the LAPT1 because we do not know the gene involved.

Also at the start of my project, the only pentamidine transporter that was
characterized at both the biochemical and molecular level was the P2
aminopurine transporter (Maser et al, 1999;Barrett & Fairlamb, 1999;Carter et
al, 1995), encoded by the TbAT1 gene. The gene responsible for either the
HAPT1 or the LAPT1 was unknown. We found that the AQP2 gene is responsible
for the HAPT1 activity in Trypanosoma brucei brucei. This finding correlates with
recent findings that describe aquaporins as conduits for drugs, such as arsenic
and antimony, and other metabolites such as lactate (Sanders et al, 1997;Liu et
al, 2002;Gourbal et al, 2004b;Tsukaguchi et al, 1998). These reports are
together unique because they define new roles for aquaporins that differ from
their original function as transmembrane proteins that act as pores for the
movement of water, glycerol, urea (and in some cases, glycine) in and out of
cells (Gonen & Walz, 2006). The identification of AQP2 as the genetic basis for
the HAPT1 opens the door for the study of the actual contribution of this
transporter to pentamidine and diamidine resistance in trypanosomes, especially
in the field. Hence, the function and the presence of this gene in other
trypanosome species can now be checked to see if this gene is universally

present in other Trypanosoma species and to find out if their expression is also
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responsible for a HAPT1 (or similar) activity. It will also be interesting to study
the functions of aquaporins in other members of the Kinetoplastida, since
comparing them to the function of aquaporins in trypanosomes will certainly
help in the understanding of how the sequence and other structural variations
that occur in this ubiquitous protein across species and genera have come to
shape its function. Also, the presence (absence or alteration) of this gene in
resistance or susceptibility can now be studied in field isolates from different
locations to further confirm (or contradict) the earlier assigned roles of HAPT1 in
trypanocide resistance (Teka et al, 2011;Matovu et al, 2003). Indeed, very
recent results from the Maser group at the Swiss Tropical Institute confirm
genetic changes in the TbAQP2 locus of melarsoprol-resistant T. b. gambiense
isolates (Graf et al., manuscript submitted). Thus, simple tests to show the
presence or absence of the wild type AQP2 gene can now be designed for use in
the field as a tool for the detection of pentamidine and melarsoprol resistance,
allowing the presence or absence of pentamidine resistant trypanosomes to be
established before commencement of treatment.

We were also able to demonstrate that HAPT1 (AQP2) activity depends on
the plasma membrane proton gradient, since HAPT1 activity was found to be
abolished by agents that dissipate the plasma membrane proton gradient but
insensitive to ionophores specific for disruption of the mitochondrial membrane
potential. This finding suggests that pentamidine uptake through the HAPT1 is
driven by proton motive force (PMF). And this correlates with other transport
systems described earlier (de Koning & Jarvis, 1997b;Hasne & Barrett, 2000).
The HAPT1 in this regard is therefore an expression of a most unique aquaporin
since one of the fundamental properties of aquaporins is that they strictly

prevent the conduction of protons (Gonen & Walz, 2006), exactly to prevent the
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dissipation of proton gradients. An alternative interpretation of the ionophore
data is that these reagents not only reduce the PMF but, equally, the plasma
membrane potential that forms a large part of the PMF, especially in
bloodstream trypanosomes (De Koning et al., 1998). Even, if the HAPT1/AQP2
transporter is not acting as a proton symporter, the depolarisation of the
negative-inside plasma membrane potential removes much of the driving force

for the rapid entry of the dicationic pentamidine.
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Appendices

Appendix A: General buffers, solutions and media

Assay buffer (pH 7.3)

D-Glucose 2.53¢g
HEPES 8.0g
MOPS 5.0g
NaHCO; 2.0g

KCl 347.5mg
MgCl.6H,0 62.5mg
NaH,P04.2H,0 913.5mg
CaCl;.2H,0 40.7mg
MgS04.7H,0 19.9mg
NaCl 5.7g

These were dissolved in 1 litre of ddH,0, allowed to stir for 2 hours before
the pH was adjusted to 7.3 and the buffer stored at 4 °C.
2% SDS

10g of sodium dodecyl sulphate (SDS) was weighed out and dissolved in
500ml of distilled water.
Oil mixture

50 ml of mineral oil was mixed with 350 ml di-n-butyl phthalate.
Alamar blue solution

12.5mg resazurin sodium salt was weighed and dissolved in 100 ml of PBS.
The solution was stirred for about 2 hours while wrapped in aluminium foil. It

was then filter-sterilized, stored at -20 °C and away from light.
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Tb-BSF-buffer

Stock solutions include 0.5M Na-PO4, pH 7.3 (77.4 ml of 0.5M Na;HPO4 +
22.6 ml of 0.5M NaH;POQ4; pH adjusted with pH-metre), 0.3M KCl, 0.5M HEPES
(pH 7.3; adjusted with KOH) and 50 mM CaCl;.

To prepare Tb-BSF-buffer, 1.8 ml of Na-PO4, 1.66 pl of KCl, 1ml of HEPES
and 30 pl of CaCl; were added to 7 ml of ddH,0, giving a final concentration of
90 mM, 5 mM, 50 mM and 0.15 mM respectively. The buffer was stored at 4 °C.
Acidified Methanol (lysis buffer for ISM uptake)

0.1 N HCl 50 ml
Methanol 400 ml

Lysis buffer was stored at room temperature.
HMI-9 media (+ 5 % FCS)

A pack of HMI-9 powder was emptied into a 5-litre capacity beaker,
followed by 4.5 litres of ddH,0 and 15g of NaHCO;. After stirring for some time
on a magnetic stirrer (about an hour), 500ml of FCS and 71.5 pl of B-
mercaptoethanol were added and the solution left to stir overnight at 4 °C. The
pH was adjusted to 7.4 the next day, and the media filtered into 10 sterile 500
ml reagent bottles and stored at 4 °C.

LB (Luria Bertani) broth and LB agar

10 g of LB powder was used to prepare 400 ml of LB media while 14 g of
LB agar powder was used to prepare 400 ml of LB agar. In each case, the
appropriate amount of powder was added to 400 ml of ddH,0 in 500 ml capacity
reagent bottles, swirled to mix and autoclaved. After autoclaving, LB media was
stored at room temperature. LB agar was however cooled down midway before
400 pl of 100 mg/ml ampicillin was added, swirled to mix and 20 ml was

pipetted into petri dishes for storage at 4 °C until when needed.
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Synthetic complete medium minus uracil (SC-URA).
Synthetic complete drop out mix was first prepared from the following

components in the proportions shown:

Adenine hemisulphate 2g
Arginine HCl 2g
Histidine HClL 2g
Isoleucine 2g
Leucine 4
Lysine HClL 2¢g
Methionine 2g
Phenylalanine 3g
Homoserine 6g
Tryptophan 3g
Tyrosine 2g
Valine 9¢g

Then, SC-URA was prepared by dissolving 4 g of yeast nitrogen base
without amino acids, 12 g of glucose and 0.5 g of the synthetic complete drop
out mix in 600 ml of ddH,0 and the pH adjusted to 5.6 with 10 M NaOH.10 g of
bacto-agar is added if solid medium is required and the medium is sterilized by
autoclaving.

Yeast Extract-Peptone-Dextrose and Adenine (YPD) Medium

YPD medium was prepared by dissolving 6 g of yeast extract, 12 g of
peptone, 12 g of glucose and 60 mg of adenine hemisulphate (10 g of bacto-agar
if solid medium is desired) in 600 ml of ddH,0 and adjusting the pH to 6.0 before

autoclaving and subsequent storage at 4 °C.
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TE/LiAc and PEG/LiAc/TE was each prepared from 50% PEG (w/v; Polyethylene

glycol) solution, 10 X TE (Tris-EDTA; 0.1 M Tris-HCl + 0.01 M EDTA, pH 7.5) and
10 X LiAc (1M LiAc, pH adjusted to 7.5 with dilute acetic acid).

1 X TE/LiAc was therefore prepared by adding 1 ml of 10 X TE and 1 ml of

10 X LiAc to 8 ml of ddH,0, while PEG/LiAc/TE contained 40% PEG in 1 X TE and

1 X LiAc.
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. Mitochonrial membrane potential
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1 Hr incubation

WTOF 1Hr 0305 12.119

600

3 Hr incubation

WTDF 3Hr 0305 12,123

5 Hr incubation

WTOF SHr0305 12.118

8 g
8 A. 8] g
g 24 24
£ : i
8 51.07% H 3 o
g 8¢ 40.55 % % 39.73 %
M T ™M
0 ! 2 % (] %P i 3 ]
10 10 k4 10 10 o " " 4o ) 10 10 F:gi' 10° 10
FL2H
g WTISM 1Hr 0305 12.121 g WTISM3Hr 0305 12.124 2 W ISMSHr 03 05 12.120
2
B.
# # g
g # .
i ] ;
2
S 22.51% 3] 12.53 % °g 11.57 %
& - - o Mt
& &] 8
= 2 g (]
e Y 1 10¢ 10 Al
100 10! 102 108 10! 107 10! 102 10° 104 FL2H
FL2H FL2H
= WTTROGSH 0305 12.119
2 WT TROG 1Hr03 05 12.120 g WTTROG 3Hr 0305 12.126 2
2
o C # ¥
2 k2 R
2 0 i 2
L 60.54% [ &, 55.16% | ‘s 87.37 %
2]
» - i ™I
8 84 &
o n T o 3 3 {]
=|o° " 4 4 e 10 10 F:gi 10% 10 10! 10 A 10 1
FL2H
WTYAL SHr0305 12.121
§ WTYAL 1Hr03 05 12.122 § WTYALIH 0305 12:125 §
8] D. $] 8
1 # #
i ) & 0.43 % 8 9
g 0.36 % £1 : ° £ 3.02 %
M1 M M
8 8] 8
0 { 2 0 4 °
10 10 10 10 10 2 f . ) 4 o4
FL2H 100 10 ﬂlg: 10° ! °h 0 45 i

102
FL2H

A. = Drug-free, B. = ISM-treated, C. = Troglitazone- treated, D. = Valinomycin-treated



MMP Graphics for Th427 wt.

1 Hr incubation

3 Hr incubation

WTDF 3Hr300412.118

Appendices. 212

5 Hr incubation

WTDF SHr3004 12.118

w

S

g WTOF 1Hr 3004 12.118 8 g
% A. 81 ]
§
1 & Eg-
v H
3, 50.42 % 3] 39.46 % °%] 40.29 %
o & M
M M .
8 &4 3
0 ] 02 5
- - . 1 10 1 10 1
i 10! 102 100 104 10° 10! 102 10° 104 FL2H
FL2H FL2H
§ T ISM 1Hr 30 04 12.120 § NTIMMA04:12:126 § WY ISMSHr 30 04 12.120
# B # #
81 Rz L&
§ § 10.51 % § 6.84 %
. (] g ' (]
i - 34.5% & ]
M Mt
& £ £
=
o > - = — 10° 1% fi
1 10! 102 10° 104 1 10! 102 10° 104
FL2H FL2H
§ WY TROG 1Hr 3004 12.119 § WTTROG 3Hr 3004 12.119 § WTtrog SHr3004 12.119
# C # #
8 Rz g
: 9 i
% 68.03% | s 513% | &, 63.93 %
M M X1
8 81 8
100 10! ‘Egi‘ 10° 104 1 10! ﬁ:g: 10° 104 1 10 ;.’.2: 10 fY
2 WTYAL 3Hr 3004 12.121 T YAL SHr 30 04 12.121
§ WT VAL 1Hr 30 04 12.121 3 §
$ D. $ 8
8 & o
j : 0.23 % 3
2 (] S o
% 081% | ‘2] : _02% |
M m M
=3 ] g
"0 10! ‘igi‘ 10% 104 160 to! g o 100 10! Flg: 10° 10

102
FL2H

A. = Drug-free, B. = ISM-treated, C. = Troglitazone- treated, D. = Valinomycin-treated



Th427 wt

WTDF 1hr 19 112.082

ISMR1 clone 3

MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 1 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 3 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 5 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 1 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 3 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 5 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 1 Hour incubation in ISM.
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MMP Graphics for Th427 wt, ISMRI clone 3 & ISMR15 clone 1; 3 Hour incubation in ISM.
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MMP Graphics for Tb427 wt, ISMRI clone 3 & ISMR15 clone 1; 5 Hour incubation in ISM.
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MMP Graphics for Th427 wt, + wt ATPase Y clone 1, + S284* ATPase Y clones 1, 2 & 3; 1 Hour incubation in ISM.
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Tb427 wt + S284*ATPase Y clone 3
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MMP Graphics for Th427 wt, + $284* ATPase Y clones 1, 2 & 3; 1 Hour incubation in ISM.
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Th427 wt + S284*ATPase Y clone 1
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Tb427 wt + S284*ATPase Y clone 2
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Th427 wt + S284*ATPase Y clone 3
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§ (V)
Sg] 47.5%
M
g-
=8
109 10! 102 10% 104
FL2H
2 MUT3 val The 16.11.12.137
s]
34
)
§ g
& : 2.53 %
I M1
24
o Y
100 10! 102 10% 104
FL2H
= MUT.3 Trog thr 16.11.12.143
2
&
84
9
2
3
4 (V)
& 62.67 %
M
84
-
100 10! 102 10% 104

A. = Drug-free, B. = ISM-treated, C. = Troglitazone- treated, D. = Valinomycin-treated
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3
£

Tha27 wt Th427 wt + wt ATPase Y clone 1 Th427 wt + S284*ATPase Y clone 1
2 S427WOF 1H 17.11.12.119 3 WT.1OF tHr 17.11.12.120 8 MUT.1 OF tHr 17.11.12.121
A.
g 29 81
§
8 49.48 % 21 27.52 % 21 20.56 %
M M m
8 24 81
0 10! 102 10% 104 100 10! 102 10% 104 100 10! 102 10% 1
FL2H Fl2H FL2H
2 427wt ISM 1Hr 17.11.12.133 2 WT.1 ISM 1Hr 17.11,12.132 8 MUT.1 ISM 1Hr 17.11.12.129
B.
g 29 8
i 3 H
g] 39.37 % °s] 24.99 % °s 16.48 %
M M M
8 84 8
100 10! 102 10* 104 100 10! 102 10° 104 100 10! 10% 10% 104
FL2H FL2H FL2H
8 427w Trog 1Hr 17.11.12.145 2 WT.1 Trog 1Hr 17.11.12.144 8 MUT.1 Trog tHr 17.11.12.143
C.
g8 84 b3
i \ i . i
°s 57.88 % °g] 58.4 % °g
Ml ]
8 84 8
10 10 102 100 104 100 10! 102 108 104 100 10! 104
FL2H Fl2H
8 5427wt vel 1Hr 17.11.12.134 8 WT.1 vel 1Hr 17.11.12.135 8 MUT.1 val 1Hr 17.11.12.136
e D' 3 13
g 29 8
i , i i
3 3 3
- 0.32% 2] 0.53 % 24 1.34 %
™M M M
8 84 8
"0 10! 1 10° 104 "0 10! 10° 104 100 10! 10% 10% 104
FL2H

02
FL2H

102
FL2H

A. = Drug-free, B. = ISM-treated, C. = Troglitazone- treated, D. = Valinomycin-treated



Counts

Counts

Counts

Th427 wt + S284*ATPase Y clone 2

MUT.2DF 1Hr 17.11.12.122

2

8

g8

8 14.65 %
M1

8

&)

10°

2 MUT.2 ISM1Hr 17.11.12.128

8

g

87 14.14 %
M

8

"0 10! 102 10° 104

FL2H

8 MJUT.2 Trog 1Hr 17.11.12.142

8

8

L 24.75 %
M

8

&)

10 10! 102 10° 104
FL2H
8 MUT.2 val 1Hr 17.11.12.137

0.51%

10% 104

%

0 30 60 % 120
: f 3 L :
mt =
2

10! 1
FL2H

Counts

Counts.

Counts

Counts

150

120

150

120

150

120

150

120
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Tb427 wt + S284*ATPase Y clone 3

MUT3DF 1Hr 17.11.12.123

19.63 %
M
100 10! 102 10% 104
FL2H
MUT3 ISM 1Hr 17.11.12.127
17.91 %
™M
0 10! 102 108 104
FL2H
MUT.3 Trog THr 17.11.12.141
21.36 %
™
10" 10! 102 108 104
FL2H
MUT3 val 1Hr 17.11.12.138
| . 033%
I M1
160 10! 102 10° 104

FL2H

A. = Drug-free, B. = ISM-treated, C. = Troglitazone- treated, D. = Valinomycin-treated
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Appendix C: DNA sequencing alignment of TbAT-A,
TbAT-E, TbAT1 and ATPase y from ISMR clones.

TbAT-A sequences from ISMR1 clone 3 and ISMR15 clone 1.

43

13 AT-A12
151 AT-A 4
13AT-A4
13AT-AB
151 AT-A G
15.1 AT-A 14
13AT-A S
15.1 AT-A N
15.1 AT-A 18
12 TAT-AL
181 AT-AR
13AT-AS
1TIAT-A 1
1.3 AT-A 13
13AT-A 2
1.3 AT-A 14
AT-A1

1.3 AT-A 15

G000 000 0=

Q006000060660 60660
GGG o000

OO OOHOGO6 OO0 O

13AT-A N
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 16
15.1 AT-A 1T
1.3 AT-A 19
15.1 AT-A 20
AT-AS
AT-AG l--------- =-==-=--=----

Consensus ACTCAAAGGT GTGCTGGCTG AAATTGGAAG GATGCTTGGC TTCGGTTCTG
s

G
G
G
G
G
G
G
G
G

GO0 ddd

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

Q@O0 OO0 @O Q00 000 O

Ganserdation
s

~ [T OO e C T
seomcern. \CTOAMGET GTGCTOGCTG AMATTGEAAG GATGOTTGGE TTCGGTTOTG

100
|

1.3 AT-A 2 hc- E G G G 100
15.1 AT-A 4 hc' hr G G G 100
13AT-A4 hc' E G G G 100
TIAT-AB hc- E G G G 100
151 AT-A B hc' E G G G 100
15.1 AT-A 14 '; ..t- G G G 100
TIAT-AR hc- E G G G 100
1651 AT-A 11 hc' E G G G 100
191 AT-A 8 ht' E G G G 100
151 AT-AS ht' E G G G 100
151 AT-A 8 hc' E G G G 100
TIAT-AL ht' E G G G 100
1.3 AT-A 1 ht' E G G G 100
1.3 AT-A 13 hc' E G G G 100
TIAT-AZ ht' E G G G 100
1.3 AT-A 14 ht' E G G G 100
AT-Al hc' E G G G &8

1.3 AT-A 15 ht' E G G G 100
AT-AZ ht:- E G G G ]
AT-A4 hc' E G G G &8

1.3 AT-A 11 ht' E G G G 21
AT-A3 hc' E G G G [t}

15.1 AT-A 15 hc' hr G G G 100
1.3 AT-A 16 ht' E G G G 100
15.1 AT-A 13 hc' E G G G 100
1.3 AT-A 20 hc' E G G G 100
T3 AT-AS ht' E G G G 100
151 AT-A 18 hc- E G G G 100
151 AT-A 17 hc' E G G G 100
1.3AT-A19 ht' E G G G 100
1651 AT-A 20 hc- E G G G 100
AT-AS ht:- E G G G 2]
AT-AG Gi G G G B8

Consensus TGCATGAACT CCTTGCCTAT ATCACCTTCA TGTGTTTTGG GATGTCGGTG
0%

Consarvation

Al 1]
seawnceize [ CATGRACT CCTTGCCTAT ATCACCTICA TGTGTTTTGG GATGTCGGTG




lélil
1.3AT-A2
151 AT-A 4
13AT-A4
13AT-AB
151 AT-A B
15.1 AT-A 14
13AT-A 8
15.1 AT-A 11
15.1 AT-A 18
151 AT=-A G
151 AT-A 2
13AT-AS
1T3AT-A
1.3 AT-A13
TAAT-MZ
13AT-A 4
AT-A1

1.3 AT-A15
AT-A2
AT-Ad

13 AT-A T
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-4 13
1IAT-AZ0
13AT-AG
16.1 AT-A 16
15.1 AT-A 1T
1.3 AT-A 18
199 AT-A 20
AT-AS

AT-AG | | E

Consensl..s ATGETGGTGT CGAACACGGT CTTGTCGTTC CTGGAGTTCT TCCOCTCCAGTT

P OO OO OO0 000 00600665 6

EEEEEEEEEEE R EEEEEEEEEEEEEEREY:
GoOoaOooOoOh OGO 0OO00 0006
GohoahoaOhdhhoGhdGh O oOo 0O OO0 o000
GohoadooOddOhoGh GO OGO 0O OO0 OO0 0
GO OOOOOO00O0OOOOOOOO0OO00 0006

G

Ccnscr\ranon

S e TGGT 16T CCAACACGT CTTGTC [1C CTGGAGTTeT TCCTCCAGTT

200
{ I
Consenlatcln

o [T T A T T
seaerconze (TAGETTTT GCGGCEAAGE ATEGCGAGAA CATEMGETG 5+ GACCORAG

1.3 AT-A 12
15.1 AT-A 4
13AT-A4
13AT-AB
15.1 AT-A G
16.1 AT-A 14
13AT-AB
15.1 AT-A 11
15.1 AT-A 18
15.1 AT-AS
15,1 AT-A 8
13AT-AS
1.3AT-A 1
1.3 AT-A13
13AT-AZ
1.3 AT-A 14
AT-A1

13 AT-A 15
AT-AZ
AT-A4

1.3 AT-A 11
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AD
16.1 AT-A 16
15.1 AT-A 1T
13 AT-A19
15.1 AT-A 20
AT-AS
AT-AB

Consensua CTACCTTTTC

88 B8 888 88 8080080888888 80888888888
OO0 OO0 00060
6 B 8 B 8 8 E 0888888888

QOO OHO0 006060060000 00C0006 065650

150
150
150
150
150
150
148
149
150
150

149
150
150
150

119
149
119
119

118
150

150
150
150
150
150
150
130
18
112
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13 AT-A 12
15,1 AT-A 4
13AT-A4
13 AT-AB
1531 AT-A G
15.1 AT-A 14
1.3AT-A B
15.1 AT-A 11
15.1 AT-A 18
151 AT-A S
151 AT-A 8
1.3AT-AS
1.3 AT-A 1
1.3 AT-A 13
TAAT-AZ
1.3 AT-A 14
AT-A1

1.3 AT-A15
AT-A2
AT-Ad

13 AT-A 11
AT-A3

191 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
13AT-AZD
1TIAT-AS
15.1 AT-A 16
15.1 AT-A 1T
1.3 AT-A 19
15.1 AT-A 20
AT-AS
AT-AG
Consensus AGCAGAAATT TTTCTGGAAC AATGTCTTCA CGTACTATCT TGCGACGACG

s

TN AN AR
[GTCTTCA CGTACTATCT TGCGACGACS

DODHODODO 000D O@OHO0O00OOOOO 000 O
OO OO OO0 000 OOEEGE 000 6
oG hGhoGhod OO OO Oon 0000

QOO OE@ OO0 R0 0000

Ganservatian

en AL TELL AT
seaercocne |\GCAGRAATT TTTCTGGRAG AR

13AT-A12Z
15.1 AT-A 4
1.3AT-A4
13AT-AG
151 AT-A G
16.1 AT-A 14
1.3AT-AB
15.1 AT-A 11
15.1 AT-A 18
151AT-AS
151 AT-A 8
13AT-AS
1.3 AT-A 1
1IAT-A13
13AT-AZ
1.3 AT-A 14
AT-Al
1.3AT-A 15
AT-AZ
AT-A4

1.3 AT-A 11
AT-A3

18.1 AT-A 158
13AT-A 16
15.1 AT-A 13
1.3 AT-A 20
1.3AT-A D
15.1 AT-A 16
151 AT-A 1T
1TIAT-AE
15.1 AT-A 20
AT-AS
AT-AB
Consensus TTTATTGTGE AGTGTTTGGT AGTGTCACTG ATGCTCACAA ACTTTGGAAA

Al

= = N
STTTGGT AoTo
m el R
£ i
oo R
CRccl [Jofio
ORcol [Joflo
Bl R
CENcl Jofc
Rl i
m el R
£
oo R
CRccl [Jofio
oRcol Jofe
home R
CENcl i
m el R
£ i
E e
oo R
ORcol [Jofio
oRcol Jofe
hom R
CEcl g
m el R
£
E e
oo R
6TTTCOT AT
oTTTceT WoTG

Conservation

soaarceize [TTATTGTCG AGTGTTTGGT AGTGTCACTG ATGCTCAGAA ACTTTGGAAR

268
300
299
300
300
300
300
300
300
00
269
269
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1.3 AT-A12
151 AT-A 4
13AT-A4
1.3 AT-AB
151 AT-A G
15.1 AT-4 14
13 AT-A 8
15.1 AT-A 11
15.1 AT-A 18
121 AT-A S
151 AT-A8
1.3AT-AS
1IAT-A 1
1.3 AT-A13
TAAT-AZ
1.3 AT-A14
AT-A1

1.3 AT-A 15
AT-AZ
AT-Ad

1.3 AT-A 11
AT-AZ

15.1 AT-A 15
1.3 AT-A 16
151 AT-A 13
1.3 AT-A 20
1.3 AT-AS
15.1 AT-A 18
15.1 AT-A 1T
1.3 AT-A 19
15.1 AT-4 20
AT-AS
AT-AB
Consensus

OO e o000 000 O0 00000 CO00O00CO000000

c

@

GATTCCC ATAACCCTTC

30
lE

CCTCTATAT TGGTCTTGTC TTTCCGATTA

nos
Canservatian
2008

Sequence loge

2.2k

1.3 AT-AZ
15.1 AT-A 4
13AT-A 4
13AT-AR
151 AT-A 6
15.1 AT-A 14
13AT-AH
15.1 AT-A 11
15.1 AT-A 18
151 AT-A S
15,1 AT-A 8
13AT-AS
1.3 AT-A 1
1.3 AT-A13
13AT-AZ
1.3 AT-A 14
AT-A1

1.3 AT-A 15
AT-AZ
AT-A4

1.3 AT-A 11
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AD
15.1 AT-A 18
15.1 AT-A 17
13 AT-ATE
15.1 AT-A 20
AT-AS
AT-AB

Consensus TCTTAGTGTT TTC
we

Conservation
Ll
13ckn

Sequanca logo
2t

It

Il
T

=
=
a
=
=
=
=
a
=
=
=
=
a
=
=
2
=
a
=
=
=
o
&
2
=
a
=
=
=
=
a
=

o

[
bTeT

38D

)OO RO 0RO OE0 00060
QOOEERIOEEHODIN0NEOOODONEHN0E0N0O0 0G0

OO0 00000

T T
T TTCTGTCATG ATGGTTACE

|
AT

it

Il
AAAAA

TGTGATE ATGGTTACCA TCGGAAAAAC AACGGAAACC

(

Il
-

OO0 0O0 0

|
(66

Il
Ak

WLLIRLLEET LR LIRUCLRT CASECIRELRT (L IRECITRL IR LA
CGGATTCCC ATAACCCTTC GCCTCTATAT TGGTCTTGTC TTTCCGATTA

A0
|

|
(¢

A50
350
a50
350
350
350
349

350
350
350
348
350
350
350

319
39
319
319

318
350

350

400

400
400
400
400

399
400
400
400
Jag
400
400

399
369
309
369

391
bt
400
399
400
400
400
400
400
400
400
369
369
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1.3 AT-A 12
15,1 AT-M 4
13AT-A4
13AT-AB
151 AT-A B
15.1 AT-A 14
1TIAT-AE
15.1 AT-A 11
15.1 AT-A 18
151 AT-A G
161 AT-A 8
13AT-AS
1.3AT-A 1
1.3 AT-A13
1A AT-AZ
1.3 AT-A14
AT-A1

1.3 AT-A15

13AT-A T
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
13 AT-AZ0
13AT-AS
16.1 AT-A 16
15.1 AT-AT
13 AT-A 19
15.1 AT-A 20
AT-AS
AT-AG
Consensus GGTGCCAGGG TAACCATTAT ACTGATTGGT TTGATAAACG GAGCTTCCAC

[y Iy vy I I Oy Iy Iy Oy Iy O Oy vy vy I vy vy Ry Oy v By By Iy oy By Iy Ay Oy By By vy R
DO O OO0 OO000 0000000000000 0000008850
QOO NGO OOOH0ODOD0 000600606 00
LR R R E R EEEE R
QOO0 OO0 000000000

s
Canservation

seawersov (GTGUCAGGG TAACCATTAT ACTGATTGGT TTGATAARCE GAGCTTCCAC

4FD %olu

1.3 AT-A 12
15.1 AT-A 4
1IAT-A4
13AT-AB
15.1 AT-A G
15.1 AT-A 14
13AT-AB
15.1 AT-A 11
15.1 AT-A 18
15.1 AT-AS
15,1 AT-A 8
13AT-AS
1.3 AT-A 1
1.3 AT-A13
13AT-AZ
1.3 AT-A14
AT-A1

1.3 AT-A 15
AT-AZ
AT-A4

13 AT-A N
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 16
151 AT-A 17
1.3 AT-A12
16.1 AT-A 20
AT-AS

AT-A5 |

Consensu‘- TGCACTTTGC AGCTCCGGTG CCGTTGCACT TGCCGGTCCC TTTCCAACGA

DO OO OO OO000 OO0 OH000 000
R R R R R,

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

COOOOOGaOOOGaOOOOO0OO0O0OOROO0

Consan-ahun

searcate: TGCACT T6C AGCTCCGETG CCGTTGCACT TGGCGCTCCC TTTCCAAGGA

500
500
500
500
500
500
489
499
500
500
500
489
500
500
500
499
469
499
469
469
491
468
500
4499
500
500
500
500
500
500
500
469
469
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o
B
=

13AT-A 12
151 AT-A4
13AT-A4
1.3AT-AG
151 AT-A &
15.1 AT-A 14
TIAT-AB
15.1 AT-A 11
15.1 AT-A 18
121 AT-A &
15.1AT-A 8
1.3AT-AS
1.3 AT-A 1
1.3AT-A13
TIAT-AZ
1.3 AT-A 14
AT-A1

1.3 AT-A 15
AT-AZ
AT-hd

1.3 AT-A 11
AT-A3

15.1 AT-A 18
1.3 AT-A 18
151 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 16
15.1 AT-A 1T
1.3AT-A19
15.1 AT-A 20
AT-AS
AT-AfG
Consensus

)OO OO0 ARG D06 &
GO0 OH OO0 OO0 O

P OOOOGOOOOO 0000000000000 00 00060

2
2
=
2
=
S
2
S
=
S
2
2
=
2
=
=
2
=
S
=
S
S
S
=
2
=
2
=
=
2
2
S

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

OO0 OOOOOOaOD 00O G

QOO0 O000N0E0606000 0003

Conscwaﬂon

oo WLLLLELT AL TR LR AL
soverce e, NGTTTTTGAG TGUSTACRTS TGGGGTGITT COGTIGTGE TGTTATCACG

Conservation

gl T [
soaarcouse [(GACGTTTO CCATTGTTAT TAARGC+TCG ACGEAGAGTA AGTTCAAGCS

13 AT-AZ
151 AT-A 4
13AT-A 4
13AT-AR
15.1 AT-A B
15.1 AT-A 14
13AT-AB
15.1 AT-A 11
15.1 AT-A 18
15.1 AT-AS
15,1 AT-A 8
13AT-AS
1.3 AT-A 1
13 AT-A13
13AT-AZ
1.3 AT-A 14
AT-A1

13 AT-A15
AT-AZ
AT-A4
13AT-A N
AT-A3

15.1 AT-A 15
1.3 AT-A 18
15.1 AT-A 13
1.3 AT-A 20
1TIAT-AD
15.1 AT-A 16
15.1 AT-A 17
13AT-A12
15.1 AT-A 20
AT-AS
AT-AB

Consensus
e

OO OOOOO00O OO0 00O 0O0O0 0000000000
OO oGO OO0 OOOOD OO 0O00
DO OO OO oo OOEEOOO000 00000000000
PO OO0 G000 060
QD OOOO00H OO0 0O HOO00OO00 00600

&00
&00
569
569
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G20

1.3 AT-A 12
15,1 AT-A 4
TIAT-A4
13AT-AG
151 AT-AB
15.1 AT-A 14
13AT-A8
15.1 AT-A 11
15.1 AT-A 18
121 AT-AS
15.1AT-A8
13AT-AS
13AT-A
1.3 AT-A 13
1TIAT-AZ
13AT-A 14
AT-A1

1.3 AT-A 15
AT-A2
AT-Ad
1.3AT-ANM
AT-A3

15.1 AT-A 15
13AT-A 18
15.1 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 16
15.1 AT-A 17
1.3 AT-A 19
15.1 AT-A 20
AT-AS

AT-AB ‘

Consensus THCAGAJ\GAC CGCGTCGCGA
e

I @O OO0 OO0 00000006
I @O OO OO0 OO0 OO0 0 006 &
I @O OO0 0000000000000 0000 a6

TAGGCTCAC TCAGTCACGC ATATACTTTG

OO0 000 0000000006 &

ORI ED0000060060000600000000«

Cansar\'aﬁon

seoce it TACAGAAGAC CGCGTCECTA GTAGGCTCAC TCAGTCACGE ATATACTTTG

a0
AT-AB ' * I

Consenska GGTTGGTChT GATTATGCAG TCGATTTCTT GTGGTCTTCT GCTECTGLCTG

i
1.3 AT-A1Z
15.1AT-A4

13AT-A4
13AT-AB
151 AT-A 6

15.1 AT-A 14

13AT-AS

15.1 AT-A 11

15.1 AT-A 18
151 AT-AS
15,1 AT-A 8

13AT-AS
1T3AT-A 1
1.3 AT-A3
13IAT-AZ
13AT-A 4
AT-A1

1.3 AT-A 15
AT-A2
AT-A4

13 AT-A 11
AT-AZ

151 AT-A 15
13AT-A 1B

15.1 AT-A 13
1.3 AT-A 20

1IAT-AS

15.1 AT-A 16

15.1 AT-A 17
1.3 AT-A19

15.1 AT-A 20

]
=
<
9
2
9
2
<
=
9
<
2
<
2
9
S
9
<
2
9
S
9
9
2
9
S
9
9
2
9
2
9

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

OO0 0000000000
00 W0 m0e 60000600 ooH00eo0n 0o EH0o 660G

COROOO000OOOAOOO0O0G00OO0O0O00G00O0

Conser\-aﬁan

Soqurs oo GG”CGTEAT GATTATGCAG TCGATTTCTT GTGGTCTTCT GETECTECTG

850
650
6550
650
630
B850
[=4]
649
850
650
B850
649
850
650
650
649
819
649
619
619

618
650
649
&50
6550
6850
B850
850
650
650
819
612

foo
Too
700
oo
Too
700
699
699
oo
Too
oo
699
Too
foo
Too
L]
569
699
]
669
6a1
668
Too
&99
Too
Foo
foo
Too
o0
oo
oo
BES
669
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1.3 AT-A 12
19,1 AT-A &
1TIAT-A4
13AT-AB
151 AT-A B
15.1 AT-A 14
TIAT-A B
15.1 AT-A 11
15.1 AT-A 18
181 AT-A S
15.1 AT-A 8
TIAT-AS
13AT-A 1
1.3 AT-A 13
TIAT-AZ
13 AT-A 14
AT-A1
1.3AT-A 15
AT-AZ
AT-Ad
1TIAT-AN
AT-A3

15.1 AT-A 15
13AT-A 16
15.1 AT-A 13
1.3AT-A 2D
1IAT-AD
16.1 AT-A 16
151 AT-A 17
13AT-A 19
15.1 AT-A 20
AT-AS
AT-AB

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

QROODEEEENANINON0 0060 0GEGEGEG6E 6060000

.’4.I

ODOOOOO OO0 O0O0OOOGO00O0O00O 0000
Q@O OO0 DOQQ

Consensus AGGAAGAACC CTTACGCCAT GAAGTATACG GCAGACTTTC GTTACGCGGC

o

seoneioo NGEAAGRACE CTTACGECAT GRAGTATACS GEAGACTTIC GTTACECEGE

1.3 AT-A 12
151 AT-A 4
TAAT-A4
T3AT-AR
15.1 AT-A 6
15.1 AT-A 14
TIAT-AR
151 AT-A 1
15.1 AT-A 18
151 AT-AS
151 AT-A 8
13AT-AS
13AT-A 1
1.3 AT-A 13
13AT-AZ
1.3 AT-A 14
AT-A1
13AT-A15
AT-A2
AT-Ad4

1.3 AT-A 11
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
TAAT-AS
15.1 AT-A 18
15.1 AT-A 17
1.3AT-A19
151 AT-A 20
AT-AS
AT-AB

Consensu s

6 B B e e R 008888 88888
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Conservahcln

T T T
Saqance o GAGGAAAGCG ATGCTGTG AAGCT

= >
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|

LD OO OO0 HO0 OO0 OO0 00 060
PO OO OO0 OO OO OO0 000
60 B0 88 8 B e BB e 808888080888
DD OO OGO OO0 OH0E0 00600000060

T 1]
ATGA CGCTGCAGAT GATAATGAAC

a0
750
750
750
750
750
Tas
749
750
a0
750
748
750
a0
750
T49
719
749
719
fall
741
718
a0
749
750
750
a0
750
750
750
50
719
fall

00
a0
800
ang
800
00
789
79
200
a0
a00
T899
200
00
a0
799
769
749
769
769
To1
TGa
a00
799
a0
200
a00
a0a
&00
a00
800
769
TE9
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1.3 AT-A12
151 AT-A 4
13AT-A4
13AT-AG
15,1 AT-A 6
15.1 AT-A 14
1T3AT-AR
15.1 AT-A 11
15.1 AT-A 18
151 AT-AS
15.1AT-A 8
1T3AAT-AE
13AT-A 1
1.3 AT-A13
TIAT-AZ
1.3 AT-A 14
AT-A1

1.3 AT-A15
AT-AZ
AT-Ad

1.3 AT-A 11
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 18
15.1 AT-A1T
1.3 AT-A 18
15.1 AT-A 20
AT-AS
AT-AG

QOQOQ@OOOAOOO0@OOOO0O00 00000060 G
QOO0 006 &
OO0 QOO0 006 O

OOOOOO0O0MOOO0OAOOO0O0O0GO00 00000006 6

QO@OQDONRN D00 0O OO0 00O O

Consensus CGAGTAGCTT AGGAAAGGGT CCGGCCGACC AGGACGACGA TTTGAAAGCG
s

GOOOOOOOAO OO0 OO OO0 00606
OO@OOO00QO0O00O@OOOOO0ON00QOO0 000 O
Go@a@OOOaOO 000000000 o

G 0@ EE 6606000000000 EaEeE 666N DC

Caonservation

2.0
Sequence logo
Sk

-
=
]

13 AT-ATZ
15.1 AT-A 4
13AT-A 4
13AT-AB
15.1 AT-A &
15.1 AT-A 14
13AT-AR
15.1 AT-A 11
15.1 AT-A 18
15.1 AT-A S
15.1 AT-A 8
1.3AT-AS
1T3AT-A 1
1.3AT-A13
13AT-AZ
1.3 AT-A 14
AT-A1

13 AT-A 15
AT-AZ
AT-A4

13 AT-A 11
AT-AZ

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
1TIAT-AD
15.1 AT-A 18
151 AT-A 17
1.3AT-A18
15.1 AT-A 20
AT-AS

AT-AB ] I

Consensw GﬂTTGCAAGG CGGGCAAGAG CJ\ACGTGATG ACTTCCACTG T#GhCCCTGA

GOO@OOOOOOOOODO0OOOO0OO0 OO0 OO0 D
GO OOOOOOOO0OOO00OOOO0GOO0OO0 0000
GOO@OOOOOOOOOODO0OOOO OO0 OO 00D -

Consenlatcln

] T
i, TGOS LG CAACGTGATG ACTTCeAeTG TAGACGCTCA

a50
a50
a50
a50
a50
as0
449
849
a50
850
aso
849
a50
as0
50
849
19
849
219
419

a1a
850
249
450
a50
as50
850
aso
a50
a50
819
819

200
900
200
900
00
200
899
809
900
900
200
899
900
900
00
&89
869
899
889
869
891
268
200
899
900
900
200
900
200
800
900
869
269
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1.IAT-A12
151 AT-A 4
13AT-A4
13AT-AB
151 AT-AG
18.1 AT-A 14
13AT-AR
15.1 AT-A 11
15.1 AT-A 18
121 AT-AS
15.1AT-A8
13AT-AS
13AT-A 1
1.3AT-A13
TAAT-AZ
1.3AT-A14
AT-A1

1.3 AT-A15
AT-A2
AT-Ad

1.3 AT-A 11
AT-A3

151 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
TIAT-AS
15.1 AT-A 16
15.1 AT-A1T
1.3 AT-A19
15.1 AT-A 20
AT-AS
AT-AB

I @ OO0 @O OO0 00000 a0 06000000

Coensensus CACGATGAGG

QOO ROEEEOEE 066666606660 66060600

QOOQO0@LO0EE0 0600000600660 06 060G

GOOOOOOQOOOO0O0000A0 AN OO0O 0

QOO0 0@ 0000000000000 60 06000000
Q000000 H0ee0060060066GEL6HGEHEHE L

450
950
950
950
950
950
949
949
]
950
350
949
950
50
950
949
919
949
919
919

918
950
249
950
950
50
950
950
50
950
19
918

GACACGGACC AGGTTGAGAA TATCACGAAC TCGCAACAGA

£

Caonservation

(A A ATy
senercecae CACGATCAGE GACACGGACC AGGTTGAGAR TATCACGAAC TCECAACAGA

1.3 AT-A 12
151 AT-A 4
13AT-A4
13AT-AE
151 AT-A B
15.1 AT-A 14
13AT-AS
165.1 AT-A 11
15.1 AT-A 18
151AT-AS
159 AT-A 8
13AT-AS
1.3 AT-A 1
T3AT-A13
1T3AT-AZ
1.3 AT-A 14
AT-A1

1.3 AT-A 15
AT-A2
AT-A4
13AT-A N
AT-A3

16.1 AT-A 15
1.3 AT-A 16
151 AT-A 13
1.3 AT-A 20
13AT-AD
16.1 AT-A 16
165.1 AT-A 17
13AT-A1S
151 AT-A 20
AT-AS
AT-AB

£
a
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DO OO OO0 OO 000OOo00 000000000000
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Consensus TGTTGAAGGC GAGTGCGTTG TCTGTGTTCA GGCGTGTTTG GCCCATGTTA

Conser\'ah;d.i; HHLL"
bITG

Sequenca logo
it

L]
ARGGG CAGTOCET

L L
16 TCTGTGTTCA GGCOTGTT

TR
16 GECCATGTTA

1000
1000
1000
1000
1000
1000
989
909
1000
1000
1000
989
1000
1000
1000
999
969
989
969
9E9
991
oG8
1000
999
1000
1000
1000
1000
1000
1000
1000
969
969
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1.3AT-A12 § G G GG G 1050
151AT-AL & E E G E m ! 1050
13AT-A4 O ht- ht- G E ﬁ H 1050
13AT-AE O ht' ht' G E m ! 1080
159 AT-A B G E E G E g E 1050
151 AT-A 4 § hr hr G E *r ! 1050
13AT-AE O i i G E G E 1049
151AT-AT1 § he- he- Gi E g E 1049
1651 AT-A 18 G i i G i *t- E 1050
151 AT-AS ht- ht- G E *t- E 1050
151 ATAR o E E G E *t' ! 1050
13AT-AS G E E G E G '! 1048
13AT-A 1 G hr hr G E g ! 1050
1IAT-A13 & i i G E G E 1050
13ATA2 cfileTerg clic GGTCT 1050
13AT-A 14 G E E G E '5! E 1048
AT-A1 G E E G E ﬁ ! 1018
13AT-A5 E E G E g ! 1040
AT-AZ G ht- ht- G E G H 1019
AT-A4 G ht' ht' G E m ! 1018
13AT-A T G E E G E '5! E 1041
AT-A3 4 h" h" G E m E 1018

151 AT-A 15 & E E G E ﬁ E 1050
13AT-ATE G he- he- Gi E E ! 1048
15.1 AT-A 13 & i i G| i *t- E 1050
13AT-AZD G ht- ht- G E G E 1050
13AT-AS © ht' ht' G E m ! 1080
151 AT-A 16 G E E G E E E 1050
151 AT-ATT § h" h" G E *t' E 1050
13AT-A 19 G i i G i *c- 1050
15.1 AT-A 20 he- he- Gi E G E 1050
AT-A5 G E E G E '5! E 1018
AT-AE G GEG * ! 1019

GCCGTGTGCT TTATTGCGTT CTTTACCGCC TTCCTCATCT ACCCTGGTGT

Consensus
s

seavercorge GOCGTGTGCT TTATTGCGTT CTTTACCGCC TTCCTCATCT ACCCTGGTGT

1,080
1

1.3 AT-A 12 Gl G Gi & G 1100
15.1 AT-A 4 E G E E ﬁ E 1100
13AT-A4 ht- G ht- *t- *t- ! 1100
1TAAT-AB hr G hr *e- *r = 1100
151 AT-A B E G E *e- *r ! 1100
15.1 AT-A 14 ht- G ht- *t- *t- E 1100
13 AT-AS ht' G ht' *t' *t' ﬁ 10289
161 AT-A 11 9 G 9 *r *r 9 1098
15.1 AT-A 18 hr G hr *e- *r = 1100
151 AT-A5 hr G hr *e- *r = 1100
15,1 AT-A 8 ﬁ G ﬁ Fc— *t- ° 1100
1TIAT-AS ht' G ht' *t' *t' ﬁ 1029
13 AT-A 1 ht' G ht' *t' *t' ! 1100
1.3AT-A 13 ht- G ht- F‘- *t- = 1100
13AT-AZ ht- G ht- F‘- *t- = 1100
1.3 AT-A 4 ﬁ G ﬁ Fc— *t- ° 1099
AT-A1 ht' G ht' *t' *t' a 10&8
1.3AT-A 15 E G E *e- *r ! 1099
AT-AZ ht- G ht- F‘- *t- E 1069
AT-A4 ht- G ht- F‘- *t- = 1089

1.3 AT-A 11 h" G h" *f-' *t' ! 1021
AT-A3 hr G hr *e- *r = 1068

151 AT-A 15 hr G hr *e- *r = 1100
1.3 AT-A 16 E G E Fe- *r ! 1099
15.1 AT-A 13 ht' G ht' *t' *t' ﬁ 1100
1.3 AT-A 20 ht' G ht' *t' *t' ! 1100
1TAAT-AL hr G hr *e- *r = 1100
15.1 AT-A 18 hr G hr *e- *r = 1100
151 AT-A 17 ﬁ G ﬁ Fc— *t- ° 1100
1.3AT-A19 ht' G ht' *t' *t' ﬁ 1100
16.1 AT-A 20 ht' G ht' *t' *t' 1100
AT-AS 9 G 5 = GTGH 1069
AT-AB G GH 1088

GTGA

Consensus ATTCTTTGCT GTCAAACTGE GGCCGGATGA CAACGGCTGG TATATG
0

Consarvation

soaceize \TTCTTTGCT GTCMACTER GGCCGEATGA CRACGGCTGG TATATGGTGA




1.140
|

1.3 AT-A 12 G G G G G G 1150
151 AT-A4 E E GGGHG - GET 1150
13AT-A4 5 G G G ﬁ G 1150
1.3 AT-AB E E G G m G 1150
151 AT-AB E hfr' G G m G 1150
15.1 AT-A 14 G, G G G ﬁ G 1150
1.3 AT-A 8 hl:' hr: G G ﬁ G 11449
15.1 AT-A 11 E E G G m G 1149
15.1 AT-A 18 5 G G G m G 1150
151 AT-A L ht‘ ht' G G m G 1150
151 AT-A B h" h" G G ﬁ G 1150
1.3AT-AS hl:' hr: G G ﬁ G 11449
1T3AT-A 1 E E G G m G 1150
1.3 AT-A 13 E h\‘r‘ G G ﬁ G 1150
13 AT-A2 o 5 GGGHG ca G 1150
1.3 AT-A 14 E E G G ﬁ G 11489
AT-A1 d 5 cGGHG cq GTT 1119
13AT-A 15 E E GGGAG e G 1149
AT-A2 5 g GGoAG ot GET 1119
AT-Ad E E GGoAG ce GIT 1118
1.IAT-AN he- ht- G G 'ﬂ! G 1141
AT-AZ G G G G ﬁ G 1118
15.1 AT=-A 15 E E G G m G 1150
13 AT-A 16 5 = GGGHG GG GTT 1143
15.1 AT-A 13 ) e GGGAG Gal GTT 1150
1.3 AT-A 20 h" h" G G m G 1120
1.3AT-AQ hC' ht' G G m G 1150
15.1 AT-A 16 E E GGGHG Go GET 1150
15.1 AT-A 17 E h‘-‘ G G ﬁ G 1150
1.3 AT-A 12 E hfr' G G m G 1150
15.1 AT-A 20 E hfr' G G E G 1150
AT-AS G, G G G e G 1119
S o e

AT-AB G G G G 11149

Consensus TCATTCCGAT GATGTTTAAC TTGGGAGATT TTGTGGCGCG CCTTTTLCGTT

.
e | L
100 A
seauencorcge [CATTCCGAT GATGTTTAAC TTGGGAGATs TTGTGGCGCG CCTTTTCOTT
e e VAIY

60 00

| |
13AT-AZ 5 ARG I G ceEEGTT 1200
15.1 AT-A 4 I ARG a G = GGARGTT 1200
13AT-A4 G cBARC G G = GGABGTT 1200
1TI3AT-AR G h" h" G G ! G G 1200
15.1 AT-A B G h" h" G G E G G 1200
16,1 AT-A 14 I cSAR a G q GGARGTT 1200
13AT-AS I GEAE a G = GGABGTT 1159
16.1 AT-A 11 I E E a G = GGABGTT 1128
15.1 AT-A 18 = GEAEG G G Gl GGABGTT 1200
15.1 AT-A S G cEAllc G G G GGEMGTT 1200
15,1 AT-A 8 G E E G G G GGERGTT 1200
TIAT-AS G h" h" G G ! G G 1199
1.3 AT-A 1 G h" h" G G E G G 1200
1.3 AT-A13 G E E G G ! G G 1200
1T3AT-AZ G E E G G ! G G 1200
1.3 AT-A 14 G E E G G ! G G 1129
AT-A1 G h" h" G G ! G G 1169
1.3 AT-A 15 G h" h" G G E G G 1189
AT-AZ I cSAR a G q GGABGTT 1189
AT-Ad I SRR a G = GGARGTT 1159
1.3 AT-A 11 I cBARc a G = GGARGTT 1121
AT-A3 G E E G G ! G G 1168
15.1 AT-A 15 G E E G G ! G G 1200
1.3 AT-A 16 G E E G G ! G G 1199
16.1 AT-A13 I SRR a G = GGARGTT 1200
13 AT-A 20 I GEAE a G = GGARGTT 1200
TAAT-AG G E E G G ! G G 1200
15.1 AT-A 16 G E E G G ! G G 1200
15.1 AT-A 17 G ARG G G G GGEMGTT 1200
1.3 AT-A1S G h" h" G G ! G G 1200
15.1 AT-A 20 G h" h" G G E G G 1200
AT-AS I cSAR a G q GGABGTT 1189
AT-AB I 3 a G = GGABGTT 1159

GA TTGGGACGTT

Consensus CAGTTCAAGA
0o

Conservation

]
20ee

L] Il T
soasecercs: (AGTICAAGA CTCTGCACGC ATCACCGCTC TTTGTGGTGA TTGGCACGTT

Appendices. 241



1.3 AT-A 12
15,1 AT-A 4
13AT-A4
1T3AT-AB
121 AT-A 6
15.1 AT-A 14
13AT-AR
15.1AT-A 1
151 AT-A 18
151 AT-A S
15 1AT-AS
13AT-AS
13AT-A 1
1.3 AT-A 13
13AT-MZ
13 AT-A 14
AT-A1

1.3 AT-A 5
AT-AZ
AT-Ad
13AT-A N
AT-A3

15.1 AT-A 15
13AT-A 16
15.1 AT-A 13
1.3 AT-A 20
1T3AT-AD
165.1 AT-A 16
15.1 AT-A 17
1.3 AT-A 19
15.1 AT-A 20
AT-AS

AT ‘

Consensus TGCGCGTTTG TTGCTCGTCA TTCCAATTGT GOTTTGCGCA TACAGTGTGA

i

cersercsen. ||| (LT[ 111 [T {11 o eronoron connrrnnm oA

2 ks

sewercerese [O0G0GTTTO TTGCTCGren Trecantrer cerrreceea TACAGTGTGA

@OOH@OOO00OO06 0000
QOO0 0600 06000600000
G 6@ @6 0w e 0E 60 Ge 606G
GOOHOOO0 0668060608 6
G066 606006606 606G
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S
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S
o
S
S

DO O OGO OO OO OO0 a0 000606066000
OE0H060000600000000000060006000G6000G606000«

1.3 AT-AZ G G 1300
15,1 AT-A4 G G 1300
T3AT-A4 G G 1300
TIAT-AR G G 1300
15.1 AT-A B G G 1300
15.1 AT-A 14 G G 1300
13AT-AB G G 1239
15.1 AT-A 11 G G 1299
151 AT-A 18 G G 1300
151 AT-AS G G 1300
15,1 AT-A 8 G G 1300
TIATAL G G 1299
1T3AT-A 1 G G 1300
1.3 AT-A 13 G G 1300
TIAT-AZ G G 1300
1.3 AT-A 14 G G 1299
AT-A1 G G 1269
1.IAT-A1E G 12585
AT-AZ G 1269
AT-A4 G 1289

1.3 AT-A 11 G 1247
AT-A3 G 1268

15.1 AT-A 15 G 1256
1.3 AT-A 16 G 1255
15.1 AT-A 13 G 1256
1.3 AT-A 20 G 1256
TEATAD G 1258
15.1 AT-A 16 G 1258
151 AT-A 17 G 1256
13AT-A1D G 1256
15.1 AT-A 20 G 1256
AT-AS G 1225
AT-AB G 1225

Censensus TTAAGGGCAC GACATTCCCT TATATTCTTT GCTTCCTCTG GTCGCTCACG
s

Conservation

seaarce iz T1aAGGGCAC GACATTCCCT TATATICTIT GETTCCTCTE GTCGCTCACS
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o1 ATAS BcoooTl TABCHEE: corTh 10
ey el W] ey
159 AT-A B E ! g E ! m i
15.1 AT-F_I‘H pE E g E E ﬁ 1233
ki ool ] ol o
15.1 AT-A 18 9 g 5E & s Y0
159 AT-A G E ! g E ! m i
1?.1m':p.s 9 E o = E g e
bl o
1.3 AT-A13 E m B h‘- E m v
13AT-A2 E g E E o conll 12
roATa eogorl il ] cifeer o
13AT-A 15 E E B E E g 1305
s e Il cortl e
eara FRE b HE BB S B
15.1 AT-A 15 E ! < E ! m 10
13AT-A 16 ) E N E g o
15.1AT-A 13 ) = “R° o o= 108
13AT A2 o - MR N cortll 1:0:
15.1 AT-A 16 e o HE R = B
151 AT-A 17 ) 'lg N E g o
A clcotord Tl ERR ool
A48 & " oh E cortll 2
Consens!.a:‘ TATGGCTACG TGGGGGGTCT AGUCGGGAGTC TACGCGCCGL GTACTGGTTC
Consecten I\IHHIIIHHHHHHII\HHIIHHHIIIHHIHII\I\II\HI\HII\H||||H\|||H\H
seaencercg TATGGCTACG TOGGOGGTCT AGCGGGAGTC TACGEGCCOE GTACTGGTTC

1380 1,380 1400
| | !

13AT-A 12 & £ & & & G G 1400
151 AT-A4 O h@' ! m g hl‘r' hl‘r' G G 1400
13ATA4 GETCERG ccllc cf He GTTHGTT 1400
13AT-AE E ! m ! E E G G 1400
151 AT-A 6 O E ! m g h\‘r‘ E G G 1400
51AT-A T4 GG o colla of Ao GTTHGTT 1400
13AT-AE O E ! m g hl‘r' h\‘r‘ G G 1399
151 AT-A 11 E ! m g h\‘r‘ E G G 1399
15.1 AT-A 18 © E ! m ! hl‘r' h\‘r‘ G G 1400
15.1AT-AS O E ! m g hl‘r' h\‘r‘ G G 1400
151 AT-A 8 G E ! m g h\‘r‘ E G G 1400
13AT-AS O E ! m ! hl‘r' h\‘r‘ G G 1399
1T3AT-A 1 O E ! m g h\‘r‘ E G G 1400
1.3AT-A13 & E ! E ! hi‘-' hi‘-' G G 1400
13AT-AZ O E ! m ! hl‘r' h\‘r‘ G G 1400
13ATA 14 oli¥G c collo 8 Ao GTTHGTT 1320
AT-A1 E ! E ! hi‘-' hi‘-' G G 1369
1.3AT-A 15 © 5 ! m m & & G G 1355
ATz cETCEBG colla N Mo GTTHGTT 1389
AT-84 O E ! m m E E G G 1369
13AT-A11 O E ! m m hfr' E G G 1347
AT-A3 & E ! E ! hi‘-' hi‘-' G G 1368
15.1 AT-A 15 © E ! m m hi‘-' hi‘-' G G 1356
1341416 cl¥G ! cclle o8 Ac GTTEGTT 1355
15.1 AT-A 13 § E ! E ! hi‘-' hi‘-' G G 1356
1.3AT-A 20 O 5 ! m m & & G G 1356
L3ATAe cBTCEBG cola ol GTTHGTT 1356
15.1 AT-A 18 & E g ﬁ m E E G G 1356
151 AT-A 17 © ht' ! m m hi‘-' E G G 1356
13aTA1e cfiTe g Gl o Ad GTTHGTT 1356
15.1 AT-A 20 O ht' g ﬁ m hi‘-' E G G 1356
AT-A5 O hc- ! m ! ht- ht- G G 1325
AT-AG © = G| GTTHGET 1325
Consensus GGTGACGACC GCTGGGGAAC GTTGTCTAGG AGCCAAGTGG GCGGTTAGTT

Consen-ahcln

» o T T T
soaanceize (TGACEACe GOrGGCGRAC GTTCTCTAGE AGCCAACTGE GOCGTTAGTT
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1.3 AT-A 12
151 AT-A 4
TIAT-A4
13AT-AB
151 AT-AG
15.1 AT-A 14
1.3AT-A8
151 AT-A N
15.1 AT-A 18
151 AT-AS
15.1AT-A 8
TIAT-AS
13AT-A 1
1.3 AT-A 13
TAAT-AZ
1.3AT-A 14
AT-A1

1.3 AT-A 15
AT-AZ
AT-Ad

1.3 AT-A 11
AT-A3

15.1 AT-A 15
1.3 AT-A 16
15.1 AT-A 13
1.3 AT-A 20
13AT-AS
15.1 AT-A 16
15.1 AT-A 17
1.3 AT-A 19
15.1 AT-A 20
AT-AS
AT-AB
Consensus
0oy

Caonservation
oy

Sequence loge
szt

1IAT-A12
15.1 AT-A4
1.3AT-A4
1IAT-AB
15.1 AT-AB
15.1 AT-A 14
13AT-AB
1651 AT-A 11
151 AT-A 18
15.1 AT-AS
15,1 AT-A 8
13AT-AS
1T3AT-A 1
1.3IAT-A13
1TIAT-AZ
1.3 AT-A 14
AT-A1
1.3 AT-A 15
AT-AZ
AT-A4
13AT-A N
AT-A3
15.1 AT-A 15
13AT-A 16
15.1 AT-A13
1.3 AT-A 20
1L3AT-AD
15.1 AT-A 18
151 AT-A 17
1.3 AT-A1T
15.1 AT-A 20
AT-AS
AT-AB
Consensus
s
Consarvation
2300
Sequanca logo
2ot

@O o@D OO0 D0D OO0 O
GO oO@ OO0 00RO OG0 00000 0000

ER@ODEOOO0O 00D ODOO0 D00 D
[y 3 Iy Iy Oy Oy 0y O B vy Ny oy Oy s Iy By Iy By Iy Oy By Iy oy oy B o o D
0 B8 808 88 880 88888 8888808888888 2888 8
OO ONIN NN NODAE0N OO0 0066060600
OO RNV ODDDO 0000000 C

CACTGCTGTT TGGTATCTTT GCTGGATGTA TGTGTGCCCT GGGTGTCAAT

UL UL TR TR TR
CACTGCTGTT TGGTATCTTT GETGGATGTA TGTGTGCCCT GOGTGTCAAT

QOO0 OO OO0 00000

PO O OO0 00O 00000000000

>
59
>
59
59
53
59
>
59
59
59
59
>
59
59
>
59
>
59
59
>
59
59
>
59
>
59
59
>
E
59

GO OOOOOOOO0O OO0 0GOOOOOOO0O000000
OO0 OO0 OOOOO000 000

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
G
G
o
o
o
G
G
o
o
o
G
G
o
o
o
G
G
o

G

TCGGCTCTCC CGAAAGATGA

TCACAGTAA -TGTTACTTG GATTTTGACA

LTI L] _ooormpnrn coooormnm

[CGGCTCTCC CGAARGATGA GTCACACTAA .rerractre carrrrenca

1450
1450
1450
1450
1450
1450
1449
1449
1450
1450
1450
1449
1450
1450
1450
1448
1418
1405
1419
1419
1397
1418
1406
1405
1406
1406
1408
1406
1408
1406
1408
1375
1375
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1.3 AT-A 12 GRG! -TG G G
151 AT-A 4 g GEBG -TGEAG G
13AT-A4 GG -TG G G
13AT-AB g GEG! -TG G G
151 AT-A B ! GEG! -TG G G
151 AT-A 14 E GRG -TG G G
1.3AT-A8 GRG! -TG G G
165.1 AT-A 11 ! GEG! -TG G G
15.1 AT-A 18 ! GRG! -TG G G
12T AT-A S ! GRG! -TG G G
151 AT-A8 E GEG! -5 G G
13AT-AS BEBGEEG - - - ~ - - - - = o s s e e e e e mes mmme e ...
TI3AT-A 1 BEGEEEG - - - ~ - - = - = e s e e e e e mes e
1T3AT-A13 BERGEEG - - - - - - - - - - - - - - - - oo ooon oo
TEAT-AZ BEBGEEG - - - - - - - ----- - - - - oo oo
TIAT-AT4 BERGEEG - - - - - - - -- - - - - - - oo oo oo
L B e e
1341015 EECEECEETE - - - -cEHATTE EScEccElcE EATccEGCEE cccHGEETGE 150
N T T T 1448
T T 1448
13AT-A1 EEGEEG- - - - ----- -5 - - s et et iaeit aeeeaaoas 1452
- T 1448
L A 1436
I - T e 1435
T T 1436
T 1436
37 . 1436
TBTATATE - e - e e e e e e e e e e e e i e e e emes mmm e eemeas s mmmm—— 1436
L I B 1435
T - - T e 1436
T e 1438
. 1405
T 1405

Consensus CCGCCmmumm smumsssmss ssmssssmss EesmEmissEs SEssmsmsmms
s

conseraon MMM ARAMONnnn_AAAOO0Cen_ A A0FAnnED_ OroareeneD

Sequence 1992 CCGCCGAATC ACTAGTTAAT TCGCGGCEGC C_TGCAGGTC GACTCATATGE

1.3 AT-A1Z
15,1 AT-A 4
1LIAT-A4
THAT-AB
15.1AT-A G
15.1 AT-A 14
TIAT-AE
1651 AT-A 11
15.1 AT-A 18
15.1AT-AS
15,1 AT-A 8
13AT-AS
1.3 AT-A 1
1.3 AT-A 13
TIAT-AZ

OO OO0 000
QOO 0060066000

AT-A1
13aTA‘s CENCTNCES BENTHCEN - - - 1518
AT-A2 - e e e e e e e e e e e e h e e eeeee eemeeaa 1449
L I e T T I 1449
I O R T i T 1452
L R T I I 1448
TR N B R e T 1436
I N R 1 B T T i T S 1435
L TR I B R b T 1436
I B i i T 1436
TAHATAE o e e e e e e e e e e e e e e e e e e e e e e m - 14356
TETAT-ATE - = - - - - s s o e s e et mh e e m e m e oo e oo 1436
LT N B T i 1436
I I A | i e 1456
LT I B T 1436
F - B e I 1405
AT-AB - - - - - - - - - e s s ot i oo oo oo oo oo oo 1405
CONSENSUS = mmemmmsms smsmsmemes semmssmmes =mmmme=
00%
Conservation

Seauence o0 GAGAGCTCCC AACGCGTTGG ATGCATAGCT TGAGT
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TbAT-E sequences from ISMR15 clone 1.

20

151 E37 G
181 E 36 E G
151 E35 E G
E1 E G
151E6 E G
151E2 E G
G

E2
Consensus ATGATGCTCG GGTTCGAATC GGTTTCTGAG TTTACAGTCT ACATCACCTT
oo

Canseration

smacrze TGATGOTCG GGTTCGAAT[}G TTG AG TTTACAGTCT ACATCAC GTT

|
151 E37
15.1 E 36
151 E 35
E1
151E6
181E2Z G
EZ G

Consensua TATATTCTTC GGAATGTCGG CGGTGGTGGT GACGACTTCC ATATTTTCGA

G
G
G
G
G
G
G

Conservatcln I
ol
10eem

Sequanca logo
it

151 E37
15.1 E 36
151 E35

E1
181E6
121E2

E2

Consensus TTCCATTOETT CTTTATCOGAG TACTACAAGT ACGCACAGGG GGATCCCAAT
ok

mmmmmmm—g
@@ oo @ o

5

Cnnser\-auon

ﬂﬂﬂ]ﬂﬂ]]ﬂﬂ]]ﬂﬂ]ﬂmﬂﬂﬂmmmﬂfﬂmmﬂm
soaurcas, T[CCATICTT CTTTATCGAG TAﬁTAeAAG  ACGCACACED GOATGL AAT

151 E 37 GG G G GG G 200
151 E 36 GG AG G GG G 200
151 E 35 GG AG G GG G 200
E1 GG ARG G GG G 200
121E8E GG AG G GG G 200
1E1E2 GG AG G GG G 200
E2 GG AG G G GG G 200

Cnnspnsu. GCAGAGGCGG AGGATCAAAG GTTTTGGAAT AACGTCTTCA CGTACTACAA

_____ \IHIIIHH|||||IH|HH|H|||H|||I|||H|HHHHIHIhIIHIII|IIHHII|\||I|
seararce (CAGKGBOEE AGGRTCARAG CTTTTOGAAT AACBTETTC GTACTACﬂ

22l2

Consens-..a- TGCCACGACG TTCCTTGTGG AGTTCCTTCT GACTTTATTLC ATGCTGACAA

I|II|I|III|I\III\I\III|I|II|I|III|I\I\II\I\IIII|IIII|I|I\IﬂI\I|IIIIII|I|III|I\II
seavrceise [G(CACGACG TTCCTTGTGG AGTTCCTTCT GACTIATTC ATGGTGAEAA

JED 3!“]

I%%II i

Gonsar\lahon

151 E37
151 E 36
151 E35

E1

bl L) L) L) L)

1B1E6
151E2
E2

LRI T ),

1651 E 37
191 E 36
15.1 E 35

E1
151 EE&
151E2

E2

LT T T

G
G
G
G
G

QOO0 DQOQ

5
Cnnsensl..s ATCTTGGAAG GLCGGATCCCT CTGGCTGTTC GACTCGGTGC CGGTCTCATC

cercevaion (T T T (U (IO
seavrcocge. ATCTTOGAAG GOGGATCCCT CTOCCTGTTC GACTCGGTEC CGGTCTCATC
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320

151 E 37 G G G 350
151 E 38 G G G 350
151 E35 G G G a50
E1 G G G 350
151E6 G G G 350
151E2 G G G G a50
E2 G G G 350

Consensus CTCTCAATTT TGGCAGTTTT CGTCGTGATA ATGGTCACCA TAATAAAAAC
s

Caonservation
2000

(LLLLTERL LRI LR TR EEL TR LT
-, CTCTCAATIT TGGOAGTTTT Ge TCGTuA[& ATGGTCACCA TAATARARA

Sequence logo

10 ESY GGG G G ann
151 E 36 GGG G G 400
151 E 35 GGG G G 400
E1 GGRG £ G 400
151E6 GGRG £ G 400
151E2 GGRG G G 400
E2 GGRG G & 400

PODOO OG5 e

Consensus AACAGAAACC GGCGCCAAGG TAACGATTAT GCTCGTCGGT GTGATCAAT
0%

Consewaﬁun

Al
seaeoaic: JACAGRAACC GGCGCCAAGG TAACGATTAT GETCGTCGGT GTGATCAATG

20

E2

e

-14.1

151 E 37 GG & G G G
151 E 36 GG & G G G
151 E 35 GG G G Gy G
E1 GG G G Gy G
1B1EE GG G G Gy G
151E2 GG G G Gy G
G Gy G

GACACCGGAA ACGGTGCCCT TATTAGCCCG

Caonservation
0%
EX Y

Sequence logo
=t

450
|
15.1 E 37 GGG 500
15.1 E 36 GGG 500
15.1 E 35 GGG 500
E1 GGG 500
151E6 GGG 500
151E2 GGG 500
EZ GGG 00
Consensus TTCCCTACAA AATTTTTCAG CGCCGTTGTG
Conservalion
I.:Ir;;f‘.\l-r
seaarcorce [T(CCTACAR AATTTTTCAG CGCCGTTGTG TGGEGTCTCG CACTTTGTGE
- 52'}
151 E37 G G 550
151 E 36 G G 550
151 E 358 G G 350
E1 G G 550
151E6 G G 550
151EZ2 G G 550
EZ G 550
Conscns!..s. TGTCATCACA TCGTTCTTCT CTATCGTAAT AAAAGCATCT ATGGAGAGCA
Conaervation | | | | | | | | | | | | | | | |
20
seaercerse [5[CATCACA TCGTICTTCT CTATCOTAAT AARRGCATCT ATGCAGAGCA
o 560 580 [e]
| | |
151 E 37 G G G G [=1]4]
15.1 E 3@ G G G G 00
151 E 35 G G G G &00
E1 G G G G &00
151E6 G G G G &00
151E2 G G G G &0
E2 G G G G 500

Consensus ACTACGAAAG CATGTTGACA CAGTCCCGAA TTTTCTTTGG CTTGGTTGTC

LR LI LR TR
soaerce v |CTACGRAAG CATGTTGACA CAGTCCCGAA TITICTTTGE CTTGGTTGTC

00
Gcnscnlallclrl
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B2

15.1E 37
151 E 36
15.1E 35

E1
151E 6

Appendices. 248
151E 2

t-TJ
850
650
B50
850
650
850
E2 650

Consensus CTTCTTGAAG TGGTTTCCTG CATCCTCTTG GTGCTTCTGA GGAAGAACTC

corsessen | [J[ [ TLILLLLOALLAL XL LU LRI L CAEL L
senscoy (TTCTTGMG TGGTTTCCTS CATCCTOTTG GTECTTCTE GGAKGAACC

BED Gl oo
|

Goooooo
Gaooooo-—-

[Tl R Wl W]

|
151 E 3V G GRG G G 00
151 E 36 G GAG G 700
151E 35 G GAG G Fo0
E1 G GAG G 700
151E6 G GAG G 700
151E2 G GG G 700
E2 G GAG G T00

Cnnqpn%r. ATACGCCATGE AAGTATGCAG CAGAGTTTCG GTACGCCGC# AGGGAAAGGA

Conser\laﬁun

o NTACGCOATE AAGTATGCAQ CAGAGTTTCE GTAEGC GCA AGGGARAGCA

750
750
750
750
750
G 750
G 750

Consbnsub CCAATGCTTG TGAAAACAAA GAAAGTGGCA CATCAAATGG TCCAGCAGAA

el L
s (OWTGOTTG TGMCUAL GAMIGTGGC CATCANTES 1 T(CAGCAGAA

ﬂ=n ﬂ11

151 EAT
151 E 56
151E35

‘Ib‘lLb
'151E2

GoOo o666
oo OO0

o

15.1 E 37 GTG G
151 E 36 GTG G
151E'-'55 GTG Gy
GTG G
'151E6 GTG Gy
‘15-1F!J GTG Gy
GTG GG

CDI'HPI'IHL.E- CAAGATGAAG ACCCCGTGGC GATTGATAAT AACACCACGA AAGGGAACGT

Conser\lahan

HHLHHUJJHHJJLHJJJHLHHLLIMHLHHLHJMJHHLLHJHLLLHMLHMJJ
sercess CHAGATGAAG ACCCCGTGEL GATTGATAT MCACCACGA AAGGEAACCT

B%E
151 E3T
151 E 36
151 E35
E1
151E6
151E2
E2

Consensus GATGACGGTC ACCGTGGACC CCGACACGAT GAA-GGACAC GGACCAAGTG
s

QOO0 00
OO0 06000
QoD oo oo

Consarvation

s CATGACGETD ACCETGEACE CCGACACGAT GAR.CCACAC GOACTRAGTS

PFE‘ &0

|
15.1 E 37
15.1 E 36
151 E 35
E1
151E6
1E1E2
E2

Consensus GAAAACATTA CAAACTCGCA GCAAATGCTG AAGGCGAAG GTATCTGTGGE

I\ITIIIII|I|III\I|IIIII\II\IIIIIIIII\II\IIIIII|IIIIII|IIII\I\IIIIIIII\IIIIIIII
soaerco v, (ARGACATTA CAMCTCGCR GCAATECTG A GGOGAAG GTATCTETGE

@ @ O G 0o
TRTETETETEN.
OO0 6O-E

c




1B1EST
181 E 36
151E35

E1
129EE8
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151E2

!fL acl.l
GGG 949
GGG 949
GGG 948
GGG a48
GGG 948
GGG 948
E2 GGG Gda

Consensus TGCTGAAGCG CGTCTGGCLCC ATGCTGGCGG CGGGTTTCCT CGCCTTCTCO
s

oGO ed
[Nl W W ]

GoOooooo

Conservation

soaerce e [GETGAAGCG COTCTGROC0 ATGGTOGCEC CEGGTITCET CECETTCTCO

sm'l
|
181E2
E2

Consensus ACCACATTTC TCGTCTACCC TGGTGTJ&TTC TTCGCCGTCA AAACCGATGT
100

151 E 3¢
151 E 36
151 E 35

El
151EE

DoHOO 060

Consarvation

s NOOACKTTTE TCGTOTACGE TEOTGTATTC TTCGCCGTCA ARACCGATCT

1, I.JL

151 E 37 G GGEG 1049
151E 36 G GGRG 1049
191 E32 G GGEG 1048
E1 G GGEG 1048
151E86 G GGEG 10448
G GGEG 1048

EZ O GGEG 1048

@

Cunsensua GCEAAACGGT TGGTATATEA GTATTACTGC GGCGATGTTT CATTTEGGTG

Ccnsewauon

I 1111 pnmi
wm'%?iGCCAAACGCT TGGTATATGA CIATTACTGC GECOATGTTT EATTTCGGIQ

1 :IHI'

151E2
E2
CDHEEI‘IEL"\ ATTTCCTATC GCGCCTCCTC CTTCAGTTCA AGCGGCTGCA GCCTTCACCA

consoson, [T IO T IO TITITL CITITTOIT)
seavrcorze. KFTTCOTATC GCGCCTCCTC CTTCAGTTCA AGCGGCTGCA GCCTTCAGCA

1.'|2l} 1140

|
181 E 37 G G 1099
151 E 36 G G 1028
181 E 35 G G 1098
E1 G G 1028
151EE G G 1028
G G 1028
G G 1028

151 E37
151 E 36
151E32

E1
151E6

QOO oo o0
Gi G O Gy )

ol

|
1143
1144
1148
1148
1148
1148
E2 1148

Consensus CGTTATGTTG TGGTTGGGAC ATTTGCACGT GTCTTTCTTA TAATTCCTCT

b
Conseration I

sevaney (GTTATGTTG TEGTTREAC AITIGGAGGT GICTTICTTA TRATTECICT

E2 ‘;

Consensus TGTTTTCTGT GTGCGCGGTA TCATTGGTGG CACTCTTCTE CCTTACATTC

s
seaerceioge [GTTTTCTCT GTGCGCOGTA TCATTGGTGG CACTCTTCTC CCTTACATTC

8

151 E 37
15.1 E 36
151E3S

E1
151E86

QOO oaao




Qo000
Q0000

Appendices. 250

151 E3T GGG 1249
151 E 38 GGG 1249
151E35 GGG 1248
E1 GGG 1248
151E6 GGG 1248
151E2 GGG G G G 1248
E2 GGG G G G 1248

Consensus TTTC.RTTTCT TTGGEGGCCTE ACGTACGGAT ATTTTGGCGG GATGACGCTG

corsrsen ([T T I T T NI T T T
ssaercoves [TTCATTTCT TIGEGGCCTC ACGTACGGAT ATITIGEGG GATEACGCTs

G
G
G
G
G

Qoo oO0n o
[N

il 1.280
| |

151 E 37 G Gf G GBTGGTG G 1299
151 E 36 G Gy G G G G G 1299
151 E 35 G G G| GRTGGTG G 1298

E1 G Gf G GBTGGTG G 1228
151E6 G Gf G GBTGGTG G 1228
151E2 G Gf G GBTGGTG G 1298

E2 G G G GETGGTG G 1258

Consensw ATACACACGC CACGCACCGG TTCACTGACA GCAGCTGGTG AACGCTCTCT
Cc-nsan.'atan ‘
!:El'l.
soarcoese AT ACACACCC CACGCACCGG TTCAGTCACA GCAGGTGOTG ARCCCTCICT
it
1:-.1

151 E37 G G GRG G 1348
151 E 36 G G GRG G 1344
151 E 35 G G GRG G 1348

E1 G G GRG G 1348
181E6 G G GRG G 1348
151E2 G G GRG G 1348

EZ G GRG G 1348

Consensus TGCTGCCAAT TGTGCCGTCA TTGCGATTCT GTGCGGTCTT TTCTCCGGCT

o

Ccnsewanon

HHHJJLLIMJJJHLLLIHLHHMHLILHHHLHLLLLHJHLLHJHLLLLLLMJJMJJ
soerei TOUTELOMAT TETECCGTCR TTGUATICT GTGRSGTCTT TTCTOCGELT

i e
15.1 E 37 G £ GGAGG G- 1380
151 E36 G £ GGAGG G- 1390
151 E 36 G £ GGAGG G- 1329
E1 G £ GGAGG G- 1389
151E6 G £ GGAGG G- 1329
181E2 G £ GGAGG G- 1389
E2 G G GGAGG G- 13a9

Conzensus CCATGCTTGC GCTTGCCGTC AAGGAGGGAC TTCCTCAATA G-

cersessen [T T T CATTIOIL (TITIOIT
seawarcecso (CATGOTTEE GUTTOGCGTC ARGCAGEGAC TTCGTCAATA €
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1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P209 rev
1.3 P2 16 rev
1.3 P2 17 rev
1.3 P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rav
15.1 P2 02 rev
15.1 P2 08 rev
15.1 P2 08 rev
15.1 P2 10 rev
15.1 P2 11 rev
15.1 P2 13 rev
15.1 P2 14 rav
15.1 P2 15rev
15.1 P2 16 rev

5427 P2
WT P2 05 rev
WT P2 06 rev
WT P2 08 rev
WT P2 12 rev
WT P2 14 rav
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev

TbAT1 sequences from ISMR1 clone 3, ISMR15 clone 1 and Tb427 wt.

nt‘u
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
WT P2 20 rev GG

Consensus ATGCTCGGGT TTGACTCAGC CAATGAATTC ATCGTCTACG TCAGCTTCCT

corsetin. [T T T T CTTINT]
(TCGGCT TTGACTCAGC CAATGRATTC ATCGTCTACG TCACCTTCCT

G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|
G|

OO0 OOOOOOOO0O00O000O000000000
QOO OO0 OOO S

2.0k

Seguence logo
0.ibits

—m
]

1.3 P2 01 rev Gi G G G 100
1.3 P2 04 rev G G G G ! ! ! 100
1.3F2 07 rev G G G G E E E 100
1.3 P2 08 raw G G G G ! ! ! 100
1.3 F2 09 rev G G G G E E E 100
13 P2 16 rev G GGTGG TGG Gl Gl 100
1.3P217 rew G G G G ! ! E 100
13F2 18 rev G G G G F F a 100
14 P2 20 ey G GGTGE TGGTGGTS cATGH 100
151 F2 01 rew G G G G g g a 100
15.1 P2 02 rev G G G G ! ! m 100
151 P2 08 rew G G G G ! ! ! 100
15.1 P2 08 rev G G G G ! ! m 100
151 B2 10 rey G G G G E E m 100
151 B2 11 rew G G G G ! ! ! 100
151 P2 13 ey G G G G ! ! m 100
151 B2 14 rew G G G G ! ! ! 100
15.1 P2 15 rav G G G G ! ! m 100
151 B2 16 rewy G G G G E E m 100

5427 P2 G G G G ! ! ! 100
WT P2 05 rew G G G G E E m 100
WT P2 08 rev G GGTGG TGG G cATGH 100
WT P2 09 rewv G G G G E E m 100
WT P2 12 rev G G G G g g a 100
WT P2 14 rew G G G G ! ! ! 100
WT P2 16 rev G G G G E E m 100
WT P2 17 rew Gi G G G g g a 100
WT P2 15 rewv G G G G ! ! ! 100
WT F2 19 rev G G G G E E E 100
WT P2 20 raw G G G G ! ! ! 100

Consensus CTTCTTCGGA ATGTCGGTGG TGGTGGTGAC AAACTCCATC TTTTCGATGC

:m.
Consera Ijon

s-><w=~=-='=5@*3'CTTCTTCGCA ATGTCEGTGG TGGTEGTCAC AAACTCCATC TTTTCGATGE




1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 0T rev
1.3 P2 08 rev
1.3 P2 08 rav
1.3 P2 16 rev
1.3P2 17 rev
1.3 P2 16 rav
1.3 P2 20 rev
101 B2 07 i
15.1 P2 02 rawv
15.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rew
151 P2 11 rev
15.1 P2 13 rev
15.1 P2 14 rev
151 P2 15 riew
165.1 P2 16 rev

s427 P2
WT P2 05 rev
WT P2 06 rev
W P2 04 rew
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev

OO OO@OG OO0 0000000600000
MO0 00 O00 0060600606066 6606060 OG0
[y By B By By e o oy B B o B R R Ry B B I Ry B B e oy Ry B B Ry o o
DO O @O OO0 0OO 00000000000 0o5n 0
OGO OOOO 0O OO0 OGO OO0 O

Consensus CATTCTTCTT CATCGAGTAC TACAAGTATG CGCAGGGGAA ACCTGATGCA

ook
Gonseration

)
e
Sequence logo

S

1.3 P2 01 rev
1.3 P2 04 rav
1.3 P2 07 rev
1.3 P2 D8 rev
1.3 P2 09 rav
1.3 P2 16 rev
1.3 P217 rev
1.3 P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rav
15.1 P2 02 rev
151 P2 08 rov
16.1 P2 09 rav
15.1 P2 10 rev
15.1 P2 11 rav
151 P2 13 rev
15.1 P2 14 rav
15.1 P2 15 rew
151 P2 16 rew
5427 P2

WT P2 05 rev
WT P2 08 rev
WT PZ 09 rev
WT P2 12 rev
WT P2 14 rév
WT P2 16 rev
WT P2 1T rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev
Consensus
[

Conservatian
T

Sequence lego
B

R T TR R
ATTCTICTT CATCGAGTAC TACAAGTATG CGCAGGCGAA ACGTGATGCA

OO @@ RO OO GO0 000
PN OO HOOOEOR OO0 OO0 56O 0
OO0 @ORINOD OO0 E00 060

QOO0 OO0 00 Q

o
~
)
=
=
-
S
o
~
=
5
=
~
5
=
)
=
S
o
~
-
=
=
5
=
=
s
)

QO0O0H0E0006000000000 6060000000

AAGCCAGAGG ACCCGAAGTT CTGGAAACAT ATGTTTACCT ACTACAGTAT

AAGCCAGAGG ACCCGAAGTT CTGGARACAT ATGTTTAGCT ACTACAGTAT

150
150
150
160
150
150
150
150
160
150
150
150
150
150
160
150
150
150
150
150
150
160
150
150
150
160
150
150
150
160

200
200
200
200
200
200
200
200
20
200
200
200
200
200
200
200
200
200
200
200
200
20
200
200
200
200
0
200
200
200

Appendices. 252



1.3P201rev
1.3 P2 04 rew
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 09 rev
1.3 P2 16 rev
13P217 rev
1.3 P2 18 rev
1.3F2 20 rev
151 P2 01 rav
15.1 F2 02 rev
15.1 P2 08 rev
15.1 P2 09 rev
15.1 F2 10 rev
151 P2 11 rev
15.1 P2 13 rev
15.1 P2 14 rev
151 P2 15 rev
15.1 P2 16 rav

s427 P2
WT P2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P2 12 rev
WT B2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev

GROEDRANREERCRRCRADRIDODRRDOR D I
2802828282 80382828288382833888888888 3
QOO0 OOOO0 OGO O0GO000 0606 O

o
S
S
"
8
=
"
8
"
S
S
o
S
-
=
S
-
=
S
-
=
o
=
=
o
e
ig

IO OO AD AR OD OO DD DOH D

250
2580
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
750
250
250
WT P2 20 rev 250

CDnscnsus TGCAGCGTTC CTCGTAGAGT TGGTTTTGGC GTCGCTCATG CTTACGCCAA

QOO0 O0006H0000600600000HG 0000

T T T e Ty
seancesse [(CAGCGTTC CTCGTAGAGT TGGTTTTGEC GTCGOTOATG CTTACGCCAR
e o 5

1.3 P2 01 rev 54 £ G GGTG 300
13720t icclies oTA ABETTRCER Thooro a0
1.3 P2 08 rav m m E ! ! GG 300
1arzoom Hiccliic ot ATl oo a0
Hana = = ol TR ke
B WS o TN s e
1517201 Mifceliio o7 ARcTTRcl oo om0
15.1 P2 08 rev m m E ! ! GG E 300
f617200 o EffcoRfic orl McTTicll Tfcctc s00
R = = ol TN s
g = = ol MRl i w
e RS o cTRc 22 00
s = = o7 MRcTTRcM oot 0

w205 o Hoohoo oTA AGHcTTEcEE rflcoTo 300
wrezosrer ifccliio cTH ABRcTTRCEN T8ccTo o
WT P2 14 rov m m E ! ! GG 300
WT P2 16 rev E E E E E GG 300
WT P2 17 rev ﬁ *: E ! ! GG 300
g Rl g e r1la el 200
i o201 THocklled o el Thoore

Consensl..s TCGGACGGCG GATCTCTGTA ACCGTTCGCC TCOGGTGTAGG TCTTGTCATT

coreensien, [T T T OO T T
sww'ees,TC GACGGCE GATCTETGTA ACCGTTCGCE TCGGTGTAGG TCTTGTCATT
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3?;]

1.3 P2 01 rev G G i G 350

13 P2 04 rev GT 16 o - G 350

1.3 P2 07 rav G G F ! G 350

1.3 P2 05 rev G G E a G 380

1.3 F2 08 rev G {c] E ! {c] 350

1.3 P2 16 rev G G E a G 350

1.3P2 17 rev G G E E G 350

1.3 P2 18 rav G G h‘- G 350

1.3 F2 20 rev G G ht' E G an0

151 B2 01 rew G {c] E ! {c] 350
15.1 P2 02 rev G G E : G as0
15.1 P2 08 rev G G E ! G 350
151 P2 09 rev G G h‘- G 350
15.1 F2 10 rev G {c] E ! {c] 350
151 P2 11 rew G G ..t- ! G 350
151 P2 13 rev G G E a G 350
151 P2 14 rev G G E ! G 350
151 P2 15 ew G G h" ! G 350
15.1 P2 16 rev G {c] E ! {c] 350
5427 P2 G G E E G 350

WT P2 05 rav G G E G 350
WT P2 08 rev G G E ! G asn
WT P2 09 oy G G E ! G 350
WT P2 12 rav G G F E G 350
WT P2 14 rev G G E E G 350
WT P2 16 rev G {c] E {c] 350
WT P2 17 rev G G h" a G 350
WT P2 18 rev GT 16 5 = G 350
WT P2 19 rav G G h" ! G 350
WT P2 20 rev G G G ﬁ G 380

G G G

Consensus COCAATTGTGT TGGTATTCTC CGTGATGATG GTTACTATCG TTACGACAAC

ok

Caonservation

[T TR RO (LR LI (TR LT
seaercecg (CRATTCTGT TGGTATICTC CGTGATGATG GTTACTATCS TTACGACAAC

3|I1I'I -icfl

1.3 P2 01 rev G E GHG 400
1.3 P2 04 rev G E G| 400
1.3 P2 07 rev G E G 400
1.3 P2 08 rev G ht' G 400
1.3 P2 09 rev G E G 400
1.3 P2 16 rev G E G| 400
13P2AT rev G E G 400
1.3 P2 18 rev G E G| 400
1.3 P2 20 rev G E G 400
151 P2 01 rev G ht' G 400
16.1 P2 02 rev G E G 400
15.1 P2 08 rev G F G 400
15.1 P2 09 rev G E G 400
151 P2 10 rev G E G 400
151 P2 117 rev G E G| 400
151 P2 13 rev G E G 400
151 P2 14 rav G E G| 400
15.1 P2 15 rev G F G 400
15.1 P2 16 rev G E G| 400

5427 P2 G E G 400
WT P2 05 rev G E G| 400
WT P2 046 rev G E G| 400
WT P2 09 rev G hr G| 400
WT P2 12 rev G E G 400
WT P2 14 rev G ht' G 400
WT P2 16 rev G E G 400
WT P27 rev G i G| 400
WT P2 18 rev G E G 400
WT P2 18 rev G E G 400
WT P2 20 rev G G 400

Consensus AGAAACCGGT GCCAAGGTGA CCATCATGCT CATTGCTATC GCAAATGGCG

corsenten [[TTTTT I LTI OO AT T
ssaercorso. AGARAGCGGT GCCRAGETGR CCATCATGCT CATIGCTATC GOAATGGCE




1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 09 rew
1.3 P2 16 rev
13P217 rew
1.3 P2 18 rev
1.3 P2 20 rew
151 P2 01 riw
15.1 P2 02 rew
15.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rev
151 P2 11 rev
15.1 P2 13 rew
151 P2 14 rev
151 P2 15 rew
16.1 P2 16 rev

sd2T P2
WT P2 05 rev
WT P2 06 rev
WT P2 09 raw
WT P2 12 rewv
WT P2 14 rew
WT P2 16 rev
WT P2 17 rewv
WT P2 18 rev
WT P2 19 rewv

WT P2 20 rev E

Consensus TAGCGATGAC GCTTTGCGAT GCTGGAAACG

@O O@Q D000 OOO00O0000000 0000
@O O@ OO0 OO0 00 0000000000050
656 88 888 88 088 8880080000000 000 @

QOO0 LLO00000000 000000«

I @O OO0 OEEHODOOEO0N00 0600065 6

CCGCACTCAT CGCCCCGTTT

450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
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4450

corsrcor ([T TN ITEILI]
AGCGATGAC GCTTTGCGAT GETGCARACS

2iuis
AE0
|
|N

Sequence logo
aatem
CCmAACGAAA TTTTATAGCT CCGTCGT

1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rav
1.3 P2 09 rev
1.3 P2 16 rev
1.3 P2 17 rev
1.3 P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rev
1651 P2 02 rev
15.1 P2 DB rev
15.1 P2 09 rev
15.1 P2 10 rev
15.1 P2 11 rev
151 P2 13 rev
15.1 P2 14 rav
15.1 P2 15 rev
15.1 P2 16 rev
5427 P2

WT P2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 18 rev
WT P2 20 rav
Consensus
0%

DO O @O OO0 000000 OO0 00000006

[ s s e e e e s e s N ]

Conservation
100

Sequence logo
Tobim

NIRRT
COGCACTCAT GGCCCCOTTT
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4499
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499
499
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499
499
499
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820

|

1.3 P2 01 rewv G G 549
13P2 04 rev a cellceT i
1.3 P2 07 rewv G M G 549
1.3 P2 08 rev G M G 549
1.3 P2 08 rew G M G 248
1.3 P2 16 rev G w G 550
1.3P2 17 rew G “ G 549
1.3 P2 18 rev G M G 549
1.3 P2 20 rew G M G 549
191 B2 07 rew G M G 248
15.1 P2 02 rev G w G 549
151 P2 08 rev G “ G 549
15.1 P2 09 rev G M G 549
15.1 P2 10 rev G M G 549
161 P2 11 rev - ocllcaT 5:0
15.1 P2 13 rewv G w G 549
151 P2 14 rev G “ G 549
151 P2 15 rew G M G 549
15.1 P2 16 rev G M G 549

5427 P2 G M G 549
WT P2 05 rev G M G 549
WT P2 046 rev G “ G 549
WT P2 09 raw G M G 549
WT P2 12 rev G M G 549
WT P2 14 rev G GGHGGT 519
WT P2 16 rev G M G 549
WT P2 17 rew G “ G 549
WT 2 18 rev a cellceT s
WT P2 19 rewv G M G 549
WT P2 20 rev G M G 549

Consensus TCGTCACATC TTTCTTCTCG ATCGTCATAA AAGCATCCAT GGGAGGCGGT
oo

Conservation

ST
seavrcerce [(GTCACATC TTTCTTCTCE ATCGTCATAR ARGCATCCAT GEGAGGUGET

.rSTD Smf

13P2 01 rev G S G G 509
1.3 P2 04 rev G G ! G m 599
1.3 P2 07 rev G G ! G m 509
1.3 P2 08 rev G G ! {c] m el ]
1.3 F2 09 rev G G ! {c] m 509
1.3 F2 16 rev G G/ ! G m B00
13 P2 17 rew G G ! G m 599
1.3 P2 1B rev G G ! G m 509
13P2 20 rov G TG G co 509
15.1 P2 01 rev G G ! G m 589
151 P2 02 rev G G ! {c] m 509
15.1 P2 08 rew G G ! G m 599
165.1 P2 09 rev G G ! G m 509
151 P2 10 rev G G/ ! G m 599
15.1 P2 11 rev G G ! G m 599
15.1 P2 13 rev G G ! G m 509
151 P2 14 rew G G ! {c] m L]
1651 F2 15 rev G G ! {c] m 509
151 P2 18 rev G TG G GG 509

5427 P2 G G ! G m 599
WT P2 05 rev G G ! G m 509
WT P2 05 rov G TG G co 509
WT P2 09 rev G G ! G m 599
WT P2 12 rev G G g G m 509
WT P2 14 rev G G ! G m 599
WT P2 16 rev G G ! G m 509
WT P2 17 rew G G ! G ﬁ 509
WT P2 158 rewv G G ! G m 599
WT P2 19 rev G G ! G m 509
WT P2 20 rew G G ! G * a3: 1]

G

Consensus TATCACAACA TGCTCATACA TCGCGCATA TACTTTGGAT TGGTCATGTT

corsesen (LTI T T T (TN
seaverce e TATCACRAGA TGCTCATACA GTCGCGCATA TACTTTGCAT TGGTCATGTT




1.3 P2 01 rev
1.3 P2 04 rewv
1.3 P2 07 rev
1.3 F2 08 rev
1.3 P2 09 rew
1.3 P2 16 rev
13217 rev
1.3 P2 18 rav
1.3 P2 20 rev
151 P20 raw
15.1 P2 02 rev
15.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rewv
151 B2 11 rev
15.1 P2 13 rev
151 P2 14 rev
151 P2 15 v
15.1 P2 16 rev
8427 P2

WT P2 05 rav
WT P2 06 rev
WT B2 09 nev
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev
Consensus
s
Conservation
20003
Sequence logo
it

1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 OT rev
1.3 P2 08 row
1.3 P2 09 rev
1.3 P2 16 rev
1.3 P2 1T rev
1.3 P2 18 rev
1.3 P2 20 rewv
15.1 P2 01 rev
15,1 P2 02 rev
15.1 P2 DB rev
15.1 P2 04 rev
151 B2 10 rev
15.1 P2 11 rev
151 P2 13 rev
151 P2 14 rav
15.1 P2 15 rev
151 B2 16 rev
5427 P2

WT P2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT F2 19 rev
WT P2 20 rav
Ccnsensl..s

Ganscrvaljan

.95
2.360a

- ACGCCCAARA GTACGCGGCA GAGTTCCGAT ATGCAGOGAG GRAAGGGATT

Sequence quo
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TATGCAGGTG ATATCTTGCG CCCTTTTAGT GTTGCTAAGG AAGAACCCTT

GOOOOOODOOOOOOOAOOOO0O00 0600

LT LI
ATGCAGGTG ATATCTTGEG CCCTITTAGT GTTGCTAAGG AAGRAGCCTT

ENH
| I £

RCGCCCJ\RJ\.& GTACGCGGCA GAGTTCCGAT ATGCAGCGAG GAAAGGGATT

DO OO0 0000000000000 00000000

ofloq
I
Bco
cBlc ol
el
Bco
cBlcl
Bco
el
cBca
Bco
cBlcl
cBlcal
Boo
cBca
o
cBlc ol
cBlcal
Boo
cflcl
Bco
cBlc ol
cBlcal
-
el
cBlcl
i
olloa

DO OOOO0 0

%Eﬂ%Eﬂ%Eﬂ%Eﬂ%Eﬂ%Eﬂ%EHﬂEﬂ%ﬁﬂ%ﬁﬂ%ﬁ!ﬁEﬂ%ﬁﬂ%ﬁﬂﬂk

649
6548
849
B4
]
B850
648
849
649
Bag
G649
6489
B49
;20
648
649
649
Bag
20
642
B4G
;1]
49
649
648
649
20
845
BAG
;2]

699
699
699
699
699
700
599
699
699
699
6509
B899
699
699
699
6509
699
699
699
699
699
599
599
534
599
699
599
699
6509
699
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1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 0T rav
1.3 P2 08 rev
1.3 P2 09 mew
1.3 P2 16 rev
1AR2 1T rev
1.3PZ 18 rev
1.3P2 20 rev
151 P2 01 maw
15.1 P2 02 rav
15.1 P2 08 rev
15.1 F2 09 rev
15.1 P2 10 rev
151 P2 11 rev
15.1 P2 13 rav
151 P2 14 rev
151 F2 15 rew
15.1 P2 16 rev
s427 P2

WT P2 05 rav
WT P2 06 rev
W P2 09 maw
WT P2 12 rev
WT B2 14 rev
WT P2 16 rav
WT P2 17 rev
WT P2 18 rev
WT P2 19 rav
WT P2 20 rev
Consensus
o
Conservation
2ol

Sequence logo
EE

1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 09 rev
1.3 P2 16 rev
1.3 P2 17 rev
1.3 P2 18 rev
1.3 P2 20 rev
151 P2 01 rev
161 P2 02 rev
15.1 P2 D8 rev
15.1 P2 09 rev
15.1 P2 10 rev
151 P2 11 rev
151 F2 13 rev
19.1 P2 14 rev
15.1 F2 15 rev
15.1 P2 16 rev

5427 P2
WT P2 05 rev
WT P2 06 rv
WT P2 09 rev
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev

Consensus
0%

Ganservalian
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2560a

Sequence logo
B
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QOO0 OO0 OO0 000 0

QOO0 0000 006000000000

GATGATAAGG GCGCAGATGG TGACGAAGGA AACGGCGCAG CAAAAGGGCC

WLILL LRI (UL T RRRIT TR
GATGATAAGG GCGCAGATGG TACGAAGCA RACGGCGCAG CAAARGGGCC

T80 800
|

TED
|

GGCCGATCAG GATGATGACC CCCACGGAGG CGATGATACT GACAAAGGAA
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WXL LTI LE CEREL LT (LT IEEERL ]
GECCGATCAG GATGATGACE CCCACGGAGG CCATGATACT GAGAAAGGAN

749
749
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743
750
748
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74
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743
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748
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T49
749
749
749
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749
749
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743
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T99
TO%
799
789
00
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789
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789
T
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To%
799
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1.3 P2 11 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 08 rev
1.3 F2 16 rev
1.3 P27 rev
1.3 P2 18 rev
1.3 P2 20 rev
151 P2 01 rav
15.1 P2 02 rev
15.1 P2 8 rev
151 P2 09 rev
151 P2 10 rev
151 P2 11 rev
151 P2 13 rev
15.1 P2 14 rev
151 P2 15 rew
15.1 P2 18 rev
8427 P2

WT P2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P212 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 18 rev
WT P2 20 rev
Consensus
s
Conservation
2
Sequence logo
catis

13P201 rev
1.3 P2 04 rev
1.3 P2 0T rev
1.3 P2 08 rev
1.3 P2 09 rev
1.3P2 16 rev
1.3 PZ AT rav
1.3 P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rev
15.1 P2 02 rev
151 P2 08 raw
15.1 P2 09 rev
15.1 P2 10 rev
15.1 P2 11 rev
151 P2 13 rev
151 P2 14 rav
151 P2 15 rev
15.1 P2 16 rev
5427 P2

WT P2 05 rev
WT P2 06 riesv
W PZ 09 rev
WT P2 12 rey
WT P2 14 rev
WT P2 16 rev
WT P2 1T rev
WT P2 18 rev
WT P2 19 rey
WT P2 20 rev
Consensl..s

Conscrvaljon
z.:L

Sequence Iq-go
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ATGTAATGAC CGCCACTGTA GATCCTGACA CAATGAAGGA CATGGACCAG

LLLLLRLCTEEL L T TR EE LTI
TGTAATGAC CGCCACTGTA GATCGTGACA CAATGAAGGA CATGEACCAG

GACA
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@OOOM@OOOOAO000OOO000O0O0O00O00 0

ChGATG TT.R TGGC&A GGGTATGGAA

MOOO@OO0EOO00AOOO0OOOO0O6O000

GTGGAAARGA TCACGACTTC

TTIT]
GGAAAACA TCACGACTTC GCAECAuATG TTAATGCCAA EGGTATGGAA

[(Jo@@adadaddieadddnomedddonhddsnnsds

899
899
899
809
289
00
899
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809
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&89
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889
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209
899
899
899
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"
|

1.3 P2 01 rev G GRG G G G Gf G 4%
13 P2 04 rev E G E e E G E E G 948
1.3 P2 07 rev ht' G E ﬁ E 'F ht- E G 49
1.3 P2 08 rev i G i E ﬁ G i ﬁ G 949
1.3 P2 09 rev G GG E G ! G 54 G 949
13P2 16 rev = clcTTTGe cHTo cBATG G 950
13P217rev HGRG cBeTTiGe clrcTT Bclare = s49
1.3P2 18 rev G cBeTTTo0 Hrc BAT G 943
1.3 P2 20 rev E G E ce E G E E G 949
151 P2 01 rew G GRG E G ! G Gf G 949
15.1 P2 02 rev E G E E E G E E G 949
15.1 P2 08 rev 2 cBoTTToq BTG SEATG G ats
15.1 B2 08 rev E cBeTTTo0 Hrc BATG G 943
15.1 P2 10 rev o clcrTrcd clre cBATE G 949
15152 1110y TGTG cBoTTToE cBrerT BoBaTc G adg
15.1 P2 13 rev ht' G ht' w E ! ht' h,. G 949
15.1 P2 14 rev ht- G he— '?E H g he— h1:- G a4
191 P2 15 rev E G E * E ! E E G o409
15.1 P2 16 rev G GRG '5;‘- Gi ¥ Gf G G 943
5427 P2 e cBerTTed cgTc cEATH G 249
WT P2 05 rev c clcTTTcq cHrc BATC G 248
WT P2 05 rev = clcTTTGE cHrc cBATG G 949
WT P2 09 rev ht' G ht' m ! ! ht' he' G o490
WT P2 12 rev E G E '?E E g E E G 349
WT P2 14 rev i G E '5! E ! hc- E G a4y
WT P2 16 rev hr G hr m E ! hc- hc- G 249
WT P2 17 rev i G E '5! E ! i E G 45
WT P2 18 rev hc- G| E E E E hc- hl=- G S48
WT P2 19 rev ht' G| ht' *t' E E ht' hc' G 49
WT P2 20 rev G GEG G G add

Consensus TGTGTTCTGGE CGCGTTTGGC CCATGCTGTT CGCATGCTTS ATGGTTTTCT

160k
corvrso (T LTI
seancercse [GTGTTCTGE CGCGTTTGGC CCATGCTCTT CGCATGCTIC ATGGTTTTCT
clnbe

1.3 P2 01 rev G GTG G G Gi 993
1.3 P2 04 rev E G E E G G 999
1.3 P2 0T rev i G i i G G 999
1.3 P2 DB rev E G E E G G 209
1.3 P2 09 rev E G E E G G o089
1.3 P2 16 rav h" G h" h" G G 1000
13P2AT rev hr-' G hr-' hr-' G Gi 589
1.3 P2 18 rev E G E E G Gi 909
1.3 P2 20 rev E G ht- ht- G G 9499
15.1 P2 01 rev S G S ) G G 999
15.1 P2 02 rev i G i i G G 999
15.1 P2 08 rav E G E E G G 299
15.1 P2 09 rev E G E E G G 288
15.1 P2 10 rev ht- G he- he- G G 999
151 P2 11 rev hr-' G hr-' hr-' G Gi 983
151 P2 13 rew E G E E G Gi 493
151 P2 14 rev hc- G Fc— Fc— G G 999
15.1 P2 15 rev E G E E G G o089
15.1 P2 16 rev E G E E G G 999
5427 P2 E G E E G G 299
WT P2 05 rev ht' G ht' ht' G G 988
WT P2 06 rev ht- G ht- ht- G G 999
WT P2 08 rev E G ht' ht' G G| 989
WT P2 12 rev i G i i G G 999
WT P2 14 rev E G E E G G 909
WT P2 16 rav E G E E G G 009
WT P217 rev E G E E G G 999
WT P2 18 rav ht' G ht' ht' G G 988
WT P2 18 rev E G E E G Gi 493
WT P2 20 rev G [c] G 999

Consensus TCACCACATT TCTCGTCTAC CCTGCOCGTGT ACTTCGCCAT CAAGGCAGAT

censerion [T TTTTIT T T LTI T
senercetcge [CACCACATT TCTCGTCTAC CCTGCCGTET ACTICGCCAT CAAGECAGAT

*




1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 0T rev
1.3 P2 08 rev
1.3 P2 08 rev
1.3 P2 16 rev
1.3 P2AT rev
1.3 P2 18 rav
1.3 P2 20 rev
151 P2 01 rav
15.1 P2 02 rav
15.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rev
15.1 P2 11 rev
15.1 P2 13 rev
15.1 P2 14 rev
151 P2 15 rev
15.1 P2 16 rev

5427 P2
WT P2 D5 rev
WT P2 06 rev
WT P2 09 rov
WT P2 12 rev
WT B2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 18 rev
WT P2 20 rev

Conscnsus

Consewahon
& nh
Sequence logo

1.3 B2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rav
1.3 P2 09 rev
1.3P2 16 rev
1.3P21T7 rev
1.3P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rev
1651 P2 02 rev
15.1 P2 08 rev
16.1 P2 09 rav
15.1 P2 10 rev
15.1 P2 11 rev
151 F2 13 rav
151 B2 14 rav
15.1 P2 15 rav
15.1 B2 16 rav
5427 P2

WT P2 05 rev
WT P2 08 rev
WT P2 09 rev
WT P2 12 rev
WT P2 14 rav
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev
Consensl..s

Conscrwaljon
;.:u’f

Sequence Io_-g;o

0060600000 606000066660000000000K%E
QOO0 00000 6600006000000 0000G6000 K%
Q0@ e e 000 0o 660000 eG6H N0 000 G
QOOODOOOOOOEOOOODODGO0000 6600

.ACGGGTG&CG GCTGGTACTT GACGATCGCT GCCGCATTGT TCAATTTGGG

,.AEGGGTGACG GRTGOTACTT GACGATCGCT GCGGCATTGT TCARTTTGGS

1,080
|

2
S
&
S
S
=
S
2
S
S
2
S
S
=
S
&
S
S
K
S
&
S
S
2
S
S
K
S
=

TGATTTCTTG TCGCGTCTTT GCCTTCAGTT CAAAGCCTTA CACGTCTCAC

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

5
N
)
N
N
]
S
)
N
N
]
N
N
]
S
)
N
N
]
N
N
©
S
5
N
N
o
N

QOO0 ORE0EH 0000600066000 60

- TGATTTCTTG TCGCSTCTTT GCCTTCAGTT CARAGOCTTA CACGTCTCAC

1049
1049
1049
1049
1049
1050
1049
1049
1049
1048
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
1049
10449
1049
1049

1099
1099
1099
1023
1029
1100
1099
1098
1099
1099
1029
1059
1029
1029
1099
1099
1099
1099
1029
1029
1029
1099
1099
1098
1099
1099
1029
1029
1029
1099
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1.3F2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 09 rivw
1.3 P2 16 rev
1.3P217 rev
1.3 P2 18 rav
1.3 P2 20 rev
15.1 P2 01 rev
15.1 F2 02 rev
15.1 B2 08 rev
15.1 P2 09 rew
151 P2 10 rev
15.1 P2 11 rw
15.1 P2 13 rev
15.1 P2 14 rev
15.1 P2 15 rev
15.1 P2 16 rev
s427 P2

WT P2 05 rev
WT P2 06 rev
WT B2 09 rev
WT P2 12 rev
WT P2 14 rev
WT P2 18 rew
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev
Consensus
'm%
Consenvation
!.Ilih

Sequence logo

1.3 P2 07 rew
1.3 P2 04 rev
1.3 P2 07 rav
1.3 P2 08 sy
1.3 P2 09 rav
1.3 P2 16 rev
1.3P2 1T rew
1.3 P2 18 rev
1.3 P2 20 rev
151 P2 01 rev
151 P2 02 rev
15.1 F2 08 rev
16.1 P2 049 rev
15.1 P2 10 rev
15.1 P2 11 rev
15.1 P2 13 rav
15.1 P2 14 rav
15.1 P2 15 rev
15.1 P2 18 rev
5427 P2

WT P2 05 rev
WT P2 08 rev
WT F2 09 rev
WT F2 12 rew
WT F2 14 rew
WT F2 168 rev
WT P2 17 rev
WT P2 15 rev
WT P2 19 rav
WT P2 20 rav
Consensus
o

Canservalion
2.00ks

Sequence quo

11LJ

CGC GTATGCTGCT CATTATCCCA

PO O OO0 OO0 OO0 OO0 000000600

|

QOO0 00 00000 000000000000

oo OO0 OO0 000000606

- (GUGGTRECT TCTGATTEEG ACATTTGCEC GTATGCTGCT CATTATCGCA

1,180

D OO OO OO0 OO0 00 0000000000006
QOO0 0000000G6060060000050000 0060«

L

CTTGTGCTTT GCGTGCGAAG CATCATCACC GGCCCTTGGC TCCCTTACAT

QORI DD D
OO0 OOOO0O0OOO OO0 OO0 G

0660 0E 00606000 EG6E6 000N 60060 G

! 1]
o (TTOTGETTT GCGTGCGRAG CATCATCACC GGCCCTTGGC TCCCTTACAT

1149
1148
1143
1148
1149
1150
1149
1149
1149
1149
1148
1148
1148
1148
1149
1149
1148
1149
1142
1144
1148
1148
1148
1149
1148
1149
1148
1149
1149
1144

1129
1129
1129
1184
1129
1200
1199
1129
1189
1128
1129
1129
1199
1199
1129
1129
1189
1128
1198
1129
1129
1189
1128
1129
1129
1199
1199
1129
1129
1199
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1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 08 rey
1.3 P2 16 rav
13P217 rev
1.3 P2 18 rav
1.3 P2 20 rev
151 P2 07 naw
15.1 P2 02 rev
15.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rev
151 P2 11 rev
15.1 P2 13 rev
16.1 P2 14 rev
15.1 P2 15 rev
1651 P2 16 rev

5427 P2
WT P2 05 rev
WT P2 06 rev
WT P2 09 naw
WT P2 12 rev
WT P2 14 rev
WT P2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 rev

[N Il I ey oy R oy My oy iy oy By Wy Iy Ry o R ey ey Ry Ry R ey Ry Wy

PO OO OO0 ND A6 06O 0

|

Lep oy I v Iy Iy O R B I Iy O By R O v B B i R e B Ry M R R e e M

Consensus TCTTGTCCAC GCTTGGGGCT TCACGTACGG TTATTATGGT GGAATATCAC
-:.

Cnnser\'ahon
e rn‘t
Sequence logo

1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rav
1.3 P2 09 rev
1.3 P2 16 rev
1.3 P2 17 rav
1.3F2 18 rev
1.3 P2 20 rev
15.1 P2 01 rev
15.1 P2 02 rev
15.1 P2 08 riv
151 F2 09 rev
15.1 P2 10 rev
15.1 P2 11 rev
151 F2 13 rev
151 P2 14 riaw
15.1 F2 15 rev
15.1 B2 16 rev
5427 P2

WT F2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P2 12 rev
WT P2 14 risv
WT P2 16 rev
WT B2 17 rev
WT P2 18 rev
WT P2 19 rev
WT P2 20 ris
Consensus

COHS(‘.‘NQHGI’I
:.:Sf.f

Sequence lege

@O OO DO O0 0RO 00 OO0 000
D QOO0 0000000000000 000000

QOO0 OOOOOOO0OOOO0000O00 000

o
o
o
d
o
S
:
%
g
%
S
:
%
=
3
2
%
-
%
=
%

AAATC TACGC

H_TETTGTCEAC GCTTOGEGCT TCACGTACGG TTATTATGGT GEAATATCAC

1,300
|

> AAATCTACGE GCCGCGCAGC GGCTCACTGA CRACAGCTGE

(GAGCGGTCT

1248
1248
1248
1248
1249
1250
1248
1249
1249
1249
1249
1248
1249
1248
1248
1248
1248
1249
1249
1249
1249
1249
1249
1249
1248
1248
1249
1249
1249
1248

1229
1299
1299
1299
1298
1300
1299
1239
1209
1299
1299
1239
1299
1229
1299
1299
1299
1299
1289
1299
1289
1299
1299
1299
1239
1299
1289
1299
1299
1229
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1.3 P2 01 rev
1.3 P2 04 rev
1.3 P2 07 rev
1.3 P2 08 rev
1.3 P2 09 rev
1.3 P2 18 rev
13 P27 rev
1.3 P2 18 rev
1.3 P2 20 rev
15.1 P2 01 rav
15.1 P2 02 rev
16.1 P2 08 rev
15.1 P2 09 rev
15.1 P2 10 rev
151 P2 11 rew
15.1 P2 13 rew
1651 P2 14 rev
151 P2 15 rev
16.1 P2 16 rav

s427 P2
WT P2 05 rev
WT P2 06 rev
WT P2 08 risw
WT P2 12 rev
WT F2 14 rev
WT F2 16 rev
WT P2 17 rev
WT P2 18 rev
WT P2 19 rav
WT P2 20 rev

OGO OO O@O 00000 O o00n 0000

GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG

G 00 0 E &G0 000 e00eL0EEe e 06 000G
GOOOOOOOOOOEOOO00OOOOOGO 0006
OO0 0000000000 G

Consensus CTTECCGCAA ATTGGACTAT CATTTCGCTC CTGGGTGGCA TCTTCGTTGG
o

Conservation

sequerw'ééECTTGCEGGAA ATTGGACTAT CATTTCGCTC CTOGGTGECA TETTCGTTGS

1.3 P2 01 rev
1.3 P2 04 rev
1.3P207 rev
1.3 P2 08 rav
1.3 F2 09 rev
1.3 P2 16 rev
1IPZ AT rev
1.3 P2 18 rev
1.3 P2 20 rev
15.1 F2 01 rev
15,1 F2 02 rev
15.1 P2 08 rev
16.1 F2 09 rev
151 P2 10 rev
15.1 F2 11 rev
151 F2 13 rev
151 P2 14 rov
151 F2 15 rev
15.1 P2 16 rev

5427 P2
WT P2 05 rev
WT P2 06 rev
WT P2 09 rev
WT P2 12 rev
WT P2 14 rev
WT F2 16 rev
WT B2 17 rev
WT P2 18 rev
WT F2 19 rev
WT P2 20 rav

Consensus
A0

Conservalion

%
10ves

o CGCCATGTTC GCCCTEGCTG TOAATGAGEG GCTTCCCAAG TAG

Seguence logo

a

aooohocomhooO00ahoOOO 0000000

|

CGCCATGTTC GCCCTGGCTG TCAATGAGGG GCTTCCOCCAAG TAG

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

OO0 O0 0

1348
1349
1349
1349
1349
1350
1349
1349
1349
1349
1349
1349
1349
1349
1349
1349
1349
1349
1348
1340
1349
1349
1349
1349
1348
1349
1348
1349
1349
1349

1392
13392
1392
1392
1342
1393
1392
1392
1392
1392
1392
1392
1342
1392
1392
1392
1392
13492
1392
1392
1392
1392
1392
1392
1392
1322
1392
1392
1392
1392
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Appendices. 265

1.3 ATRPASE &
1.3 ATPASE 1
15-1.1 ATPASE 1
5.1 ATPASE T
15.1 ATPASE 5
15.1 ATPASE 4
1581 ATPASE &
1.3 ATPASE 8
151 ATPase 2
1.3 ATPASE &
15.1 ATPASE 3
1.3 ATPASE &
1.3 ATPASE 2
1.3 ATRASE 3
15.1 ATPase 1
13ATPASET
15.1 2 ATPASE
15.1 ATPASE &
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATRPASE 10
WT ATPASE 4
WT ATPASE &
WT ATPase 2

ATPase y sequences from ISMR1 clone 3, ISMR15 clone 1 and Th427wt.

Tb427.10.180 E

Consensus ATGTCGGGCA AGCTTCGTCT TTACAAAGAA AAACTTGAGG GGTACAACCG

|W‘
Conservation

wm'%é;fATGTﬁGGGEA AGCTTCGTCT TTACRAAGAA AAACTT AGG GTACRAGCE

P OO0 OOO0E OO0 000 O

OO0 OOOOOOOO00000 00600

o

a0
|
13ATPASES & G 5 100
13ATPASE1 G E o E 100
15-1.1 ATPASE 1 G G cl = 100
151 ATPASET & G G 5 100
151 ATRASES & E = = 100
151 ATPASE4 G E ol o 100
151 ATPASE S G G o c 100
13ATPASEE G E G o 100
151 ATPase ? G o Gl g 100
13ATPASEG G c a o 100
15.1 ATPASE3 G E G E 100
13ATPASES G o g o 100
13ATPASEZ G c = c 100
13ATPASES G E cl = 100
151 ATPase 1 G G o = 100
13 ATPASET & 5 ol = 100
151 2 ATPASE G E ol 5 100
15.1 ATPASE S G G o = 100
WT 1 ATPASE G G G ..r 100
WT ATPASES G E = = 100
WT ATPase 1 G G ol = 100
WT ATPASE 10 G o = o 100
WT ATPASE4 G o g o 100
WT ATPASE S 6 o = 5 100
WT ATPase 2 G E ! hc— 100
WT ATPASET & E G = 100
Tha27.10.180 G G '! 5 100
us GTTTTACTGT ATGGT GACTTTG GCAAAGTA

IR
sevmecy GTTTACTOT ATCGTTAMA CTATTANGAT GGTGACTTTS GCAARGTATC




1.3 ATRASE 2
1.3 ATPASE 1
15-1.1 ATPASE 1
15.1 ATPASE 7
15.1 ATPASE 5
1651 ATRASE 4
151 ATPASE 8
1.3 ATPASE 8
15.1 ATPase 2
1.3 ATPASE &
15.1 ATRASE 3
1.3 ATPASE 5
1.3 ATPASE 2
1.3 ATFASE 2
15.1 ATPase 1
1.3 ATPASET
15.1 2 ATPASE
15.1 ATPASE &
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATRPASE 6
WT ATPase 2
WT ATPASE 7
Tb427.10.180
Gonsensus
0o
Canqer\rstnr

QOO0 @

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

OO0 @
DOOOO0O00O0000O000000000 0066

TGCGGCGCA GGGACGGATA AGGACACGCG ATTTCAGCCT CCGCTATAC

LI O T LTI
GGCGOA GGGACGGATA AGGACACGCG ATTTCAGCCT COGCTATACE

Sequence Iogo TG
WT ATPASET | | |

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

o000 OO OO OO OO0 0

1.3 ATPASE 9
1.3 ATPASE 1
156-1.1 ATFASE 1
15.1 ATPASE 7
15.1 ATPASE §
151 ATPASE 4
16.1 ATPASE 8
1.3 ATPASE S
15.1 ATPase 2
1.3 ATPASE &
15.1 ATPASE 3
1.3 ATPASE 5
1.3 ATPASE 2
1.3 ATPASE 3
151 ATPase 1
13 ATPASET
15,1 2 ATPASE
151 ATPASE &
WT 1 ATPASE
WT ATPASE &
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATPASE &

Th427.10.180 i;

Consensus GAGTTGGCGT TCAGCAAACC ACAAGCATCG AGAGATGCCG TGGTCGCAGC

o [ T T
TG6TCGCAGC

QOO0 O 0000000000000
mmmmmmmmmmmmmmmmmmmmmmmmmmm
QOO0 06000600000G6 60600006000 G6G-HCG
D000 R0 D
QOO0 O0OO0 @

Q@00 m 6060060000000 0o0

Conservat or'

sever i, GRGTTGGUGT TOAGCARCE ACRAGCATCS AGAGATGCCG

240

13 ATPASE 2 G| GRG
1.3 ATPASE 1 G GRG
15-1.1 ATPASE1 G GRG
151 ATRASET G GRG
151 ATFASE 5 G GRG
151 ATRASE4 G GRG
151 ATRASE 8 G GRG
13 ATPASEE G GRG
151 ATPase 2 G GRG
13ATPASES G GRG
151 ATRASEI G GRG
13ATPASES G GRG
13ATPASEZ G GRG
13ATPASE] G GRG
151 ATPase 1 G GRG
13ATPASET G GRG
151 2 ATPASE G GRG
151 ATPASES G GRG
WT f ATPASE G GRG
WT ATPASE S G GRG
WT ATPase 1 G GRG
WT ATPASE 1D G GRG
WT ATPASE 4 G GRG
WT ATPASE G G GRG
WT ATPase 2 G GRG
WT ATPASE Y G GRG
Th427.10.180 G GRG

Consensus GAAGAF\TGCC CTTGTTT&CA TACCGAT&AC TACGAATCGT GGGTCATGCG

e
Consarvation

(T I I O (T (LT
seaercercse (RAGARTGCC CTTGTTTACA TACCGATAAG TACGAATCGT GEGTCATGCS

150
150
150
150
150
160
150
150
150
150
150
150
150
150
150
150
150
150
180
150
150
150
150
160
150
150
150

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
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0 280
1.3 ATPASES GTG G GRG G G G 300
1.3ATPASEY G ! hc— G hc— o hc— G hc- o 300
15-1.1 ATPASE1 G @ o G eTTo e G cRG 300
151 ATPASE 7 GTG a cleTTe s crlcRcT 300
16.1 ATPASES G ! hc— G hc— - hc— G hc- o 300
151 ATPASE4 G @ o G eTTo e G cRG 300
151 ATPASEE G h" ht' G h" ! h" G h,. ! 300
1.3ATPASES G > o G eTTC e G GRG 300
151 ATPase 2 G ht- ht' G ht' g ht' G hc- ! 300
1.IATPASEE G h" ht' G h" ! h" G h,. ! 300
5.1 ATPASEZ G h" ht' G h" m h" G h,. a 300
1.3ATPASES G E h,_ G E G E G hc- c 300
1.3ATPASEZ G h" ht' G h" m h" G h,. a 300
1.3ATPASEY G h" ht' G h" m h" G h,. a 200
151 ATPase 1 G ht- he- G ht— ! ht— G hc- E 300
1.3ATPASEY G ht' h" G E m ht' G he' E 300
15.1 2 ATPASE G E E G E G E G E el 300
5.1 ATPASES G E E G E ! E G hc- ! 300
WT 1 ATPASE G ht' ht' G E E ht' G hc' E 300
WT ATPASE S GI G G GRG G G G 300
WT ATPase 1 G E E G E 'F E G E E 300
WTATPASE 1D G ht- ht- G he— '! he— G hc- E 300
WT ATPASE4 G E E G E ! E G hc- E 300
WT ATPASES G ht' ht' G ht- 'F ht- G hc- E 300
WT ATPase 2 G ht- hc- G ht-' ! ht-' G hc- E 300
WT ATPASET G E h‘- G ht- E ht- G hc- E 300
Thd27.10.180 G GEG E G E 300
Consensus GTGCGCTGAA CAGCAATATT GTGCGTTGTA TCGATTCCGT GGTGTCGAGT
o
corercnor [[[[[LLIADLILIINCL DL OO CELLI T TR LE )
E.:bi“x
sz, 160CLTGAR CAGCRATATT GTGUBTTGTA TCEATICLET 66TGTCEHGT
v
T
1.3 ATPASE 9 G G G G G G 350
1.3 ATPASE 1 E '?! G E G E 350
15-1.1 ATPASE1 ht- '15! Gi ht-' G h‘- 350
151 ATPASET G '.5! Gi G G G 350
15.1 ATPASE 5 h" m G h" G ht' 350
15.1 ATPASE 4 h" m G h" G ht' 350
15.1 ATPASE & E m G E G E 350
1.3 ATPASE 8 ht- m Gi ht-' G h‘- 350
151 ATPase 2 _t- '15! Gi E G E 350
1.3 ATPASE 6 Gy '!! G G G G 350
15.1 ATPASE 3 h" m G h" G Ft' 350
1.3 ATPASE 5 E 66 G E G E 350
1.3 ATPASE 2 ht- m Gi ht-' G h‘- 350
13 ATPASE 3 [BBG GG G G G G 350
151 ATPase 1 3. '!! G G G G 350
1aaTPAsET MHcATGS G o G o 350
15.1 2 ATPASE E ce G E G E 350
15.1 ATPASE 6 ht- m Gi ht' G ht' 350
WT 1 ATPASE ht- '15! Gi ht-' G h‘- 350
WT ATPASE 5 _s— 'F! G hr-- G E 350
WT ATPase 1 G m G G G G 350
WT ATPASE 10 E m G E G E 350
WT ATPASE 4 E m Gi E G E 350
WT ATPASE & ht- '?E Gi ht-' G h‘- 350
WT ATPase 2 E m G hr-- G E 350
WT ATPASE ¥ E g G E G hc- 150
Th427.10.180 G G| G 350
Consensus AAGATGGTAT TGATGCCGGT CGGCAAACGT GGTATAGACT CGTTTTCTAA
Conﬁenratur
Socme o AAGATGGTAT [GRTGCCGCT CGECAAACET GGTATAGACT COTTTTCTAA
1.3 ATPASE 2 G G4 G Gy Gy 400
1.3 ATPASE 1 ht-- hc- G hc- E 400
15-1.1 ATRPASE 1 ht-- hc- G hc- E 400
5.1 ATPASE 7 o = 3 GAlGe 400
151 ATPASE 5 ht-- hc- G hc- E 400
151 ATRASE 4 ht-- hc- G hc- E 400
15.1 ATPASE 8 ! ! c hc— E 400
1.3 ATPASE 8 e a c cRAGce 400
15.1 ATPase 2 hr-- hc— Gy hc— E 400
1.3 ATPASE & ! ! c hc— E 400
16.1 ATRASE 3 e a c cRRce 400
1.3 ATPASE 5 ! E c hc— E 400
1.3 ATPASE 2 e a c cRRce 400
1.3 ATPASE 3 e a c cRRce 400
15.1 ATPase 1 h" E. G ht' * 400
1.3 ATRASE T e a c cARGe 400
15.1 2 ATPASE e a c cRAGa 400
15.1 ATPASE & h" E. G ht' * 400
WT 1 ATPASE h" he' G ht' w 400
WT ATPASE & h" h,. G ht' & 400
WT ATPase 1 h" he' G ht' w 400
WT ATPASE 10 h" h,. G h" w 400
WT ATPASE 4 = c < GARGE 400
WT ATPASE 6 e o G ARG 400
WT ATPase 2 ht' hc— Gy hr E‘! 400
WT ATPASE ¥ E E G E '55 400
Th427,10,180 G Gy £ * 400
GATACGGTAT CATTAACGAT ATGAAGGAAT

Consensus ACTGTATCCC GATGAATTCA
m-a

Ccnsewaror

wm'éééiﬁCTGTMCEC GATGRATTCA' GATACGGTAT CATTAACGAT ATCAAGGAAT
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1.3 ATPASE @ G ﬁ E G 450
1.3 ATPASE 1 G hc- hr G 450
15-1.1 ATPASE 1 G E ht' G 450
15.1 ATPASE T G E E G 450
15.1 ATPASE 5 G ht' hr G 450
15.1 ATRASE 4 G E ht' G 450
15.1 ATPASE & G E ht- G 450
1.3 ATPASE® G ht' ht' G 450
15.1 ATPase 2 G E E G 450
1.3 ATPASE & G E ht' G 450
15.1 ATPASE 3 G E ht' G 450
1.3 ATPASE 5 G E E G 450
1.3 ATPASE 2 G ht' ht' G 450
1.3 ATPASE 3 G i hc' G 450
15.1 ATPase 1 G E ht- G 450
1.3 ATPASET G ht' hr G 450
16.1 2 ATPASE G i ht' G 450
151 ATPASE & G E ht' G 450
WT 1 ATPASE G G G G 450
WT ATPASE 5 G E E G 450
WT ATPase 1 G E ht' G 450
WT ATPASE 10 G E ht' G 450
WT ATPASE 4 G ht' ht' G 450
WT ATFASE & G E ht' G 450
WT ATPase 2 G E ht' G 450
WT ATPASE Y G E ht' G 450
Th427.10.180 G G 450

S
RATGCATTT TGRTTATSCK ACCTTTGTAA TTGRAATEC ATATGAGTS

Sequence logo
betin

]

1.3 ATPASE 9 Gy G G G S00
1.3 ATPASE 1 m ﬁ ﬁ E ! S00
15-1.1 ATPASE 1 e ce ce S Gl 00
15.1 ATPASE 7 ce ce ce c G 500
15.1 ATPASE & m M m ht- ! 500
151 ATPASE 4 m 'FE m ht- a S00
181 ATPASE & m m m F ! S0
1.3 ATPASE 2 m '.!E ﬁ hr m 500
151 ATPase 2 ﬁ E M E ; 500
1.3 ATPASE & m M m ht- ! 00
151 ATPASE 3 m 'FE m ht- a 500
1.3 ATPASE 5 m m m hr ! S0
1.3 ATPASE Z m m m ht' a S00
1.3 ATPASE 3 m m m ht' a S00
15.1 ATPase 1 m ﬁ ﬁ hr ! S00
1.3 ATPASE 7 m ﬁ m hr m 500
15.1 2 ATRPASE m 'FE m ht— 'F s00
151 ATPASE & m m m G ! S00
WT 1 ATRPASE m m m ht' a SO0
WT ATPASE 5 o 56 e E ol s00
WT ATPase 1 m ﬁ m hr m 500
WT ATPASE 10 ce ce ce c G 500
WT ATPASE 4 o6 = oo G ol s00
WT ATPASE B co se ce E Gl 500
WT ATPase & m m m ht- ! S
WT ATPASE 7 ﬁ ﬁ ﬁ hr g S00
Th427.10.180 * * * m s00

Censensus TCCAAGGATG CGGATOGGTA TCAGGTGATT TTCAATCGTT TOGTTTCTGO
mm

Consarval or

seqwm'%éEﬁTCEAAGGATG COGATCGGTA TCAGGTGATT TTCAATCGTT TCGTTICTGC

DTE- )l’l-.l

1.3ATPASES & G G G hrr' ht' 550
13ATPASE1 G G G G hc- Fc- 550
15-1.1 ATPASE1 @ G G G E E 550
151 ATPASET G G G G E E 550
15.1 ATPASES G G G G E E 550
15.1 ATPASE4 G G G G ht' ht' 550
151 ATPASER G G G G i hr 580
13ATPASEE G G G G hrr' ht' 550
151 ATPase 2 G G G G i hr 550
13ATPASES G G G G E E 550
151 ATPASEI G G G G ht-' ht' 550
13ATPASES G G G G i i 580
13ATPASEZ G G G G ht' ht' 550
13ATFASE3 G G G G i i 550
151 ATPase 1 G G G G he- he- 550
13ATPASET G G G G E hr 550
15.1 ZATPASE G G G G ht' ht' 550
151 ATPASES G G G G E hr 550
WT 1 ATFASE G G G G E E 550
WTATPASES G G G G E E 550
WT ATPase 1 G [c] G G hc- Fc- 550
WT ATPASE 10 & G G G E ht' 550
WTATPASE S G G G G E E 550
WT ATPASEE G G G G E E 550
WT ATPase 2 G G G G E E 550
WTATFASETY G G G G E E 250
Th427.10.180 G G G G G 550

Consensus GGGTGTCCAA AGGAATGCCG TTTACAACAT TCCATCATAT GAGAAGTGGA

o [ T O T T ]
GOTGTCCAR AGGRATGCCG TTTACAAGAT TCCATCATAT GRGARGTGOA

Conservation
o
sobm

Sequence logo
Liti
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1.3 ATPASE 9
1.3 ATPASE 1
15-1.1 ATPASE 1
151 ATRASE T
18.1 ATPASE 5
15.1 ATPASE 4
15.1 ATPASE 8
1.3 ATPASE @
15.1 ATPase 2
1.3 ATPASE &
16.1 ATPASE 2
1.3 ATPASE &
1.3 ATPASE 2
1.3 ATRASE 3
15.1 ATPase 1
1.3 ATPASET
15.1 2 ATPASE
15.1 ATPASE &
WT 1 ATPASE
WT ATPASE &
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATPASE &
WT ATPase 2
WT ATPASET
Th427, 10,180

QOO0 D0 0000

Consensus AAGAGGACCT TGCCGATGCC
[

Consarvation

OHOOOOOOOOOOOOOOOOO00O60 0000

QOO0 000 00000 000000000

OO 00000000 0000000006 0000

I @@ ORI DNRROODOD DD D

&00
00
00
GO0
00
&00
&00
00
&00
&00
&00
GO0
00
&00
GO0
&00
&00
&S00
00
&00
00
&00
00
00
&0
00
&00

CTAGCTCGG ACAACCAGAA GAATCGTTAC

ST R
seaercece. RAGAGGACCT TGCCGATGCC GCTAGCTUGE ACRACCAGAA GRATCGTTAC

1.3 ATPASE 3
1.3 ATPASE 1
15-1.1 ATPASE 1
15.1 ATPASE 7
15.1 ATPASE 5
15.1 ATPASE 4
15.1 ATPASE &
1.3 ATPASE 8
15.1 ATPase 2
1.3 ATPASE &
15.1 ATPASE 3
1.3 ATPFASE 5
1.3 ATPASE 2
1.3 ATPASE 2
16.1 ATPase 1
1.3 ATPASET
15.1 2 ATPASE
151 ATPASE &
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATRPASE &
WT ATPase 2
WT ATPASE 7
Tha27.10.180

Consensus

DO OO0 0000000000 00000600000

TTTGCGA ATGCGCT

*FFFFFFFFFFFFFI’ QOO0 0000000000

000000000000 0000000

OO0 QAR OQROQDOQOO0 O

GAATGAGGAG

DO OO0 000000000 000000000

OO QAR 0 Q@

B850
550
B50
B850
550
50
650
50
B850
660
850
B850
B850
B850
650
650
850
B850
650
650
50
&850
G50
B50
G50
850
B50

GAACAGCTTA TTCGGGACTT

Ry

3

searcercge (TTTTTOGR ATGOGCTECA GAATGAGGAC

1.3 ATRASE @
1.3 ATPASE 1
15-1.1 ATPASE 1
15.1 ATPASE 7
15.1 ATPASE 5
151 ATPASE 4
15.1 ATPASE 8
1.3 ATPASE R
15.1 ATPase 2
1.3 ATPASE &
15.1 ATPASE 3
1.3 ATPASE 5
1.3 ATPASE 2
1.3 ATPASE 2
151 ATPase 1
1.3ATPASET
15.1 2 ATPASE
15.1 ATPASE 6
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATPAZSE 6
WT ATPase 2
WT ATPASET
Th427. 10,180

G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

Consensus CTTTGATTTT CACGCTGCGC TCGCGGTGCT CAATGCCGTT GGAGAAAACG

DO OGO O00 0000000000000 0800 0

0606006000600 60606000600600G 000000

GOOOOOOOOOOOOO0O0OOO0 00 0HO06

000 E0000 00060000600 0Gao0G00HGe0oGE

06660000 0606606006060 0n e 06 0L .G

GOOOOOOOOOOOOO0O0OO00 00 0HO06

coanstor ([T IITCIEET TR I IO
oA TOGCGCTCCT CAATGOCGTT GGAGAARACG

zanm
Bequence logo GT
Dot

il

CACGCTGCGC

[T I
GAACAGCTTA TTCGGCACTT

ToO
T0o
TO00
o0
To
TOO
o0
TOo
700
TOQ
TOO
700
TOO
TO0
TOO
TOoO
TOO
TOO
ToO
o0
TO0
TOO
T
TOO
]
TOO
TO0
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1.3 ATPASE 9 c hc— G G G E hc— 750
1.3 ATPASE 1 Gy hc- G G G E hc- 750
15-1.1 ATPASE 1 Gi hc' G G G E hc' 750
18,1 ATPASE 7 Gi E G G G E E 750
15.1 ATPASE 5 G hn:- G G G E ht:- 750
16.1 ATPASE 4 G hn:- G G G E ht:- 750
15.1 ATPASE & G hn:- G G G E _c- 750
1.3 ATPASE 8 c hc— G G G E hc— 750
151 ATPase 2 c hc— G G G E hc— 750
1.3 ATPASE & G hl:- G G G E E 750
15.1 ATPASE 2 G hn:- G G G E ht:- 750
1.3 ATPASE 5 £ 9 ceTiG EIGITG 9 750
1.3 ATPASE 2 c hc— G G G E hc— 750
1.3 ATPASE 2 c hc— G G G E hc— 750
15.1 ATPase 1 Gy hc- G G G E hc- 750
1.3ATPASET Gi hc' G G G E hc' 750
18.1 2 ATPASE Gi E G G G E E 750
15.1 ATPASE 6 G hn:- G G G E ht:- 750
WT 1 ATPASE G hn:- G G G E ht:- 750
WT ATPASE 5 G _e- G G G E E 750
WT ATPase 1 c hc— G G G E hc— 750
WT ATPASE 10 c hc— G G G E hc— 750
WT ATPASE 4 Gi hc' G G G E hc' 750
WT ATPASE 6 Gi hc' G G G E hc' 750
WT ATPase 2 £ E G G G E E 750
WT ATPASE 7 G hn:- G G G E ht:- 750
Th427.10.180 G G| T G G G G 750
Cunsunsus‘ GCAAGCT CTGTTGAGGG TCAGTTGACT
oy

Conservation

or (LR LT
seascerze GGTTICOOR GCARGCTGCE CGTCTECTTG CTGTICAGGG TCAGTTGACT

ana
1

1.3 ATPASE 2 E G E G &00
1.3 ATPASE 1 G G i G| #00
15-1.1 ATRASE 1 E G hc' G &00
151 ATRASE 7 E G hc' G 00
151 ATPASE 5 E G hc' G a00
151 ATRASE 4 E G hc' G &00
151 ATPASE & E G hc' G 00
1.3 ATPASE® E G hc' G a00
15.1 ATPase 2 E G ht' Gi 00
1.3 ATPASE & E G hc' G &00
15.1 ATPASE 3 E G ht' Gi &00
1.3 ATPASE 5 G G i G 800
1.3 ATPASE 2 E G ht' Gi a00
1.3 ATPASE 3 E G ht' Gi &00
15.1 ATPase 1 E G ht' Gi &00
1.3 ATPASE Y E G h" G &00
15.1 2 ATPASE E G ht' G| 00
15.1 ATPASE & E G h" G &00
WT 1 ATPASE E G ht' G| &00
WT ATPASE 5 E G h" G &00
WT ATPase 1 E G ht' G| &00
WT ATPASE 10 i G ﬁ G| 200
WT ATPASE 4 E G ht' G| &00
WT ATPASE & E G ﬁ G| 200
WT ATPase 2 E G| ht- G &0
WT ATPASE 7 G G i G| 00
Th427.10,180 G Gi G| £00

Consensus AATATCAGCA GCCTGCAACA GAGAACTAGC TCOCGCTTTACA ACAAGACACG

corsecstr ([T TTEILIELL LTI E T LTI T
semerceize AATATCAGCA GOCTGCAACA GAGRAGTAGC TCGCTTTACA ACAAGACACE

1.3 ATPASE & E G hc' E G 850
1.3 ATPASE 1 E G hr E G 850
15-1.1 ATPASE 1 G G G GAG 850
151 ATPASET H G hc- ht- G 850
15.1 ATPASE 5 E G hc- ! G 850
15.1 ATPASE 4 E G E E G 850
15.1 ATPASE & G G G GG 850
1.3 ATPASE & E G E E G 850
15.1 ATPase 2 G G G GAG 850
1.3 ATPASE B E G E E G 850
5.1 ATPASE D E G hc' E G 850
1.3 ATPASE 5 £ G G GAG 850
1.3 ATPASE 2 E G E E G 850
1.3 ATPASE 3 i G ﬁ i G 850
15.1 ATPase 1 G G Gy GAG 850
1.3 ATPASET E G E E G a50
15.1 2 ATPASE i G ﬁ i G 850
15.1 ATPASE & G G Gy GAG 850
WT 1t ATPASE E G E E G 850
WT ATPASE & i G ﬁ i G 850
WT ATPase 1 E G hc' E G 850
WT ATRASE 10 E G hc' E G 850
WT ATPASE 4 E G he' E G 850
WT ATPASE & E G hc' E G 850
WT ATPase 2 E Gi hc- E G 850
WT ATPASE T E G he' E G 850
Th427.10.180 G G 850

Consensus GCAGTTTGGT ATTACGGCGG CGCTAATTGA AATTCTTTCT GCTATGAGTT
lwi.

Conaervation

sy GEAGTTTGGT ATTAGGECGE CCCTARTTGA AATTCTTTCT GCTATGAGTT
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1.3ATPASE 2@
1.3 ATPASE 1
15-1.1 ATPASE 1
15.1 ATPASET
15.1 ATPASE &
151 ATPASE 4
151 ATPASE 8
1.3 ATPASE R
15.1 ATPase 2
1.3ATPASE &
15.1 ATPASE 3
1.3 ATPASE 5
1.3 ATPASE 2
1.3 ATPASE 3
15.1 ATPase 1
1.3ATPASE T
15.1 2 ATPASE
181 ATPASE &
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATPASE 10
WT ATPASE 4
WT ATPAZE &
WT ATPase 2
WT ATPASE T
Th427.10.180

QOO0 0

Cansl.naus ﬁGTTGGAﬁGG CAATGCGATG AAGGGCGTCA GACGCAACAA ATTCTGGGAA

006000 eE0na0eee 060 0HHDEEC

OO OO0 0

Consewaror-

e -GTTGGAAGG CAATGOGATG ARGEGCGTCA GACGCAACAA ATTCTGGEAR

1.3 ATPASE @
1.3 ATPASE 1
15-1.1 ATPASE 1
161 ATRASE T
15.1 ATPASE 5
15.1 ATRPASE 4
15.1 ATPASE 8
1.3 ATPASE B
15.1 ATPase 2
1.3 ATPASE 6
15.1 ATPASE 3
1.3 ATPASE &
1.3 ATPASE 2
1.3 ATPASE 3
15.1 ATPase 1
1.3 ATPASET
18.1 2 ATPASE
18.1 ATPASE &
WT 1 ATPASE
WT ATPASE 5
WT ATPase 1
WT ATPASE 10
WT ATEASE 4
WT ATPASE &
WT ATPase 7
WT ATPASE 7
Th427.10.180
Consensus
s
Canqervatnr'

Sequence Iogo

@O0 000000

GGGGCAGTAA CCAAGTAG

- GEGGCACTAN COMKGTAG

98
218
918
918
918
EAE-]
218
918
o918
Eal]
EAE-]
218
918
2918
218
918
918
918
218
218
918
918
918
218
218
918
918

a00
900
200
200
200
a00
800
200
200
200
a00
00
300
00
200
00
00
300
a00
200
ano
00
00
a00
900
00
300
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